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Preface 
 

Heat treatment and surface engineering represent crucial elements in the design and 
manufacture of strategic components in a wide range of market sectors and industries 
including air, sea and land transportation, energy production, mining, defense or 
agriculture. Their influence is broad and of major importance for economics, society 
and the environment. Although human metallurgy and heat treatment were practiced 
for millennia, an understanding of the science and associated principles has only been 
developed in the last century. The progress in heat treatment of bulk alloys was 
accompanied by an application of heating/quenching to a modification of metal 
surfaces and development of technologies such as case hardening, thermochemical 
treatments and coatings, leading in 1980s to a creation of modern surface engineering. 
Today, surface engineering is seen as a critical enabling technology underpinning 
major industry sectors. 

The generally accepted definition of heat treatment is “heating and cooling a solid 
metal or alloy in such a way so as to obtain specific conditions and/or properties”. 
Thus, heat treatment represents a combination of thermal and also thermochemical 
operations aimed at altering mostly physical and mechanical but also chemical 
properties of materials without changing the product shape. Its ultimate purpose is to 
increase service life of a product by increasing strength and hardness, or prepare the 
material for enhanced manufacturability. At a technical level, heat treatment is a 
technological process which is conducted in furnaces and involves thermal 
phenomena, phase transformations and mechanical phenomena, mainly stresses. The 
most pronounced beneficial effect of heat treatment in altering microstructure and 
modifying properties is to a range of ferrous alloys and nonferrous alloys of 
aluminum, copper, nickel, magnesium or titanium. Of all materials, steel as the most 
common and the most important structural material, is particularly suitable for heat 
treatment. Heat treatment of steel is inherently associated with an improvement in 
strength, ductility, machinability, formability and involves normalizing, annealing, 
stress relieving, surface hardening, quenching, tempering, cold and cryogenic 
treatment.  

The above definition excludes processes where heating and cooling are performed 
inadvertently such as welding or forming. A similar case is with metal heating for the 
purpose of diffusion bonding. Apart from metals, heat treatment used for non-metallic 
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materials is also excluded from this definition. However, controlled heating and 
quenching accompany many modern manufacturing technologies with bulk material 
precursors as well as thin films and coatings. Similarly as for bulk metallic alloys, 
thermal routes affect the microstructure and properties of bulk non-metallic materials, 
particulate forms and thin layers. Understanding and controlling these processes is of 
the same importance as in the case of conventional heat treatment. 

This book was created by contributions from experts in different fields of materials 
science from over 20 countries. It offers a broad review of recent global developments 
in an application of thermal and thermochemical processing to modify the 
microstructure and properties of a wide range of engineering materials. Although 
there is no formal partition of the book, chapters represent two different application 
areas of heat treatment. The first group covers the conventional heat treatment with 
processing of bearing rings, wrought and cast steels, aluminum alloys, fundamentals 
of thermochemical treatment, details of carbonitriding and a design of cooling units. 
The second group describes a use of non-conventional thermal routes during 
manufacturing cycles of such materials as vanadium carbides, titanium dioxide, 
metallic glasses, superconducting ceramics, nanoparticles, metal oxides, battery 
materials and slag mortars. Each chapter contains a rich selection of references, useful 
for further reading.  

A mixture of conventional and novel applications, exploring a variety of processes 
employing heating, quenching and thermal diffusion, makes the book very useful for a 
broad audience of scientists and engineers from academia and industry. In order to 
benefit from opportunities created by heat treatment, its capabilities for each 
individual material and service conditions should be understood and implemented at 
the stage of a component design. Since the design stage requires often 
multidisciplinary knowledge, metallurgy and heat treatment may not be there the core 
expertise. Therefore, I hope that the book will also attract an audience from outside of 
metallurgy area not only to generate the genuine interest but also to create new 
application opportunities for modern heat treatment and surface engineering. 

 
Frank Czerwinski  

CanmetMATERIALS,  
Natural Resources Canada  

Hamilton, Ontario
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1. Introduction 

Microstructure and nature of grains, grain size and composition determine the overall 
mechanical behavior of steel. Heat treatment provides an efficient way to manipulate the 
properties of steel by controlling the cooling rate. The way of heat treatment depends on 
many aspects. One of the most important parameter is the amount of production. Another 
important parameter is the size of products. We focus here on large production such as 
interstand [1] and run-out table cooling of hot rolled strip, run-out table cooling of sheets 
and plates, cooling of long products at the exit from a rolling mill, cooling of rails, tubes and 
special profiles [2], continuous hardening and heat treatment lines for steel strips. Such a 
treatment is called in-line heat treatment of materials and has become frequently used by 
hot rolling plants. This method achieves the required material structure without the 
necessity of reheating. In-line heat treatment is characterized by running of hot material 
through the cooling section. However, many of discussed topics can be applied on smaller 
production as well. 

The design procedure of cooling sections for obtaining the demanded structure and 
mechanical properties is iterative research involving several important steps. We begin with 
the Continuous Cooling Transformation (CCT) diagram for the selected material. Numerical 
simulation of cooling follows to find appropriate cooling intensity and its duration. 
Knowing the desired cooling intensity new cooling section is designed and tested under the 
laboratory conditions [3]. From the laboratory experiments boundary conditions are 
obtained and tested using a numerical model. When the best solution is found it is tested on 
the real sample and the result structure is studied. In most cases the process must be 
repeated as the CCT diagram is aimed at a different size of the sample and the cooling rate 
in the designed section is not constant.  

© 2012 Pohanka and Kotrbáček, licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2. Strategy of design 

When preparing a design of the cooling system for the continuous heat treatment, we should 
know the optimum cooling regime for the material and the product. Any continuous heat 
treatment process needs to vary the cooling intensity with time. Moreover, the practice has 
shown that the results obtained by using small samples (usually for the CCT diagram) are 
usually different from the results achieved when using real products of a large cross-section 
because it is not possible to achieve the identical temperature regimes in the whole volume 
due to the low diffusivity. We cannot expect same behavior on product as on the small sample.  

Next considerations focus on technical means that can be used to achieve the demanded 
temperature mode. There are varieties of technical methods for hot steel cooling; one of them 
uses the spray cooling. The cooling section should ensure reaching a required temperature 
history in the cooled piece prescribed by the metallurgists. The nozzles applied allow 
controlling the cooling over a wide range. The cooling intensity of groups of the nozzles must 
be measured and then the results obtained can be used in a numerical model of the 
temperature field in the cooled material. 

2.1. Leidenfrost effect and its impact 

It should be understand that intensity of cooling strongly depends on the surface 
temperature. So called Leidenfrost effect can be observed above certain temperature. During 
this effect a liquid, which is near significantly hotter object than the liquid's boiling point, 
produces vapor layer which insulates the liquid from the hot object and keeps out that liquid 
from rapid boiling. This is because of the fact that at temperatures above the Leidenfrost 
point, the part of the water, which is near hot surface, vaporizes immediately on contact with 
the hot plate and the generated gas keeps out the rest of the liquid water, preventing any 
further direct contact between the liquid water and the hot plate. The temperature at which 
the Leidenfrost effect begins to occur is not easy to predict. It depends on many aspects. Ones 
of them are velocity and size of droplets. As a rough estimate, the Leidenfrost point might 
occur for quite low temperatures such as 200 °C. On the other hand for high water velocity 
the Leidenfrost point can be even above 1000 °C. Fig. 1 shows measured heat transfer 
coefficients (HTC) for water-air mist nozzle. Graph shows three measurements for same 
nozzle using varying water and air parameters. Three regimes can be found. The first one is 
for low temperatures when the HTC is relatively high and decreasing slowly. This part is 
below Leidenfrost point. From certain temperature HTC decreases rapidly. This is a transient 
regime in which some droplets are above Leidenfrost point and some are below that point. 
For the last regime HTC is relatively low and is constant or may be increasing due to the 
increasing radiation with the increasing surface temperature. Designed cooling section 
should work in the first regime for low temperatures or in the third regime with almost 
constant HTC. It is strongly recommended to avoid the second transient regime as the 
product surface temperature is not usually at uniform temperature. Due to the strong 
dependency of HTC on surface temperature non homogeneous cooling is achieved and 
causes distortion of the product. 
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Figure 1. Moving Leidenfrost point for water-air mist nozzle and various water and air conditions. 

2.2. Nozzle types and controllability 

Nozzle produces usually one of three typical sprays: flat-jet, full-cone, and solid-jet (see Fig. 
2). However, other shapes can be found such as hollow-cone, square, spiral etc. An 
important parameter is controllability of the cooling section and intensity of cooling. The 
water-air mist nozzles can be used for a soft cooling and a wide controllability range (see 
Fig. 3). The HTC can vary from several hundreds of W/m².K up to several thousand of 
W/m².K. Water-air mist nozzles are not the cheapest ones and also the pressurized air is 
expensive in terms of power consumption. Water-only nozzles can often provide a lower 
cost solution. Small full-cone nozzles with high pressure and bigger distance from surface 
can provide also very soft cooling. On the other hand with high pressure flat-jet or solid-jet 
nozzles at small distances HTC over 50000 W/m².K can be obtained even for high surface 
temperatures (see Fig. 4). This results in enormous heat flux above 50 MW/m². The distance 
of the nozzle form surface is very important in this case for flat-jet nozzles because for 
100 mm the HTC can be 50000 W/m².K but for 1000 mm it can be similar to water-air mist 
nozzle. As conclusion we can say that for soft cooling air-mist or full-cone water only 
nozzles can be used and for hard cooling flat-jet nozzles with small distances are used. In 
some cases solid-jet nozzles are used for hard cooling but there are often two major 
problems: large amount of water generates a water layer on the product and the spray spot 
is small which causes non homogenous cooling. On the other hand, clogging is not big 
problem for solid-jet nozzles. 
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2.3. Influence of product velocity on heat transfer coefficient 

Three measurements are compared when the only different parameter is the casting speed. 
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Figure 4. Distribution of HTC under spray for high pressure flat-jet nozzles for surface temperature 
1000 °C. 

used in all experiments - water pressure of 2 bar, air pressure of 2 bar. Fig. 5 shows the 
distribution of heat transfer coefficient in experimental group with a variation of velocity. 
HTC for the stationary case (not possible in mill) is symmetrical and the peak is narrow. The 
cooling intensity decreases with the increasing velocity. Heat transfer coefficient distribution 
is more non-symmetrical when product speed increases. The observed effect is caused by 
the flow on the surface and different vapor forming conditions in front and behind the 
impinging jet. 

3. Cooling intensity and numerical models 

In order to design a cooling section, knowledge of the cooling intensity is required for a group 
of nozzles and nozzle headers. Exact knowledge of the heat transfer coefficient as a function of 
spray parameters and surface temperature is the key problem for any design work. The 
cooling intensity is a function of several parameters, mainly, nozzle types, chosen pressures 
and flow rates, surface temperature of a material, and velocity of a material movement whilst 
under spray. There is no function available which describes cooling intensity using all the 
mentioned parameters. This is the reason why real measurement is absolutely necessary. 

3.1. Experimental procedure 

During the in-line heat treatment the product is moving so our testing sample should be also 
moving through the cooling section. Fig. 6 shows schematically a suitable experiment used 
for obtaining boundary conditions for a numerical simulation. The hot sample is moving at  
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Figure 5. Influence of velocity at heat transfer coefficient. 

 
Figure 6. Moving sample with embedded thermocouples cooled down by water spray 
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prescribed velocity which is similar to real conditions. The sample passes under spray 
which cools down the hot sample. For a simple shape like plate it is recommended to 
insulate all surfaces excluding the one on which the cooling intensity is investigated. One or 
more thermocouples are embedded in the sample and measure temperature during the 
experiment. The installed thermocouples should not disturb the cooled surface. This is the 
reason why they should be installed inside the sample, not on the investigated surface. In 
principle when all surfaces are insulated except the one which is investigated one 
thermocouple is enough. However, this thermocouple should be as close to the investigated 
surface as possible. Otherwise the resolution of description of boundary conditions will be 
degraded. After the measurement an inverse algorithm is used to compute boundary 
conditions on the investigated surface from the measured temperature history inside the 
sample. An example of recorded temperature history is shown in Fig. 7. 

 
Figure 7. Example of recorded temperature history by one thermocouple inside the sample, computed 
surface temperature above the installed thermocouple, recorded position of the thermocouple in the 
cooling section, and computed heat transfer coefficient. Cooling section equipped with five rows of 
flat-jet nozzles. 

Heat transfer test bench presented in [4] is designed so that it enables progression of 
samples up to the weight of 50 kg with infinitely adjustable speed from 0.1 to 6 m/s (see Fig. 
7). On the supporting frame there is a carriage moving, on which the sample under 
examination with embedded temperature sensors and measuring system is fixed (see Fig. 9). 
The carriage's progression is provided by a hauling rope through a drive pulley and a motor 
with a gearbox. The motor is power supplied by a frequency converter with the possibility  
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Figure 8. Heat transfer test bench 

 
Figure 9. Examples of boundary conditions measurements on steel plate, rail, and pipe. 

Spraying nozzles

Tested sample

Moving carriage

Supporting frame

Electric heater

Motor with gearbox

 
Design of Cooling Units for Heat Treatment 9 

of a smooth change of speed. The direction of the carriage can be reversed and passages 
repeated in a requiring number. The whole cycle is programmed and controlled through the 
superior PC. There is a spraying section in the central sector where arbitrary jets 
configuration can be arranged when distribution of heat transfer coefficients or heat fluxes 
must be measured. The sample is equipped with thermocouples connected to the data 
logger. The thermocouples are calibrated before use and the results of calibration are used to 
eliminate dynamic error in measurement of highly transient thermal processes. Before the 
actual experiment the carriage with the sample is positioned to the electric heater and it is 
heated to the required temperature inside the furnace. After the temperature in the sample 
is stabilized, the heating device is removed, the stand is turned to spraying position, the 
pump for the water gets going and the carriage's runs through the cooling section. The 
position of the cooled surface can be horizontal with spraying upper or bottom surfaces or 
vertical. Signals from the sensors are read by the data logger which moves together along 
with the sample. At the same time, the signal indicating the actual carriage's position is 
recorded as well. After performing the required number of passes through cooling zone, 
data are exported from data logger's internal memory into the computer for further 
processing. 

3.2. Inverse computation of boundary conditions and numerical models 

Information from temperature histories in a particular depth under the investigated surface 
are used as entry parameters for the thermal conduction's inverse task. Inverse task outputs 
are surface temperature histories, heat flows, and heat transfer coefficients (HTC) as 
function of time and position. Most often, in mathematical models the boundary condition 
of the 3'd type is used where heat flow is specified by the HTC value and the cooling water 
temperature. 

If the boundary conditions of a solid must be determined from transient temperature 
measurements at one or more interior locations, it is an inverse heat conduction problem 
(IHCP) during which the dispersed impulse on boundary must be found. The IHCP is much 
more difficult to solve than the direct problem. Such problems are extremely sensitive to 
measurement errors. There are number of procedures that have been advanced for the 
solution of ill-posed problems in general. Tikhonov has introduced the regularization 
method [5] to reduce the sensitivity of ill-posed problems to measurement errors. The 
mathematical techniques for solving sets of ill-conditioned algebraic equations, called 
single-value decomposition techniques, can also be used for the IHCP [6]. There were 
extremely varied approaches to the IHCP. These included the use of Duhamel’s theorem (or 
convolution integral) which is restricted to linear problems [7]. Numerical procedures such 
as finite differences [8][9][10] and finite elements [11] were also employed, due to their 
inherent ability to treat non-linear problems. Exact solution techniques were proposed by 
Burggaf [12], Imber and Khan [13], Langford [14], and others. Some techniques used Laplace 
transforms but these are limited to linear cases [15]. Combined approach is also described in 
[16]. The improvement in artificial intelligence has brought new approaches, such as genetic 
algorithm [17] and neural networks [18][19][20]. 
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recorded as well. After performing the required number of passes through cooling zone, 
data are exported from data logger's internal memory into the computer for further 
processing. 
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If the boundary conditions of a solid must be determined from transient temperature 
measurements at one or more interior locations, it is an inverse heat conduction problem 
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more difficult to solve than the direct problem. Such problems are extremely sensitive to 
measurement errors. There are number of procedures that have been advanced for the 
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All the mentioned algorithms need a precise mathematical model of the tested sample for 
computing the direct heat conduction problem. Analytical methods may be used, in certain 
cases, for exact mathematical solutions of conduction problems. These solutions have been 
obtained for many simplified geometries and boundary conditions and are well 
documented in the literature [21][22][23]. However, more often than not, geometries and 
boundary conditions preclude such a solution. In these cases, the best alternative is the one 
using a numerical technique. For situations where no analytical solution is available, the 
numerical method can be used. Nowadays there are several methods that enable us to solve 
numerically the governing equations of heat transfer problems. These include: the finite 
difference method (FDM), finite volume method (FVM), finite element method (FEM), 
boundary element method (BEM), and others. For one-dimensional model with constant 
material properties there exists nice similarity. All of the FDM, FVM, and FEM with tent 
weighting function equations can be put in a similar form: 
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where   and   have the values listed in Tab. 1. Equations (1–3) are restricted to 
temperature-independent thermal properties but the concepts can be extended to T-variable 
cases. In general for multidimensional models and temperature dependent material 
properties the simplest equations are obtained for FDM while the complexity of equation for 
FVM and FEM is several times higher. 
 

   + 

FDM 1/2 0 1/2 
FVM 3/8 1/8 1/2 
FEM 2/6 1/6 1/2 

Table 1. Values of the   and   of Eq. (1–3) 

3.3. Phase change implementation 

Physical processes, such as solid/liquid and solid state transformations, involve phase 
changes. The numerical treatment of this non‑linear phenomenon involves many problems. 
Methods for solving the phase change usually use a total enthalpy H , an apparent specific 
heat coefficient Ac , or a heat source q . 

The nature of a solidification phase change can take many forms. The classification is based 
on the matter in the phase change region. The most common cases follow: 
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a. Distinct: The phase change region consists of solid and liquid phases separated by 
a smooth continuous front – freezing of water or rapid solidification of pure metal. 

b. Alloy: The phase change region has a crystalline structure consisting of grains and 
solid/liquid interface has a complex shape – most metal alloys. 

c. Continuous: The liquid and solid phases are fully dispersed throughout the phase 
change region and there is no distinct interface between the solid and liquid phase – 
polymers or glasses. 

In a distinct phase change, the state is characterized by the position of the interface. In such 
cases the class of the so called front tracking methods is usually used. However, in cases b) 
and c) the models use the phase fraction. 

The phase change process can be described by a single enthalpy equation 

    d d d l l l
H g H s g H s k T
t
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where g  is the phase volume fraction, s  is the phase velocity, and subscript d  and l  refer 
to solid and liquid phases (or structure A and structure B), respectively [24]. The k  is (in this 
case) a mixture conductivity defined as 
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where Tref  is an arbitrary reference temperature. To overcome the problem of the 
non-linear (discontinuity) coefficient of a specific heat a non-linear source term is used. The 
term H t   can be expanded as 
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Eq. (4) is non-linear and it contains two related but unknown variables H  and T . It is 
convenient to reformulate this equation in terms of a single unknown variable with 



 
Heat Treatment – Conventional and Novel Applications 10 

All the mentioned algorithms need a precise mathematical model of the tested sample for 
computing the direct heat conduction problem. Analytical methods may be used, in certain 
cases, for exact mathematical solutions of conduction problems. These solutions have been 
obtained for many simplified geometries and boundary conditions and are well 
documented in the literature [21][22][23]. However, more often than not, geometries and 
boundary conditions preclude such a solution. In these cases, the best alternative is the one 
using a numerical technique. For situations where no analytical solution is available, the 
numerical method can be used. Nowadays there are several methods that enable us to solve 
numerically the governing equations of heat transfer problems. These include: the finite 
difference method (FDM), finite volume method (FVM), finite element method (FEM), 
boundary element method (BEM), and others. For one-dimensional model with constant 
material properties there exists nice similarity. All of the FDM, FVM, and FEM with tent 
weighting function equations can be put in a similar form: 

      1
1 2 1 22

q td T T T T
dt c xx

 



   


, (1) 

      1 1 1 12 22j j j j j j j
d T T T T T T T
dt x x

      


     
 

, (2) 

      
1 12

N
N N N N

q td T T T T
dt c xx

 
 


   


, (3) 

where   and   have the values listed in Tab. 1. Equations (1–3) are restricted to 
temperature-independent thermal properties but the concepts can be extended to T-variable 
cases. In general for multidimensional models and temperature dependent material 
properties the simplest equations are obtained for FDM while the complexity of equation for 
FVM and FEM is several times higher. 
 

   + 

FDM 1/2 0 1/2 
FVM 3/8 1/8 1/2 
FEM 2/6 1/6 1/2 

Table 1. Values of the   and   of Eq. (1–3) 

3.3. Phase change implementation 

Physical processes, such as solid/liquid and solid state transformations, involve phase 
changes. The numerical treatment of this non‑linear phenomenon involves many problems. 
Methods for solving the phase change usually use a total enthalpy H , an apparent specific 
heat coefficient Ac , or a heat source q . 

The nature of a solidification phase change can take many forms. The classification is based 
on the matter in the phase change region. The most common cases follow: 

 
Design of Cooling Units for Heat Treatment 11 

a. Distinct: The phase change region consists of solid and liquid phases separated by 
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non-linear latent heat. Song [25] and [26] Comini uses so called Apparent heat capacity. The 
apparent specific heat can be defined as 

 l
A vol

dgdHc c H
dT dT
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where 
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Neglecting convection effects and substituting into Eq. (4) yields apparent heat capacity 
equation 
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Another approach is total enthalpy. From Eq. (6) it can be written 

 vol l volT H c H g c     . (13) 

Substitution in Eq. (4) will result in a total enthalpy equation 
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3.4. Sequential identification inverse method 

For measurements where installed thermocouple inside the investigated body disturbs also 
surface temperature as it is very close to investigated surface HTC must be computed 
directly by an inverse method. Classical and very efficient sequential estimation proposed 
by Beck [27], which computes heat flux instead of HTC, has several limitations. Thus new 
sequential identification method was developed by Pohanka to solve such inverse problems. 
The basic principle of time-dependent boundary conditions determination (heat flux, HTC, 
and surface temperature) from measured transient temperature history is based on cooling 
(or heating) of heated (or cold) sample with thermocouple installed inside (see Figure 6). Let 
us assume one-dimensional inverse problem with 3D model involving installed 
thermocouple for simplicity: 

 Known dimensions of the sample. 
 Known thermal temperature-dependent material properties of the sample. 
 Known temperature profile at the beginning of the cooling (usually constant). 
 All surfaces are insulated except the cooled one. 
 HTC is not dependent on position.  
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The sample is heated before starting the measurement. Cooling is applied on one surface and 
temperature response inside the sample is recorded. Time-dependent boundary conditions 
are computed using inverse technique from the measured temperature history (see Fig. 7). 
Cooling of more surfaces can also be investigated when more thermocouples is used. 

This new proposed approach computes step by step (time step) heat transfer coefficients 
(HTC) on the investigated surface using measured temperature history inside the cooled or 
heated solid body. However, this method can be very easily changed to compute any kind 
of boundary conditions, e. g. heat flux. The method uses sequential estimation of the time 
varying boundary conditions and uses future time steps data to stabilize the ill-posed 
inverse problem [28]. To determine the unknown surface HTC at the current time mt , the 
measured temperature responses *

mT  are compared with the computed temperature mT   
from the forward solver using  n  future times steps 

  2*
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m n
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i m

SSE T T
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Any forward solver can be used e. g. finite volume method described by Patankar [29]. The 
computational model should include drilled hole, whole internal structure of the embedded 
thermocouple, and temperature dependent material properties. 

At time zero homogeneous temperature is in the sample and thereby zero heat flux and 
thereby zero HTC on all surfaces is assumed. Otherwise there cannot be homogeneous 
temperature. This can be done e. g. by heating in furnace after enough long time. If the 
initial temperature is not homogeneous some modification of the algorithm is necessary for 
the first time step. 

The algorithm starts at time index zero when the HTC is equal to zero (see Fig. 10). The 
algorithm uses forward solver and it computes temperature response at thermocouple 
position for linearly changing (increasing or decreasing) HTC (see HTC1 and T1 computed 
in Fig. 10) over few time steps. These time steps are called future time steps n  and five of 
them are used in Fig. 10–Fig. 11. Determination of minimum number of necessary future 
time steps to stabilize sequential algorithm is described in [28]. The computed and measured 
temperatures histories are compared using Eq. (15) the same one as for sequential Beck 
approach. The slope of linearly changing HTC defined as 

 hv
t





 (16) 

should be changed until the minimum of SSE function in Eq. (15) is found. Such a minimum 
says that the computed temperature history matches the measured temperature history the 
best for used linearly changing HTC during n  future time steps. 

When the best slope of HTC is found the forward solver is used to compute temperature field 
in the next time step using the computed boundary conditions. The algorithm is repeated for 
next time steps until the end of recorded temperature history is reached (see Fig. 11). For k   
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apparent specific heat can be defined as 
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Neglecting convection effects and substituting into Eq. (4) yields apparent heat capacity 
equation 
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Another approach is total enthalpy. From Eq. (6) it can be written 

 vol l volT H c H g c     . (13) 

Substitution in Eq. (4) will result in a total enthalpy equation 
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3.4. Sequential identification inverse method 

For measurements where installed thermocouple inside the investigated body disturbs also 
surface temperature as it is very close to investigated surface HTC must be computed 
directly by an inverse method. Classical and very efficient sequential estimation proposed 
by Beck [27], which computes heat flux instead of HTC, has several limitations. Thus new 
sequential identification method was developed by Pohanka to solve such inverse problems. 
The basic principle of time-dependent boundary conditions determination (heat flux, HTC, 
and surface temperature) from measured transient temperature history is based on cooling 
(or heating) of heated (or cold) sample with thermocouple installed inside (see Figure 6). Let 
us assume one-dimensional inverse problem with 3D model involving installed 
thermocouple for simplicity: 

 Known dimensions of the sample. 
 Known thermal temperature-dependent material properties of the sample. 
 Known temperature profile at the beginning of the cooling (usually constant). 
 All surfaces are insulated except the cooled one. 
 HTC is not dependent on position.  
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The sample is heated before starting the measurement. Cooling is applied on one surface and 
temperature response inside the sample is recorded. Time-dependent boundary conditions 
are computed using inverse technique from the measured temperature history (see Fig. 7). 
Cooling of more surfaces can also be investigated when more thermocouples is used. 

This new proposed approach computes step by step (time step) heat transfer coefficients 
(HTC) on the investigated surface using measured temperature history inside the cooled or 
heated solid body. However, this method can be very easily changed to compute any kind 
of boundary conditions, e. g. heat flux. The method uses sequential estimation of the time 
varying boundary conditions and uses future time steps data to stabilize the ill-posed 
inverse problem [28]. To determine the unknown surface HTC at the current time mt , the 
measured temperature responses *

mT  are compared with the computed temperature mT   
from the forward solver using  n  future times steps 
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Any forward solver can be used e. g. finite volume method described by Patankar [29]. The 
computational model should include drilled hole, whole internal structure of the embedded 
thermocouple, and temperature dependent material properties. 

At time zero homogeneous temperature is in the sample and thereby zero heat flux and 
thereby zero HTC on all surfaces is assumed. Otherwise there cannot be homogeneous 
temperature. This can be done e. g. by heating in furnace after enough long time. If the 
initial temperature is not homogeneous some modification of the algorithm is necessary for 
the first time step. 

The algorithm starts at time index zero when the HTC is equal to zero (see Fig. 10). The 
algorithm uses forward solver and it computes temperature response at thermocouple 
position for linearly changing (increasing or decreasing) HTC (see HTC1 and T1 computed 
in Fig. 10) over few time steps. These time steps are called future time steps n  and five of 
them are used in Fig. 10–Fig. 11. Determination of minimum number of necessary future 
time steps to stabilize sequential algorithm is described in [28]. The computed and measured 
temperatures histories are compared using Eq. (15) the same one as for sequential Beck 
approach. The slope of linearly changing HTC defined as 

 hv
t





 (16) 

should be changed until the minimum of SSE function in Eq. (15) is found. Such a minimum 
says that the computed temperature history matches the measured temperature history the 
best for used linearly changing HTC during n  future time steps. 

When the best slope of HTC is found the forward solver is used to compute temperature field 
in the next time step using the computed boundary conditions. The algorithm is repeated for 
next time steps until the end of recorded temperature history is reached (see Fig. 11). For k   
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Figure 10. Measured temperature history and two computed temperature histories using two different 
slopes of HTC for n future time steps. 

 
Figure 11. Real HTC and six optimum linearly changing HTC. 

measured time steps only k n  time steps can be computed owing to the use of future data. This 
method works perfectly when real HTC is almost linear in time. When the slope is abruptly 
changing the computed HTC curve is slightly smoother than the real one; the more future time 
steps are used the smoother is the computed curve of HTC (bigger difference between 
computed and real HTC) but the sequential identification inverse algorithm is more stable. 

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8 9 10
Time index

T 
[°

C
]

0

1000

2000

3000

4000

5000

6000

H
TC

 [W
/m

².K
]

T measured
T1 computed
T2 computed
HTC1
HTC2

Optimum is 
somewhere here

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

0 1 2 3 4 5 6 7 8 9 10
Time index

H
TC

 [W
/m

².K
]

i=0
i=1 i=2

i=3

i=4
i=5

 
Design of Cooling Units for Heat Treatment 15 

The SSE function described by Eq. (15) has only one minimum and is dependent only on one 
variable – slope of HTC (see Eq. 16). Even more the function is very close to parabolic 
function near the searched minimum because it is sum of square of temperature differences. 
Brent’s optimization method [30], which uses inverse parabolic interpolation, is perfect 
candidate for finding the minimum of the SSE function in Eq. (15). 

Brent’s optimization method is based on parabolic interpolation and golden section. The 
searched minimum must be between two given points 1 and 2 (see Fig. 12). Convergence to 
a minimum is gained by inverse parabolic interpolation. Function values of the SSE function 
are computed only in few points. A parabola (dashed line) is drawn through the three 
original points 1, 3, 2 on the SSE function (solid line). The function is evaluated at the 
parabola’s minimum, 4, which replaces point 1. A new parabola (dotted line) is drawn 
through points 3, 4, 2.  The algorithm is repeated until the minimum with desired accuracy 
is found. If the three points are collinear the golden section [30] is used instead of parabolic 
interpolation. 

 
Figure 12. Convergence to a minimum by inverse parabolic interpolation. 
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To demonstrate the procedure a real measurement is used. The cooling section consists of five 
rows of flat-jet nozzles. The heated sample passes repeatedly under the spraying nozzles. 
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to do the procedure for all thermocouples. Temperature record from such measurement is 
shown in Figure 7. Recorded position (zigzag line) of the thermocouple is shown as well and 
demonstrates the repeated passes through cooling section. Using the inverse method 
boundary conditions were computed: surface temperature and HTC. All the shown lines are 
function of time; however, for numerical simulation we need HTC as function of position and 
surface temperature. We start with surface temperature from the measurement. See Figure 13 
with shown surface temperature drawn using green line as function of position. The green 
lines represents surface temperatures through which the plate pass during experiment. In the 
place where the green line is shown we also know HTC from the measurement. HTC values 
are shown using the color scale. HTC values between green lines are interpolated. This chart 
shows HTC distribution as a function of surface temperature and position and is the key 
point for accurate numerical simulation. HTC values above the most top green line are 
extrapolated and are not accurate as there are no data available from measurement. We 
should avoid usage of these values during numerical simulation. 

 
Figure 13. Prepared boundary conditions for numerical simulation from measurement shown in Fig. 7. 
Chart shows HTC as function dependent on position in cooling section in the direction of sample 
movement and on surface temperature of the cooled sample. 

3.6. Numerical simulation 
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the cooling rate for the surface temperature is higher than in the center. The results are 
drawn in CCT diagram, however, you should not that the cooling rate is far away from 
constant. This is very important because the CCT diagram is only informative and the final 
structure has to be verified by experimental measurement. There are three major reasons 
why cooling rate is not constant. One is caused by passing product under separate row of 
nozzles. The passes are obvious from T surface curve in Fig. 14. You can see drops of 
temperature when the product is passing under spray followed by reheating due to the 
internal capacity of the heat in the product. The second reason is mentioned Leidenfrost 
point. You can see low cooling rate in the center up to 20 s as the surface temperature is 
above Leidenfrost point and after that cooling rate is increasing and reaching maximum 
which is almost triple in comparison to value above Leidenfrost point. Decreasing of cooling 
rate is followed as the surface temperature is getting closer to the temperature of water. The 
third reason is low diffusivity for big products. The product cannot be cooled down at the 
same cooling rate on the surface as in the center. The lower is the diffusivity and the bigger 
is the product the bigger difference is between the cooling rate on the surface and in the 
center. 

 
Figure 14. Simulation of cooling in the CCT diagram. 

4. Verification conducted at pilot test bench 

It is important to understand that cooling rate in cooling section in industrial application is 
far away from constant value using which CCT diagrams are obtained. Verification 
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the cooling rate for the surface temperature is higher than in the center. The results are 
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constant. This is very important because the CCT diagram is only informative and the final 
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why cooling rate is not constant. One is caused by passing product under separate row of 
nozzles. The passes are obvious from T surface curve in Fig. 14. You can see drops of 
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functionality of a newly designed cooling system prior to its plant implementation is 
essential. The design obtained by using the numerical model must be verified and fine-
tuned by further full-scale cooling tests. Pieces of tube, rail, wire or plate of real dimensions 
with implemented thermocouples are tested in the designed cooling section. The length of a 
laboratory test bench shown in Fig. 8 and Fig. 9 is limited, hence the sample must be 
accelerated prior entering the cooling section, to a velocity normally used in a plant, and 
after pass through cooling section, the direction of movement is reversed. In this way, the 
sample moves several times under the cooling sections. This cooling process is controlled by 
computer to simulate running under the long cooling section used normally in the plant. 
Nozzles, pressures, and header configurations are tested. The design of the cooling and the 
pressures used are modified until the demanded temperature regime and final structure is 
obtained. The full-scale material samples are then cut for the tests of material properties and 
structure. 

When heat treatment is performed on larger product such as rail, mainly its head, it is not 
possible to achieve same cooling rate at surface and in the center of rail head. The cooling 
rate near surface are much faster and even more reheating can appear and can cause very 
different material properties (see Fig. 15). As the rail head passed under the spray the 
surface temperature dropped fast and was followed by reheating due to the heat stored 
inside the head. The reheating caused lower hardness near the surface as shown in Fig. 14. 
The center of the head is harder because no reheating occurred in the bigger depth. To avoid 
this problem the cooling section should be modified. One solution is to use more row of 
nozzles with smaller row pitch and also nozzles with lower HTC. This can be achieved by 
smaller pressure or smaller nozzles. Also replacement of flat-jet nozzle by full-cone nozzles 
can be considered. The Leidenfrost temperature should be also considered. We should be 
above Leidenfrost temperature or below but definitely not near to avoid big different 
cooling rates for small changes in surface temperature. 

 
Figure 15. Measured temperature histories in a rail head in two depths and measured micro-hardness 
in rail head after heat treatment. 
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5. Concluding remarks 
The design of cooling sections used for in-line heat treatment for hot rolling plants is very 
extensive work. It utilizes laboratory measurement, numerical modeling, inverse 
computations, and also pilot mill tests. The first step is the search of the best cooling regime 
for steels for which this is not yet known. The second step is to obtain a selection of technical 
means in order to guarantee obtaining the prescribed cooling rates. Nozzle configurations 
and cooling parameters are selected and controllability of the cooling section is checked. The 
final step of the design is a laboratory test using a full size sample simulating plant cooling.  

Design based on laboratory measurement therefore minimizes the amount of expensive 
experimentation performed directly on the plant. Elimination of potential errors and 
enabling adjustment of control models in the plant is possible after the cooling process is 
tested in laboratory conditions. 
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ferrite, pearlite and bainite amount. 

Operation of the cast steels under creep conditions contributes to the occurrence of 
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Along with the fall of impact energy there is also a growth of nil ductility transition (NDT) 
temperature, frequently rising above 50  60 oC. Large decrease in crack resistance is usually 
accompanied by a slight decrease in the strength properties (Fig. 2). 

Unfavourable changes in mechanical properties of the castings are related to the changes in 
microstructure which occur during long term service at elevated temperatures, first and 
foremost to: 

 the preferential precipitation of carbides on grain boundaries, as well as changes in 
morphology and dispersion of precipitates; 

 segregation of phosphorus and other trace elements to grain boundaries and near 
boundary areas; disintegration of pearlite or/and bainite areas. 

 
Figure 2. Changes in tensile strength (TS) and yield strength (YS) depending on the time of service  

Lowering of impact energy as a result of long-term service depends largely on the as 
received microstructure of a cast steel. The impact energy decrease is the smallest in the case 
of tempered bainite microstructure or bainitic – ferritic microstructure, with ferrite amount 
not higher than 5% (Fig. 3). High impact energy of quenched and tempered cast steel, 
considerably higher than 100J, guarantees that during long-term service of steel castings 
with low phosphorus volume fraction ( 0.015% P), the impact energy will not fall below the 
minimum required value of 27J. 
Similar tendency has been noticed in new low-alloy bainitic 7CrWVMoNb9 – 6 (P23) steel. 
Impact energy in the case of this cast steel, whose microstructure is of tempered bainite in 
the as-received condition, after around 10 years of operation at the temperature of 555 oC 
and pressure 4.2MPa, was on the level of 70 – 80 J/cm2.     

Degradation of the microstructure of castings and the related gradual decreasing of 
mechanical properties, however, do not limit the possibility of their further operation, 
especially as in most of the examined castings there were no irreversible creep changes 
observed. One of the conditions for extending the time of safe operation for cast steels 
above the calculated service time is running the process of revitalization of the castings.  
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Figure 3. Influence of phosphorus amount and microstructure on impact energy KV of the Cr – Mo – V 
cast steel after long-term operation at the temperature of 535 oC 

The revitalization process consists in heat treatment of turbine cylinders in order to 
regenerate the structure to the extent which allows the improvement of plastic properties 
(increase in impact energy, decrease in the nil ductility transition temperature). Regenerative 
heat treatment of castings applied in industry so far consists in normalizing/full annealing 
from the austenitizing temperature with the following high-temperature tempering/under 
annealing. The ferritic – pearlitic or ferritic – bainitic structure, obtained as a result of the 
above-mentioned heat treatment, provides the required impact energy of KV > 27J, however, 
with the strength properties being comparable to those after operation. 

Modern hardening plants applying aqueous solutions of polymers as a cooling agent make 
the cooling of massive castings possible at programmed rate which provides an optimum 
structure throughout the whole casting section. 

Regenerative heat treatment at costs not exceeding 40% of a new casting’s price, allows 
obtaining functional properties (yield strength, impact energy, NDT temperature) 
comparable to the properties of new castings. Regenerated cylinder is fit for further 
operation at least for another 100 000 hours. 

In order to achieve an improvement in mechanical properties of cast steels after long-term 
operation, the following changes in the degraded microstructure are necessary: 

 grain refinement – leads to an increase in crack resistance, decreases the NDT 
temperature and raises yield strength; 

 eliminating irreversible brittleness caused by phosphorus segregation to grain 
boundaries and interphase boundary: matrix/carbides; 

 removal of the needle shaped ferrite (Widmannstätten’s ferrite); 
 removal of pearlite precipitated on ferrite grain boundaries; 
 dissolving of carbides in austenite, especially the carbides precipitated on grain 

boundaries, in order to obtain the required strength properties in the regenerated 
microstructure (hardness and tensile strength). 
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The research aim: The aim of the performed research was to determine the influence of 
regenerative heat treatment on the microstructure and properties of Cr – Mo – V cast steel 
with its microstructure degraded by long-term service and mechanical properties being 
lower than the minimum ones expected in the new castings. 

2. Material for research 

The material for study was Cr – Mo – V low-alloy L21HMF cast steel (designation according 
to Polish Standards) with its chemical composition given in Table 1. Test pieces for 
investigation were taken from an inner cylinder of a steam turbine serviced for around  
186 000 hours at the temperature of 540 oC and pressure of 13.5MPa.  
 

C Mn Si P S Cr Mo V 

0.19 0.74 0.30 0.017 0.014 1.05 0.56 0.28 

Table 1. Chemical composition of the L21HMF cast steel, % mass. 

2.1. Microstructure and properties of the examined cast steel after service  

In the post-operating condition the L21HMF cast steel was characterized by a degraded 
ferritic-pearlitic microstructure (Fig. 4). The dominant phase in the microstructure after 
operation was quasi-polygonal ferrite. The size of ferrite grain in the cast steel was diverse 
and ranged from 88.4 to 31.2m, which corresponds to the grain size grade: 4  7, according 
to ASTM standard scale.  

   
Figure 4. The microstructure of L21HMF cast steel after service  

Long-term service of Cr – Mo – V cast steel contributed to the changes in microstructure, 
including: 

 preferential carbide precipitation of M23C6 carbides on ferrite grain boundaries. In some 
areas the number of carbides precipitated on boundaries was so large that they formed 
the so-called “continuous grid” of precipitates; 
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 the process of degradation of pearlite grains consisting in fragmentation, spheroidization 
and coagulation of pearlitic carbides. Performed identifications have revealed the 
occurrence of the M3C and M7C3 type of precipitations in those areas (Fig. 5); 

 
Figure 5. Morphology and type of carbides in pearlite grain 

 precipitation of compound carbide complexes called „H – carbides”. The compound 
complexes of precipitates are created by MC and M2C carbides, where the MC carbide is 
a “horizontal” precipitation, while M2C carbides are precipitations of “vertical” type  
(Fig. 6). This sort of compound precipitations is defined as „H – carbide”. During long-
term operation the MC carbide is enriched in molybdenum as a result of diffusion. The 
growth of molybdenum concentration in the interphase areas of MC/matrix makes it 
possible for the “needle-shaped” precipitations of M2C (rich in molybdenum) to nucleate 
on the interphase boundary: MC carbide/ferrite. These processes run more intensely in 
the border areas of grains, which results in the occurrence of precipitation free zones. 
The appearance of such zones may be the cause of slow reduction of the strength 
properties, the yield strength in particular, during long-term operation. The occurrence 
of this type of complexes results in a decay of fine-dispersion MC carbides which may 
lead to the fall of creep resistance in the serviced materials. A similar phenomenon can 
be seen at present in the new high-chromium cast steels for power industry, where the  
Z phase is being formed and developed at the expense of fine dispersion precipitates of 
the MX type, which causes a drastic drop of creep resistance of these cast steels. 

M3C M7C3 
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Figure 6. Precipitation of „H - carbide” type in the cast steel  

Mechanical properties of L21HMF cast steel after long-term service are shown in Table 2. 
 

Material 
TS 

MPa 
YS 

MPa 
El. 
% 

KV 
J 

HV30 
DBTT 

oC 
Microstructure 

L21HMF 545 305 26 10 156 65 ferritic-pearlitic 

Requirements 
of PN * 

500 
 

670 

min. 
320 

min. 20 min. 27
140 
  

197** 
___ ___ 

*- PN - 89/ H - 83157 , ** - hardness according to Brinell,  

Table 2. Mechanical properties and microstructure of the L21HMF cast steels after service 

Tensile strength and elongation of the examined cast steel after service were higher than the 
minimum values required for new castings, while the value of yield strength was lower than 
the minimum required by 15MPa. Hardness of the investigated cast steel after operation 
amounted to 156HV30. 

A significant feature of the material proving its strain capacity, apart from elongation 
determined in the static test of tension, is the value of impact energy. Knowledge of this 
factor gives the possibility of assuming the right temperature for the hydraulic pressure tests 
used in industrial practice, as well as the right conditions of start-ups and shut-downs of  
a boiler, adjusted to the material state after long-term service. After operation the examined 
cast steel was characterized by low impact energy amounting to 10J, and the cracking of 
samples occurred through the transcrystalline fissile mechanism (typical for brittle fractures) 
with little energy absorbed due to the limited plastic strain preceding the decohesion. Fissile 
cracking requires little energy supply which is necessary for crack propagation, hence the 
low impact energy of the cast steel after service (Fig. 7). Low impact energy of the examined 
materials is related to the nil ductility temperature  (brittle temperature). The fracture 
appearance transition temperature determined for the examined cast steel amounted to 65 
oC. 
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Figure 7. Transcrystalline ductile fracture with areas of microductility and secondary cracks 

2.2. Influence of austenitizing parameters on the size of prior austenite grain 

Influence of austenitization parameters on the prior austenite grain size has been described in  
a quantitative way using chosen stereological and statistical parameters, such as: mean diameter 
and mean area of grain, and also the coefficient of variation of grain size ν was calculated. The  
ν coefficient is characterized by the inhomogeneity of grain sizes: the more heterogeneous 
grains in terms of size within the casting, the higher the values of variation coefficient. The tests 
were run for the austenitizing temperature range of - 910  970 oC with the „measurement step” 
– 15 oC and times of holding at the austenitizing temperature: 3 and 5 hours.  

The character of austenite grain distributions was determined using the λ - Kolmogorov test of 
goodness of fit with normal distribution for logarithmed values (Fig. 8). The assumed 
significance level was  = 0.01, with its limiting statistics value amounting to 1.63. Selected 
logarithm-normal layouts of mean diameters and mean surface areas of former austenite grains 
for austenitization option of 925 oC and holding time 3 hours, are shown in Fig. 8. Obtained 
results of the tests are presented in Table 3 and 4 and graphically shown in Fig. 9 ÷ 11. 
 

Heat 
treatment 

parameters, 
oC/h 

Amount 
n 

Min. 
diameter 
of grain, 

m 

Max. 
diameter 
of grain, 

m 

Diameter 
of grain,

m 

Standard 
deviation emp =0.01 

.
emp

α

λ

λ 0 01
 

910/3 976 2 29 11.34 6.36 1.54 1.63 0.945 
925/3 969 2 30 9.84 5.34 1.36 1.63 0.834 
940/3 954 2 31 10.16 6.22 1.56 1.63 0.957 
955/3 964 2 38 14.08 9.34 1.36 1.63 0.834 
970/3 2024 2 297 22.14 17.73 2.26 1.63 1.387 
910/5 946 2 27 9.36 5.70 1.35 1.63 0.828 
925/5 915 2 28 11.00 7.01 1.55 1.63 0.951 
940/5 959 2 32 9.05 5.41 1.33 1.63 0.816 
955/5 937 2 39 12.02 8.37 1.18 1.63 0.724 
970/5 2034 2 324 23.67 18.31 1.43 1.63 0.877 

Table 3. The results of measurements and calculations of the size of prior austenite grains for the cast steel  
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determined in the static test of tension, is the value of impact energy. Knowledge of this 
factor gives the possibility of assuming the right temperature for the hydraulic pressure tests 
used in industrial practice, as well as the right conditions of start-ups and shut-downs of  
a boiler, adjusted to the material state after long-term service. After operation the examined 
cast steel was characterized by low impact energy amounting to 10J, and the cracking of 
samples occurred through the transcrystalline fissile mechanism (typical for brittle fractures) 
with little energy absorbed due to the limited plastic strain preceding the decohesion. Fissile 
cracking requires little energy supply which is necessary for crack propagation, hence the 
low impact energy of the cast steel after service (Fig. 7). Low impact energy of the examined 
materials is related to the nil ductility temperature  (brittle temperature). The fracture 
appearance transition temperature determined for the examined cast steel amounted to 65 
oC. 

 
Regenerative Heat Treatment of Low Alloy Cast Steel 27 

 
Figure 7. Transcrystalline ductile fracture with areas of microductility and secondary cracks 

2.2. Influence of austenitizing parameters on the size of prior austenite grain 

Influence of austenitization parameters on the prior austenite grain size has been described in  
a quantitative way using chosen stereological and statistical parameters, such as: mean diameter 
and mean area of grain, and also the coefficient of variation of grain size ν was calculated. The  
ν coefficient is characterized by the inhomogeneity of grain sizes: the more heterogeneous 
grains in terms of size within the casting, the higher the values of variation coefficient. The tests 
were run for the austenitizing temperature range of - 910  970 oC with the „measurement step” 
– 15 oC and times of holding at the austenitizing temperature: 3 and 5 hours.  

The character of austenite grain distributions was determined using the λ - Kolmogorov test of 
goodness of fit with normal distribution for logarithmed values (Fig. 8). The assumed 
significance level was  = 0.01, with its limiting statistics value amounting to 1.63. Selected 
logarithm-normal layouts of mean diameters and mean surface areas of former austenite grains 
for austenitization option of 925 oC and holding time 3 hours, are shown in Fig. 8. Obtained 
results of the tests are presented in Table 3 and 4 and graphically shown in Fig. 9 ÷ 11. 
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970/5 2034 2 324 23.67 18.31 1.43 1.63 0.877 

Table 3. The results of measurements and calculations of the size of prior austenite grains for the cast steel  
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925/5 915 2 741 144.72 248.95 1.61 1.63 0.988 
940/5 959 3 842 94.03 147.10 1.00 1.63 0.613 
955/5 937 2 1533 391.66 423.09 0.98 1.63 0.601 
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Table 4. The results of measurements and calculations of the size of prior austenite grains for the cast steel 

 
Figure 8. Logarithm – normal layout of grains for : a) mean diameter; b) mean surface area  
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Figure 9. Influence of austenitization temperature on: a) mean grain diameter; b) mean surface area 
depending on the time of holding (3hrs – orange, 5hrs – black) of L21HMF cast steel 

The mean diameters of grains and their mean areas change continuously and reveal log-
normal layouts on the significance level of  = 0.01 (λemp./ λ0.01 < 1). The exceptions were the 
treatment variants as follows: austenitization temperature of 910 oC and time - 3h for the 
mean area (fulfilled for lower significance level of  = 0.001) and the temperature of 970 oC 
and time - 3h for both: mean diameter and mean area of prior austenite grain. Within the 
range of austenitization temperatures: 910 ÷ 940 oC for holding times: 3 and 5 hrs, the mean 
diameters and areas of prior austenite grain do not reveal any considerable differences.  
(Fig. 9). The values of the mean diameters and areas for this range of austenitization 
amounted to: 9.05  11.34 m and 94.03  144.72 m2, respectively. The above-mentioned 
measurements can be confirmed by the calculated values of  coefficient, specifying 
heterogeneity in terms of grain sizes, which are the lowest for this range of austenitizing 
temperatures (Fig. 10), and by the distributions of frequency of cumulated grains (Fig. 11). 
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Figure 10. Interrelation between the heterogeneity factor (ν) of former austenite grain size in  the cast 
steel and the austenitizing parameters for: a) mean diameter; b) mean grain area  

 

 
 

Figure 11. Distributions of frequency of cumulated grains  
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At the temperature of 970 oC the grain growth was observed – mean diameter increased 
over two times, while the mean area about five times in comparison with the temperature 
range of 910  940 oC. 

2.3. Determining the influence of cooling rate on the microstructure and 
properties 

In order to determine the influence of cooling rates, allowing proper selection of 
parameters for the regenerative heat treatment, the TTT curves were plotted for L21HMF 
cast steel. On the basis of results achieved by means of dilatometric tests, a graph was 
drawn up, as shown in Fig 12. It illustrates the influence of cooling rate in the 
temperature range of 800 ÷ 500 oC on the structure and hardness of the investigated cast 
steel.  

 
Figure 12. Influence of the cooling rate on structure and hardness of the cast steel  

Analysis of the curves presented in Fig. 10 allows to state that in the case of L21HMF cast 
steel, whose chemical composition is given in Table 1, austenite cooled at 0.004 K/s ≤ v8-5 ≤ 
0.017 K/s gets transformed into ferrite and pearlite. The rate of cooling for austenite: 0.023 < 
v8-5 ≤ 0.869 K/s makes it possible to obtain ferritic – pearlitic – bainitic structures. Whereas 
after cooling of the cast steel at the range of 0.869 K/s < v8-5 ≤  14.630 K/s bainitic – ferritic 
structures were obtained, with an increasing bainite volume fraction as the cooling rate 
increased. Bainitic structure with around 6% volume fraction was received for the cooling 
rate of v8-5  14.630 K/s. 
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structures were obtained, with an increasing bainite volume fraction as the cooling rate 
increased. Bainitic structure with around 6% volume fraction was received for the cooling 
rate of v8-5  14.630 K/s. 
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2.4. Influence of heat treatment on the microstructure and properties of L21HMF 
cast steel 

The L21HMF cast steel was subject to heat treatment consisting in three-hour austenitizing 
of test pieces at the temperature of 910 oC and the following cooling at the rate 
corresponding to the processes of: bainitic hardening, normalizing and full annealing. The 
test pieces, bainite-hardened and normalized, were then tempered in the temperature range 
of 690  730 oC and 690  720 oC, respectively. While the test pieces cooled slowly from the 
austenitizing temperature (fully annealed), were subject to ( + ) annealing (under 
annealing) at the temperatures of 780  860 oC. Examples of microstructure of the examined 
cast steel after heat treatment are illustrated in Fig. 13. 

 

 
Figure 13. Microstructure of cast steel after: a) service; b) bainitic hardening and tempering;   
b) normalizing and tempering; c) full annealing and tempering 

Bainitic hardening made it possible to obtain bainitic – ferritic microstructure in Cr – Mo – V 
cast steel. The amount of ferrite in the microstructure did not exceed 6%. In the tempered 
microstructure there were numerous precipitations of  carbides on the lath boundaries, as 

a b
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well as inside and on the boundaries of prior austenite grain. Matrix after heat treatment 
was characterized by high dislocation density, however, some sparse polygonized areas 
were observed as well - showing lower density of dislocations (Fig. 14). Presence of the 
polygonized areas in the cast steel after heat treatment can be caused by the difference in 
chemical composition of particular grains resulting from a dendritic micro segregation or 
from the lack of austenite homogeneity during heat treatment. Differences of chemical 
composition may cause local decrease in the temperature of recrystallization. 

 
Figure 14. Microstructure of the L21HMF cast steel after heat treatment (bainitic hardening and high-
temperature tempering)  

Normalizing and tempering allowed obtaining tempered bainitic – ferritic structure with 
around 20% of ferrite in the Cr – Mo – V cast steel.  

The observed microstructures after bainitic hardening and normalizing, apart from ferrite 
amount in the structure, differed in bainite morphology as well. After bainitic hardening 
only the “needle-shaped” form of bainite was observed, and it was morphologically similar 
to martensite, which indicates lower bainite presence in the structure (it can also be proved 
by the characteristic arrangement of carbides illustrated in Fig. 14). After normalization, 
however, the Cr – Mo – V cast steel microstructure showed the “feathery” bainite form, 
which indicates the presence of upper bainite. Apart from the “feathery” bainite also some 
single areas of „needle-shaped” bainite could be seen.  

The identifications of precipitates performed by means of the extraction carbon replicas 
revealed in the investigated cast steel after heat treatment (in the tempered bainitic and 
bainitic – ferritic structure) the occurrence of the following carbide types: MC, M3C, M7C3 
and M23C6. 

The study of mechanical properties at room temperature has shown that the structure of 
high-temperature tempered bainite provides the combination of high strength properties 
and impact energy. Tensile strength and yield strength after tempering exceeded the 
minimum requirements considerably, and similarly, the impact energy was several times 
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higher than the required minimum of 27J for the new castings (Table 5, Fig. 15). Tempering 
of L21HMF cast steel with bainitic structure at the temperatures which are 10 and 20 oC 
higher than the maximum tempering temperature recommended by the standard, i.e. at 720 
and 730 oC, caused an increase in impact energy by 8 and 35%, respectively, with the 
hardness decrease by 2 ÷ 5% in comparison with the tempering temperature of 710 oC  
(Fig. 15). 

Therefore, it can be concluded that for the cast steels of bainitic microstructure it is possible 
to apply higher temperatures of tempering compared to the ones recommended by the 
standards, without concern that the strength properties can go down below the required 
minimum. Apart form obtaining high impact energy with the required strength properties 
maintained, it also allows to achieve the microstructure of higher thermodynamic stability, 
which can guarantee slower process of its degradation.  

 

 
 

Figure 15. Influence of the tempering temperature on hardness and impact energy of the L21HMF cast 
steel with bainitic structure 

The cast steel of tempered mixed (bainitic – ferritic) microstructure was characterized by the 
strength properties on a similar level as the cast steels with bainitic microstructure. 
However, the crack resistance of those cast steels was almost two times as low compared to 
that of cast steels with bainitic microstructure (Table 6).  

High impact energy of the cast steel with the microstructure of tempered bainite is 
a consequence of large total amount of grain boundaries (boundaries of bainite packets) and 
high ductility of the tempered microstructure of lower bainite. Whilst, lower impact energy 

690 700 710 720 730
215

220

225

230

235

240

245

250

255

260

690 700 710 720 730
60

70

80

90

100

110

120

130

140

 H
V3

0

Tempering temperature, oC 

KV
HV30

K
V,

 J
 

 

 
Regenerative Heat Treatment of Low Alloy Cast Steel 35 

of the cast steel with mixed bainitic – ferritic structure results from the presence of ferrite in 
the microstructure, which favours the fissile cracking, and from the presence of upper 
bainite, characterized by greater brittleness than lower bainite.  

Full annealing allows to obtain ferritic – pearlitic microstructure for the examined cast 
steel grade (Fig. 13d), with pearlite located mostly on ferrite grain boundaries. In pearlite 
the processes of fragmentation and spheroidization of carbides could be observed. The 
ferritic – pearlitic microstructure obtained as a result of repeated cooling from the 
austenitizing temperature was morphologically similar to the microstructure after long-
term service.  
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Table 5. Microstructure and properties of the L21HMF cast steel after heat treatment 
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Figure 16. Change in the values of hardness and impact energy of the cast steel depending on the 
temperature of ( + ) annealing  

For the L21HMF cast steel of ferritic – pearlitic microstructure it is required to apply ( + ) 
annealing (under annealing) instead of tempering which did not always provide the 
required impact energy. Applying under annealing causes: dissolution of carbides 
precipitated on grain boundaries during slow cooling from the temperature of 
austenitization, decrease of phosphorus segregation on ferrite grain boundaries and further 
reduction of austenite grain size. This allows to obtain the required strength properties and 
impact energy KV on the level ~ 40J. The influence of ( + )  annealing temperature on the 
value of impact energy and hardness is presented in Fig.16. 

The performed heat treatment, apart from the changes in microstructure and properties of 
the examined cast steels, also caused a change in the mechanism of cracking (Fig. 17). In the 
cast steel of high-temperature tempered bainite structure, on the entire surface under the 
fracture, there was a transcrystalline ductile fracture initiated by fine-dispersion precipitates 
of carbides and sulfide inclusions (Fig. 17a). The characteristic feature of plastic cracking is 
its ability to absorb significant amounts of energy connected with plastic deformations 
preceding the decohesion. The cast steel of bainitic – ferritic structure was subject to 
decohesion through mixed mechanism. Directly under the notch, at a depth of about 1.0 ÷ 
1.5 mm, cracking proceeded in plastic manner through transcrystalline ductile mechanism. 
Below the area of plastic strain, fissile cracking could be observed, running through  
a transcrystalline fissile mechanism with micro fields of ductile character. 

The cast steel with regenerated ferritic – pearlitic  structure, obtained as a result of slow 
cooling and under annealing, was cracking through a mechanism similar to decohesion of 
the cast steel after  service, i.e. transcrystalline fissile mechanism with micro fields of ductile 
character (Fig. 17b).  
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Figure 17. Cracking mechanism of cast steel: a) transcrystalline ductile for tempered bainitic 
microstructure; b) transcrystalline fissile for ferritic – pearlitic microstructure 

3. Summary 

The research performed on the L21HMF cast steel, taken from a steam turbine cylinder 
serviced for around 186 000 hours at the temperature of 540 oC, has revealed that long-term 
service contributed to: the processes of recovery and polygonization of ferrite grains, 
preferential precipitation of M23C6 carbides on grain boundaries and formation of „H – 
carbide” complexes near the boundary areas of ferrite grains. During long-term operation 
the strength properties were decreasing slowly – yet faster in the case of yield strength than 
tensile strength, and the impact energy decreased drastically below the required minimum 
level of 27J.   

Changes in the microstructure and properties of the long-term serviced cast steel do not 
eliminate the possibilities of their further safe operation. Extending the safe operation time 
beyond the calculative time of 100 000 hours (with the target up to 200  250 000 hours) is 
possible thanks to regenerative heat treatment.  

Performed research has proved that applying bainitic hardening instead of normalizing/full 
annealing, thus far applied in the castings, allows to achieve the best combination of high 
strength properties and very high impact energy. Moreover, the bainitic microstructure 
makes it possible to apply high temperatures of tempering, amounting to 710  730 oC. This 
allows increasing the stability of microstructure of long-term serviced cast steels without 
concern for reduction in the strength properties below the required minimum. High impact 
energy KV > 100J of the cast steel with high-tempered bainite structure guarantees that after 
long-term operation the impact energy will not drop below the minimum required level of 
27J.    

Applying normalizing for the castings allows to obtain bainitic – ferritic microstructure, 
which is characterized by similar strength properties as the cast steel with tempered bainitic 
microstructure, with the impact energy, however, being almost two times as low. What 
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Figure 16. Change in the values of hardness and impact energy of the cast steel depending on the 
temperature of ( + ) annealing  

For the L21HMF cast steel of ferritic – pearlitic microstructure it is required to apply ( + ) 
annealing (under annealing) instead of tempering which did not always provide the 
required impact energy. Applying under annealing causes: dissolution of carbides 
precipitated on grain boundaries during slow cooling from the temperature of 
austenitization, decrease of phosphorus segregation on ferrite grain boundaries and further 
reduction of austenite grain size. This allows to obtain the required strength properties and 
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value of impact energy and hardness is presented in Fig.16. 
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decohesion through mixed mechanism. Directly under the notch, at a depth of about 1.0 ÷ 
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Below the area of plastic strain, fissile cracking could be observed, running through  
a transcrystalline fissile mechanism with micro fields of ductile character. 
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energy KV > 100J of the cast steel with high-tempered bainite structure guarantees that after 
long-term operation the impact energy will not drop below the minimum required level of 
27J.    

Applying normalizing for the castings allows to obtain bainitic – ferritic microstructure, 
which is characterized by similar strength properties as the cast steel with tempered bainitic 
microstructure, with the impact energy, however, being almost two times as low. What 

a) b)



 
Heat Treatment – Conventional and Novel Applications 38 

seems evident here, is the negative influence of ferrite in the microstructure on the impact 
strength. 

The ferritic – pearlitic microstructure, obtained as a result of slow cooling of the castings 
from the austenitizing temperature (full annealing), allows to obtain the strength properties 
comparable to those after service and impact energy on the level of 40J. After the process of 
full annealing it is recommended to apply the ( + ) annealing (under annealing) instead 
of the process of tempering, which makes it possible to obtain the required impact energy. 
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1. Introduction 

Heat treatment of bearing rings implies the risk of deformations caused by internal tension. 
In order to eliminate internal tension, hardening is followed by tempering. In general, 
tempering will remove the tension. However, this tempering is not sufficient for the so-
called thin-walled rings AX series bearing rings to eliminate the tension. This article 
discusses how to effectively eliminate occurrence of tensions in thin-walled bearing rings 
made from 100Cr6 by optimising their heat treatment. Results have been verified by 
experiments.  

Manufacture of roller bearings (figure 1) is a challenging production process. Even though 
its specific manufacturing operations are widely known and established, some operations in 
bearing manufacture must be performed within narrow tolerances ranging from only a few 
micrometres to comply with requirements of tolerance analysis done before the parts are 
manufactured to ensure that clients receive a quality product that influences safety of plant 
operation, therefore safety of people. The manufacturing comprises a number of operations 
needed to produce rings, rolling elements and cages. It includes hammering of forgings at 
the beginning, turning, heat treatment, cutting, forming, grinding, washing of parts, their 
description, assembling bearing components and packaging. A number of preventive, intra-
operational and final inspections and dimensional, chemical, metallurgic, endurance and 
other tests are carried out during the manufacturing process [ZVL & ZKL, 1996; ZVL, 2008]. 
Customers assemble these products in common applications with standard requirements on 
bearings, but sometimes they have special requirements either for the bearing as a whole, or 
for any of its parts. In this case it is not sufficient to implement only standard methods and 
working practices; they have to be modified or optimised. One of such requirements was a 
request from one of great important American and Deutschland company to produce 
bearings needed to place a rotor for an axial piston hydroelectric generating set with an 
inclined plate for one of its tractors. This application has its particulars. It was necessary to 
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modify the outer ring, inner ring and rolling elements. Mentioned company is considered to 
be a “Mercedes” in the field of production of tractors, harvesters and similar equipment. The 
demands on parts are therefore accordingly high. This article will not discuss all the 
modifications necessary to adjust the technological process of production in order to meet 
customer’s requirements, although they are all interrelated, influence each other and 
represent a desired outcome of the targeted modification. We will deal only with the 
parameter that can be affected by heat treatment of the material in order to avoid unwanted 
deformations in the material and comply with a stricter requirement on ovality for inner 
rings.  

Papers of authors [Jech, 1983; Panda et al., 2011; Vasilko, 1998] address processes of heat 
treatment of bearing components with related checks and tests (dimensional, chemical, 
metrological and endurance tests) and technological aspects of production of bearing rings 
are discussed in [ZVL & ZKL, 1996; ZVL, 2008]. 

The goal of the work was to modify the tempering process to eliminate or preclude 
undesirable deformations of the material and to ensure compliance with the stricter 
requirements for ovality of inner rings (figure 2). 

 
Figure 1. Tapered roller bearing 

 
Figure 2. Inner ring of Tapered roller bearing 
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2. Ovality measuring on production plant   

Technologically, ovality results from non-symmetrical distribution of internal tensions 
before hardening and uneven heating and cooling. Ovality is a certain type of circularity 
deviation. 

Since 1950s, devices using very accurate rotational tables or spindles are used in modern 
industry to measure circularity. The measuring base in this method is the axis of the 
component to be measured. The measuring device ensures very high accuracy, often better 
than 0.1 μm. However, it requires time-consuming preparations including centring and 
alignment of the component, therefore it is intended rather for laboratory measurements. 
These measuring devices are rarely used in production, also due to their low measuring 
capacity.  

Ovality is checked at the output from the heat treatment line. A special diameter gauge 
(Figure 3) that included a dial deviation meter was used to measure ovality (table 1). Ovality 
was measured on three rings so that an ovality deviation was recorded after each rotation by 
10°. The following procedure was applied. An bearing ring was inserted into the gauge. The 
ring was rotated manually in 10° increments. A value was read from the deviation meter 
after each rotation. If the deviation was higher than 0.2 mm, the ring being measured was 
discarded. It did not meet quality criteria and could not be passed on for subsequent hard 
machining. 

A high deviation in ovality may indicate uneven heating or cooling during heat treatment. 
Ovality measurement was made on three inner rings selected randomly from different 
batches. Ring No. 1 shows acceptable ovality up to 0.2 mm in maximum. Subsequent 
grinding operations can reduce or remove this deviation from circularity. Ring No. 2 shows 
ovality over 0.2 mm, so it is not suitable for further machining. It must be discarded. The 
lowest ovality value can be seen in ring No.3. For ring No. 2, it is necessary to identify the 
cause of such a significant deviation in cylindricality. The whole batch the ring No. 2 comes 
from should be checked. 

 
 

Ring rotation (°) 0 10 20 30 40 50 60 70 80 90 100 
Ovality values 
measured for 

the rings 

Ring no. 1 0.02 0.04 0.09 0.13 0.16 0.17 0.17 0.18 0.19 0.2 0.19 
Ring No. 2 0.21 0.2 0.19 0.18 0.17 0.16 0.13 0.09 0.04 0.03 0.03 
Ring No. 3 0.09 0.05 0.02 0 0.02 0.04 0.08 0.09 0.1 0.11 0.12 

Table 1. Measured values of ovality 

 

110 120 130 140 150 160 170 180 190 200 210 220 230 
0.18 0.17 0.17 0.16 0.13 0.09 0.04 0.02 0.03 0.04 0.09 0.13 0.16 
0.04 0.09 0.13 0.16 0.17 0.18 0.19 0.21 0.2 0.19 0.18 0.17 0.17 
0.13 0.14 0.15 0.15 0.14 0.13 0.12 0.11 0.1 0.09 0.05 0.02 0.04 

Table 2. Measured values of ovality - continuation 
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modify the outer ring, inner ring and rolling elements. Mentioned company is considered to 
be a “Mercedes” in the field of production of tractors, harvesters and similar equipment. The 
demands on parts are therefore accordingly high. This article will not discuss all the 
modifications necessary to adjust the technological process of production in order to meet 
customer’s requirements, although they are all interrelated, influence each other and 
represent a desired outcome of the targeted modification. We will deal only with the 
parameter that can be affected by heat treatment of the material in order to avoid unwanted 
deformations in the material and comply with a stricter requirement on ovality for inner 
rings.  

Papers of authors [Jech, 1983; Panda et al., 2011; Vasilko, 1998] address processes of heat 
treatment of bearing components with related checks and tests (dimensional, chemical, 
metrological and endurance tests) and technological aspects of production of bearing rings 
are discussed in [ZVL & ZKL, 1996; ZVL, 2008]. 

The goal of the work was to modify the tempering process to eliminate or preclude 
undesirable deformations of the material and to ensure compliance with the stricter 
requirements for ovality of inner rings (figure 2). 

 
Figure 1. Tapered roller bearing 

 
Figure 2. Inner ring of Tapered roller bearing 
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batches. Ring No. 1 shows acceptable ovality up to 0.2 mm in maximum. Subsequent 
grinding operations can reduce or remove this deviation from circularity. Ring No. 2 shows 
ovality over 0.2 mm, so it is not suitable for further machining. It must be discarded. The 
lowest ovality value can be seen in ring No.3. For ring No. 2, it is necessary to identify the 
cause of such a significant deviation in cylindricality. The whole batch the ring No. 2 comes 
from should be checked. 

 
 

Ring rotation (°) 0 10 20 30 40 50 60 70 80 90 100 
Ovality values 
measured for 

the rings 

Ring no. 1 0.02 0.04 0.09 0.13 0.16 0.17 0.17 0.18 0.19 0.2 0.19 
Ring No. 2 0.21 0.2 0.19 0.18 0.17 0.16 0.13 0.09 0.04 0.03 0.03 
Ring No. 3 0.09 0.05 0.02 0 0.02 0.04 0.08 0.09 0.1 0.11 0.12 

Table 1. Measured values of ovality 

 

110 120 130 140 150 160 170 180 190 200 210 220 230 
0.18 0.17 0.17 0.16 0.13 0.09 0.04 0.02 0.03 0.04 0.09 0.13 0.16 
0.04 0.09 0.13 0.16 0.17 0.18 0.19 0.21 0.2 0.19 0.18 0.17 0.17 
0.13 0.14 0.15 0.15 0.14 0.13 0.12 0.11 0.1 0.09 0.05 0.02 0.04 

Table 2. Measured values of ovality - continuation 
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Figure 3. The principle of measuring ovality of outer shape of the outer ring of a roller bearing. 1 - dial 
deviation meter, 2 - outer ring, 3 - moving measuring contact line, 4 - supporting parts 

 

240 250 260 270 280 290 300 310 320 330 340 350 360 
0.17 0.17 0.18 0.19 0.2 0.19 0.18 0.17 0.17 0.16 0.13 0.09 0.05 
0.16 0.13 0.09 0.05 0.02 0.04 0.09 0.13 0.16 0.18 0.19 0.2 0.21 
0.08 0.1 0.1 0.11 0.12 0.13 0.14 0.15 0.15 0.14 0.13 0.12 0.1 

Table 3. Measured values of ovality - continuation 

3. Customer’s requirements 

In principle, the customer required a bearing that would withstand higher axial loads 
without any major run-in and with reduced ring ovality due to the placement of the rotor in 
an axial piston hydroelectric generating set. Table 4 shows a comparison of basic modified 
parameters between the standard design (Standard) and the design required by the 
customer (Special). As mentioned before, this paper will discuss only the issue of reducing 
ovality in the inner ring. Finding a solution for such task is even more difficult because the 
bearing is a thin-walled bearing (AX series) that is much more sensitive to material 
deformations and ring ovality compared to other bearings with a more favourable ratio of 
ring thickness and width.  

 
Deformation Reduction of Bearing Rings by Modification of Heat Treating 45 

Bearing part and parameter 32010AX
Standard 

32010AX 
Special 

Inner ring 
- Raceway run-out to the hole [mm] 0,007 0,005 
- Support face run-out to the main face [mm] 0,007 0,005 
- Raceway roughness [μm] 0,20 0,15 
- Support face roughness [μm] 0,20 0,07 
- Waviness [μm] 0,35 0,25 
- Ovality [mm] 0,006 0,003 

Table 4. Comparison of basic parameters of 32010AX bearings between “Standard" and “Special” designs  

4. Experimental section 
Material deformations and ring ovality are caused by internal tension generated during 
machining and heat treatment operations. To process a bearing ring by turning, it has to be 
fixed at three points. The fixing is done pneumatically. A deformation may occur due to 
poor fixing, or due to a failure to follow technological conditions, when more material is 
removed. When rings are grinded after heat treatment, similar undesired deformations 
occur, if technological conditions are not followed. Major deformations occur even during 
the heat treatment itself, i.e. when the rings are hardened, due to uneven heating and 
cooling. Deformation that appeared after heat treatment are then reproduced at subsequent 
grinding, worsening this effect even more.  

The customer accepted only 0.003 mm of stricter ovality for the outer ring after grinding, 
compared to the standard prescribed value of 0.006 mm (see Table 4), which tightens the 
requirements by 50%. To achieve this final ovality of rings after grinding , then the ovality of 
rings after hardening can be no more than 0.1 mm, which is also a stricter value compared to 
the standard requirement of 0.2 mm.   

Ovality is defined as the difference in diameters measured in one plane perpendicular to each 
other. This means that, for example, the maximum diameter Dmax is measured first – i.e. the 
maximum value is found when the ring is turned, then the ring is rotated by 90 ° and the second, 
minimum diameter Dmin is measured. The outer shape of the ring should be close to a circle, but 
in fact, the outer ring is elliptical in shape. Our aim is to keep this ovality as small as possible. 

 
Figure 4. Definition of ovality 
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4.1. Hardening and tempering of bearing components 

Steel 100Cr6 with the following chemical composition (values in % by weight)2 was used to 
manufacture bearing rings and rolling elements: C=0.9-1.1; Mn = 0.3-0.5; Si = 0.15-0.35; Cr = 1.3-
1.65; P=max 0.027; S=max 0.03; Ni=max 0.3; Cu=max 0.25; Ni+Cu=max 0.5. Desired mechanical 
properties of roller bearings are obtained by hardening and tempering their components at 
low temperature. The required hardness of bearing components is achieved by hardening and 
tempering is used to reduce internal tension and fragility of the hardened bearing steel. 

The resulting mechanical properties are then determined primarily by the microstructural 
state, distribution of internal tensions before hardening, uniformity of heating to austenitizing 
temperature, austenitizing conditions and cooling down from the austenitizing temperature.  

The method of heating affects resultant oxidation and surface decarburization. Local 
overheating and imperfect soaking must be avoided during heating, because they lead to 
cracks formed during cooling. Austenitizing conditions, i.e. austenitizing temperature and 
dwell at the austenitizing temperature, affect quality of hardened bearing components. 
Dwell time selected depends on the shape and material of the component, its heating 
method and baseline microstructure. The dwell at the austenitizing temperature has a lower 
effect than the temperature value.  

The outcomes of hardening depend also on the speed of heat dissipation. For bearing steel, 
the cooling rate must be very high for a temperature range of approximately 650 °C and 
below. The cooling efficiency of different environments depends mainly on thermal 
conductivity, specific heat, evaporating heat, viscosity of the hardening environment and 
amount of dissolved gases. The cooling process in water is very fast and is used to harden 
bearing balls. Different ingredients are added into quenching water; some of which increase 
the cooling capacity and some of them slow it down.  

Due to the lower cooling rate, thus a smaller temperature gradient between the surface and 
core of the component being hardened, it is more convenient to cool bearing components in 
mineral oils rather than in water. The most suitable medium for a common hardening 
environment in terms of cooling rate is J4 bearing oil that can achieve the maximum cooling 
rate of 65 °C/s at surface temperature of 550 °C. Cooling in an AS140 salt solution (a mixture 
of KNO3 NaNO3) is used to equalise the temperature at 150 °C between the surface and core 
of the component. After this cooling, the component continues to cool down in oil or is 
finally cooled down in water. Increased cooling rate causes higher susceptibility of the 
hardened component to develop cracks, resulting from the higher temperature difference 
between the surface and the core of the hardened component, creating internal tensions.  

Hardening and tempering of rings is one of the most important operations in production of 
roller bearings and it should ensure dimensional stability in addition to the required 
hardness of 60 to 63 HRC. Dimensional stability is necessary for subsequent technological 
operations needed to achieve the correct geometry of a finished bearing and stability of 
these dimensions in long-term operation. When bearing steels are hardened, martensite or a 
structure with a specific volume different than the original martensite is formed. 
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Internal tensions occur because various structures develop in various volumes and at 
different stages in terms of time and temperature due to the temperature gradient. Tensions 
arising from differences in temperature between the component surface and its core are 
referred to as thermal tensions. Structural tensions originate from the difference in specific 
volumes of the initial austenite and martensite formed or in other stages. 

Temperature tensions can be affected by reducing or extending the process of heating, 
especially by preheating. Structural tensions depend on chemical composition of steel and 
course of the heat treatment. 

Dimensional changes in chrome bearing steel increase with a higher hardening temperature. 
Tempering will reduce the increase in volume, and the reduction is higher with a higher 
hardening temperature.  

In bearing rings, hardening and tempering influence their ovality. Ovality is related with 
volume changes only a little. It originates from the technology, resulting from an uneven 
distribution of internal tensions before hardening and uneven heating and cooling. 

Cooling rate in the hardening process has an impact on volume change in components. The 
higher is the rate the higher is the deformation and the higher is also the difference in length 
between the states after hardening and tempering. The dimensional changes (Fig. 5) that occur 
after heat treatment are caused by the lack of stability of the microstructure of hardened and 
tempered bearing steel in the given operating conditions [Vasilko, 1998]. This is the result of 
permanent changes in instable structural stages of martensite and residual austenite. Therefore, 
stabilization of dimensions in hardened and tempered bearing components depends on the 
degree of super saturation of a solid solution - martensite and the residual austenite content, i.e. 
on the microstructure as well as on operating conditions, temperature, time and tensions. 

 
Figure 5. Effect of hardening temperature on change in length and hardness after hardening and 
tempering [8]: a – hardness after hardening; b – hardness after hardening and tempering 150°C; c – 
change in length after hardening; d - change in length after hardening and tempering 150°C 
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With this heat treatment, we try to get a fine martensitic structure of components, as shown 
in Fig. 6 - microstructure of 100Cr6 steel; properly tempered; martensite and fine, evenly 
distributed carbides. 

 
Figure 6. Microstructure of 100Cr6 bearing steel formed by martensite and fine carbides  

To harden and temper bearing components, furnace equipment is used that can increase the 
level and quality of heat treatment and improve work productivity (Fig. 7) [Vasilko, 1998]. 
The company, where optimisation was implemented, uses a renovated hardening line, later 
fitted with computer control, and tempering is done on PP017/50 device (Fig. 8) [ZVL, 2008]. 
Furnace equipment can be operated also by the computer system, making easier the process 
of controlling and inspecting the heat treatment. Records on various parameters, such as 
temperature and time, are kept, making it possible to get back to them even after a longer 
period of time (Table 5) [ZVL, 2008].     

 
Figure 7. Diagram of furnace equipment for hardening and tempering bearing components (1 - 
hardening furnace, 2 - hardening tank, 3 - carrier, 4 - washing machine, 5 - tempering furnace). 

 1  3  4  5 

 2 
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Figure 8. Diagram of the computer-controlled hardening line 

 
Temperature – 

hardening furnace 
[°C] 

Temperature - 
hardening tank [°C] 

Temperature–exhaust gas 
oxygen sen. [°C] 

Tempera- 
ture - tank 

[°C] 

Time 
[hour:min] 

T1 T2 T3 T4 T5 T6 T7 t 
842 842 842 844 57 822 50 9:49 
834 842 843 845 57 822 50 9:50 
832 842 843 845 57 822 50 9:51 
832 841 843 844 57 822 50 9:52 
835 841 842 842 57 822 50 9:53 
838 841 842 840 57 821 50 9:54 
841 841 841 839 57 822 50 9:55 
843 841 840 840 57 821 50 9:56 
842 841 840 842 57 821 50 9:57 
838 841 841 844 57 821 50 9:58 
836 841 843 844 57 821 50 9:59 
836 841 843 844 57 821 50 10:00 
838 841 843 842 57 821 50 10:01 
841 841 843 841 57 821 50 10:02 
843 841 842 839 57 821 50 10:03 
841 841 841 839 57 821 50 10:04 
838 841 841 842 57 820 50 10:05 
836 841 840 844 57 820 50 10:06 
837 841 840 844 57 820 50 10:07 
839 841 842 843 57 821 50 10:08 
842 841 843 842 57 820 50 10:09 

Table 5. Sample output from the computer-controlled hardening line with measuring data 

  Hardening furnace T1-T4 Oxygen sensor   Shielding 

Harden.tank 
T5 

 Tank T7 

    T6 
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4.2. Heat treatment of standard bearing rings 

For standard bearings, the rings are hardened and tempered in accordance with the 
conditions specified in Table 6. Heat treatment is followed by grinding and super finishing 
of functional areas. The value of ovality of hardened and tempered rings achieved after this 
processing is 0.2 mm. 
 

Description of actions Hardening Tempering 
Device Name hardening furnace Ø 100 furnace PP017 / 50 

Zone temperature [°C] 840 ± 5 170 ± 5 
Oil temperature [°C] 50 – 80 – 
Method of placement 1 row freely 

Variator 3 – 5 – 
Heating time [min] 60 – 80 155 ± 5 
Output [pcs/hour] 1 080 1 080 

Table 6. Heat Treatment Technological Procedure 

Hardness tests are done on selected pieces after hardening and tempering. The required 
hardness after hardening is 63.5 to 65.5 HRc. The required hardness after tempering is 60 to 
63 HRc. After tempering, the bearing rings are inspected for ovality and microstructure. 

When bearing material is being heat treated, oxidation occurs at common heating. To 
prevent oxidation of the surface, the heat treatment is done in a controlled atmosphere 
consisting of nitrogen. 

4.3. Optimised heat treatment and grinding mode 

The heat treatment method (Table 6) followed by grinding as described in 4.2 is not 
sufficient to achieve the required ovality of 0.1 mm needed by the customer for the special 
bearings. It was necessary to develop, technologically master and verify a different, 
additional method of heat treatment and subsequent grinding of the rings, which would 
guarantee lower internal tensions, deformations and ovality values, whereas the required 
hardness of the rings should remain unchanged. Tempering is known to be used to 
eliminate internal tensions. This had been already done after hardening (see Section 4.2, 
Table 6), but resultant values of ovality were inadequate. It is also known that hardness of 
tempered parts decreases when tempering is done as described in Table 6, so any further 
tempering using this process was not possible.  

Considering these facts and drawing from our experience, a procedure was suggested to 
ensure lower levels of ovality from 0.2 to 0.1 mm: 

1.  Heat treatment (hardening and tempering) as in 4.2, Table 6 
2.  Pre-grinding of functional surfaces in bearing rings, but not to reach the final value;             

only with a partial use of the total allowances for grinding – rough grinding 
3.  Re-tempering of the rings using the 155 °C/65’ process, i.e. under different   

technological conditions than in 4.2. The technological conditions – see Table 7. 
4.  Fine grinding of functional surfaces of the rings   
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Description of action Tempering 
Device Name PP017 / 50 

Zone temperature [°C] 155 ± 5 
Method of placement freely 
Heating time [min] 65 ± 5 
Output [pcs/hour] 1 080 

Table 7. Technological procedure of additional tempering 

Table 5 shows that two parameters have been modified for additional tempering. The first 
one is the tempering temperature, which is now lower, i.e. 155+5 °C. This is a substantial 
change that will ensure lower internal tensions and ovality reduced by 50% against the 
standard design. The second one is the heating time, which is 65+5 minutes. It is a sufficient 
time. However, if a longer time was preserved, the effect would be the same without any 
risk of lower hardness values. Tempering, referred to as “artificial ageing” is followed by 
hardness tests on selected pieces. The required hardness after tempering remains constant of 
60 to 63 HRc. 

Ovality on finished rings was measured using the Talyrond 73 device, see Figure 9. The 
measuring device ensures very high accuracy, better than 0.1 μm. 

5. Result and discussion 

Hardening and tempering has an impact on ovality in rings. The dimensional changes 
that occur after heat treatment are caused by the lack of stability of the microstructure of 
hardened and tempered bearing steel in the given operating conditions [Vasilko, 1998]. 
The aim of the heat treatment was to obtain a fine martensitic structure of components. A 
microstructure composed mainly from martensite is formed by hardening components 
made from bearing steel. The martensitic microstructure usually contains a low 
percentage of residual austenite in terms of volume Rate of heating adjusted to the 
hardening temperature, or inclusion of pre-heating, can affect the value and distribution 
of thermal tension in the bearing ring being heated. Structural tensions that arise during 
heat treatment by hardening and tempering are determined by the chemical concept of 
the steel used and heat treatment process parameters. Dimensional changes that occur 
during the tempering process may be a consequence of ε-carbide precipitation, 
decomposition of residual austenite, cementite precipitation, dislocation substructures 
welded together and re-distribution of residual tensions after mechanical processing 
[Perez et al., 2009]. 

To ensure production requirements on special bearings for this customer (see Table 4) it was 
necessary to optimise both the dimensional parameters and the heat treatment method and 
subsequent machining in order to reduce internal tensions. Modified heat treatment mode 
and subsequent fine grinding made it possible to fulfil the requirement of lower ovality 
from 0.006 to 0.003 mm. The useful value of the bearings improved, too, with these 
modifications in heat treatment and adjusted dimensional parameters:  
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• reduced friction and tear and wear 
• lower noise of the equipment when these bearings are used 
• lower operating temperature even when running the equipment in 
• minimum run-in time 
• possibility to set initial stretch more reliably 
• running smooth even in the first hours of operation 
• slight increase in dynamic load (due to optimised shape of ring and tapered roll 

raceways) 

 
Figure 9. Measuring ovality using the Talyrond 73 measuring device 

Extract from a chemical composition protocol - chemical analysis of 100Cr6 used is shown in 
Table 8. The material corresponds to the prescribed values. 
 

Tested element Prescribed values Measured values 
C 0,9 – 1,1 1,02 

Mn 0,3 – 0,5 0,35 
Si 0,15 – 0,35 0,28 
Cr 1,3 – 1,65 1,51 
P max. 0,027 0,01 
S max. 0,03 0,014 

Ni max. 0,30 0,06 
Cu max. 0,25 0,09 

Ni+Cu max. 0,5 0,15 

Table 8. Chemical composition of 100Cr6 bearing material in % by weight 

Extract from a metallographic analysis protocol under DIN 17230, DIN 50602, SEP 1520, and 
corporate standard is shown in Table 9. The material corresponds to the prescribed values. 
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Tested property Max. prescribed values Measured values 
HRc hardness 60 – 63 62

Post-grinding heating none parts none parts
Microstructure 3 – 6 5
Carbide mesh 5,3 5,2

Carbide streakiness - closed 6,2 6,0
Carbide streakiness - free 7,3 7,1

Sulphides – SS 1,3 1,2
Oxides – OA 3,3 3,1
Oxides – OS 6,2 6,0
Oxides – OG 8,3 8,1

Table 9. Metallographic analysis of 100Cr6 bearing material used 

When a verification series was manufactured, the bearings were tested for endurance using a 
ZT1 testing station. There are 20 bearings tested simultaneously; up to the fifth discarded 
bearing; 90% of the bearings must withstand 1 million revolutions. Basic dynamic load rating 
prescribed in the catalogue is assessed. The attained value was 201% compared to the catalogue. 

6. Conclusion 
The herein described method of achieving lower internal tensions with effect on reduced 
deformations and ring ovality made it possible to attain ovality of finished rings of 0.003 mm 
compared to the standard requirements on ovality of 0.006 mm. This result was achieved 
with a satisfactory assessment of chemical, metrological and metallographic analysis with a 
further effect on improved endurance of bearings. This manufacturing method has been 
tested several times since then and the desired effect was confirmed. Subsequently, this 
procedure has been applied also to other types of the so-called thin-walled bearings for 
others customers, in particular from the automotive industry, who demanded stricter ovality 
values. The possibility to use this technology has been confirmed in all cases. 

Note: Compliance with and check of prescribed processing condition are essential for heat 
treatment. An appropriate way how to improve checks during the heat treatment is to use a 
computer-controlled hardening line. Obviously, this incurs higher input costs. According to 
information from the company where this optimised method of heat treatment was 
implemented, the system started to be used for a typical hardening line and the benefit in 
terms of quality exceeded their expectations. 
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1. Introduction 

The trend of the automotive industry goes toward the construction of high-powered, 
comfortable, economical, ecological and safe vehicles. A few Al alloys containing Cu and 
a few containing Mg and Si are heat treatable in the cast condition due to the 
precipitation strengthening mechanisms. Two of the major families of heat treatable 
aluminum alloys containing magnesium and silicon are the 6xxx series in wrought 
aluminum alloys, and 3xx series in casting aluminum alloys. Al-Si-Cu/Mg alloys are well 
studied and there exists a lot of publication about the effect of alloying elements and 
solidification rate on the microstructure formation [1-3]. The influence of heat treatment 
on the mechanical properties including hardness and tensile strengths is also well 
studied, while the influence on plastic deformation behavior and elongation to fracture is 
less studied.  

Although the benefit of heat treatment is undisputed, there exist several challenges for heat 
treatment operators, including market expectations of higher performance and reliability, 
lower production costs and energy use, as well as concern over environmental impacts. The 
heat treatment of age hardenable aluminum alloys involves solutionizing the alloys, 
quenching, and then either aging at room temperature (natural aging) or at an elevated 
temperature (artificial aging). The enhancement in mechanical properties after thermal 
treatment has largely been attributed to the formation of non-equilibrium precipitates 
within primary dendrites during aging and the changes occurring in Si particles 
characteristics from the solution treatment. The age hardening response depends on the 
fraction size, distribution and coherency of precipitates formed. Al-Si-Cu-Mg alloys and Al-
Si-Mg alloys generally have a high age hardening response, while Al-Si-Cu alloys have a 
slow and low age hardening response. 
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2. Solidification process 

During the solidification from a melt, chemical thermodynamics and kinetics are generally 
considered in terms of the enthalpy and Gibbs free energy changes, the solidification path, 
composition changes, and phase transformations etc.. Chemical thermodynamics describes 
the most stable phases at equilibrium conditions (i.e. temperature, pressure, compositions 
etc.) relating to only the initial and final states of a system. Accordingly, the solidification 
rate in a metallurgical system can be estimated by the enthalpy (H) and heat capacity (Cp), 
and how these thermodynamic properties reflect the system thermal state and heat energy 
requirements. Chemical equilibrium is controlled by the Gibbs free energy (G) of the system 
which is minimized for equilibrium conditions. In contrast, the dynamic system 
transformation between initial and final states controlled by chemical kinetics, indicates the 
path and phase changes of a chemical reaction in a system when the limited atomic 
movement (i.e. in solids, low temperatures, etc.) becomes dominant in a short process time. 
Hence the solidification rate under a real time condition will be greatly influenced by the 
nucleation efficiency and the atom diffusion between phases [4].  

The solidification rate determines the coarseness of the microstructure including the 
fraction, size and distribution of intermetallic phases and the segregation profiles of solute 
in the α-Al phase. Large and brittle intermetallic phases form during a slow solidification, 
which may initiate or link fracture, decreasing elongation to fracture. Additional, the 
defect size such as pore size, is also controlled to some extent by the solidification rate. 
The influence of defects on the elongation to fracture depends on their size, shape, 
distribution and fraction. Dendrite arms with smaller radius may remelt into the molten 
into the molten liquid along with the decreasing total interfacial energy. The Ostwald-
ripening effect on the formation of dendrite arm spacing (DAS) is determined by local 
solidification time, allowing smaller particles to grow and merge into the larger ones due 
to the reduced total surface energy in the system. DSA, which is proportional to (average 
cooling rate)-n where n =1/2 and 1/3 for the primary and secondary dendrites respectively, 
generally ranging from 10 to 150 mm and which are controlled mainly by the 
solidification rate [5]. To gain an optimum property of an alloy, the DAS therefore must 
be minimized and distributed homogeneously.  

The major phases in as-cast microstructure of Al-Si alloys are large size grains and 
primary α-Al, acicular eutectic Si, coarse primary Si, and also other harmful intermetallic 
phases such as needle like β-Al5FeSi, with uncontrolled and unevenly distributed 
porosities etc. [6]. Table 1 summarizes the sequence of phase precipitation in hypoeutectic 
Al-Si alloys [7]. Al in the eutectic has been reported to have mainly the same 
crystallographic features as the primary α-Al dendrites in unmodified alloys [8]. Figure 
1.a indicates a basic structure of hypoeutectic Al-Si alloys consisting of grains (sizes at 
1~10 mm in general), dendrites (typical DAS - 10~150 µm), and eutectic Si which can be in 
acicular shapes as long as 2 mm or round particle as small as 1 µm. The acicular Si might 
be chemically modified to a fibrous morphology by using effective modifiers. 
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Heterogeneous nucleation should be the major approach to refine the grains, which 
nucleate on some of the foreign nuclei sites and grow slowly in the melt. Effective grain 
refiners, such as TiAl3 and TiB2, must match their lattice perfect coherently to the Al 
matrix with their lattice coherencies (Figure 1.b). In contrast, particles with a poor lattice 
matching have little influence on increasing the nucleation of grains (Figure 1.c), resulting 
in an unrefined grain structure [9]. Typical examples of the microstructure of unmodified, 
Sr-modified, and Sb-modified alloys are shown in Figure 2. 

Temperature (°C) Phases precipitated Suffix 

650 Primary Al15(Mn, Fe)3Si2 (sludge) Pre-dendrite 

600 Aluminum dendrites  
and (Al15(Mn, Fe)3Si2) 
and /or Al5FeSi 

Dendritic 
Post-dendritic 
Pre-eutectic 

550 Eutectic Al + Si 
and Al5FeSi 
Mg2Si 

Eutectic 
Co-eutectic 

500 CuAl2 and more complex phases Post-eutectic 

Table 1. Sequence of phase precipitation in hypoeutectic Al-Si alloys [7] 

 

 
Figure 1. Schematics of a) Three essential elements (grains, Al dendrites, DAS, and eutectic Si in a basic 
hypoeutectic Al-Si microstructure; b) Perfect grain refiner particles (squares) with one to one lattice 
matching to Al atoms (points); c) Poor lattice matching [9]. 
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2. Solidification process 
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Figure 2. Comparison of the silicon morphology in: (a) unmodified; (b) Sr-modified (300 ppm Sr); and 
(c) Sb-modified (2400 ppm Sb), hypoeutectic aluminum-silicon alloys [10]. 

Copper forms an intermetallic phase with Al that precipitates during solidification either as 
blocky CuAl2 or as alternating lamellae of α-Al + CuAl2 [11]. During solidification, in the 
presence of iron, other copper containing phases form, such as Cu2FeAl7 or Q-Al5Cu2Mg8Si6 
[12]. The CuAl2 phase can be blocky shape or finely dispersed α-Al and CuAl2 particles 
within the interdendritic regions, as shown in Figure 3. The presence of nucleation sites, 
such as FeSiAl5 platelets or high cooling rates during solidification can result in fine CuAl2 
particles [11]. The blocky CuAl2 phase particles are difficult to dissolve during solid solution 
heat treatment, unlike the fine CuAl2 phase particles that can dissolve within 2 hrs solid 
solution heat treatment [13]. Magnesium is present as Mg2Si in Al-Si-Mg alloys if Mg is not 
in solution. Mg can also form a true quaternary compound Cu2Mg8Si6Al5 with other alloy 
elements in Al-319 alloy. In the absence of Cu, high Fe and Mg result in the appearance of π-
FeMg3Si6Al8. The π phase is difficult to dissolve during solid solution heat treatment [8].  

 
Figure 3. Cu-rich phases in as-cast 319 alloy: (a) Eutectic Al2Cu and (b) blocky Al2Cu [14]. 

A comparative study of the mechanical properties of Al-Si-Cu-Mg alloys was carried out by 
Cáceres et al. [15] to investigate the effects of Si, Cu, Mg, Fe, and Mn, as well as solidification 
rate. The authors observed that increasing the Cu and Mg content generally resulted in an 
increase in strength and a decrease in ductility, whereas an increased Fe content (at an 
Fe/Mn ratio of 0.5) dramatically lowered the ductility and strength of low-Si alloys. They 
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also reported that the Cu + Mg content of the alloys determines the precipitation 
strengthening and the volume fraction of the Cu-rich and Mg-rich intermetallics obtained. 

Yi [16] adopt the enhanced solid diffusion coefficient of Cu in his model. The diffusion 
coefficient of Cu in α-Al phase is increased by 4-fold. The presence of Si-phase also has great 
influence on the diffusion of Cu in the matrix. It is assumed that the diffusion coefficient of 
Cu increases by 20-fold due to the presence of Si-phase. The distribution of Mg and Si across 
the dendrite arm spacing also changes due to the increase of Cu diffusion in the matrix. This 
is attributed to the change of solidification path.  

3. Heat treatment of cast al alloys 

Heat-treatment is of major importance since it is commonly used to alter the mechanical 
properties of cast aluminum alloys. Heat-treatment improves the strength of aluminum 
alloys through a process known as precipitation-hardening which occurs during the heating 
and cooling of an aluminum alloy and in which precipitates are formed in the aluminum 
matrix. The improvement in the mechanical properties of Al alloys as a result of heat 
treatment depends upon the change in solubility of the alloying constituents with 
temperature. Figure 5 shows the major steps of the heat treatment which are normally used 
to improve the mechanical properties of aluminum. The alloy should first be solution 
treated at a temperature just below the eutectic temperature for long enough to allow 
solutionizing of the second phase. Then it should be quenched to room temperature. Finally 
it should be heated to a lower temperature to allow precipitation. Table 2 details a few of the 
more commonly applied heat treatments. 

The T6 heat treatment is illustrated in Figure 4 for an Al-Si-Cu alloy as an example. The 
evolution of the microstructure is shown; from (1) atoms in solid solution at the solution 
treatment temperature, through (2) a supersaturated solid solution at room temperature 
after quench, to (3) precipitates formed at the artificial ageing temperature.  

 
Figure 4. Diagram showing the three steps for precipitation hardening. 
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Treatment Solution Quench Aging
T4 Yes Yes Room Temperature only 
T5 No No Elevated Temperatures 
T6 Yes Yes Elevated (to yield increased strength) 
T7 Yes Yes Elevated (to yield dimensional stability) 

Table 2. Common aluminum heat treatment designations 

 
Figure 5. The T6 heat treatment process [17]. 

3.1. Solution heat treatment 

Solution heat treatment must be applied for a sufficient length of time to obtain a 
homogeneous supersaturated structure, followed by the application of quenching with the 
aim of maintaining the supersaturated structure at ambient temperature. In Al-Si-Cu-Mg 
alloys, The solution treatment fulfils three roles: [18,19] 

i. Homogenization of as-cast structure. 
ii. Dissolution of certain intermetallic phases such as Al2Cu and Mg2Si. 
iii. Change of the morphology of eutectic silicon.  

The segregation of solute elements resulting from dendritic solidification may have an 
adverse effect on mechanical properties. The time required for homogenization is 
determined by the solution temperature and by the dendrite arm spacing. Hardening 
alloying elements such as Cu and Mg display significant solid solubility in heat-treatable 
aluminum alloys at the solidus temperature; this solubility decreases noticeably as the 
temperature decreases. 

Solution treatment

Rapid quench

Artificial aging 
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The changes in the size and morphology of the silicon phase have a significant influence on 
the mechanical properties of the alloy. It has been proposed that the granulation or 
spheroidization process of silicon particles through heat treatment takes place in two stages: 
(i) fragmentation or dissolution of the eutectic silicon branches and (ii) spheroidization of 
the separated branches [20]. During solution treatment, the particles undergo changes in 
size and in shape. In the initial stages, the unmodified silicon particles undergo necking and 
separate into segments, which retain their original morphology. As a result of the 
separation, the average particle size decreases and the fragmented segments are eventually 
spheroidized. The spheroidization and the coarsening of eutectic Si can occur concurrently 
during the second stage.  

The solution treatment process needs to be optimized because too short a solution treatment 
time means that not all alloying elements added will be dissolved and made available for 
precipitation hardening, while too long a solution treatment means using more energy than 
is necessary. The solution heat treatment may be carried out in either a single step or in 
multiple steps. Single-step solution treatment is normally limited to about 495C, in view of 
the fact that higher temperatures lead to higher thermal stresses induced during quenching 
and the risk of the incipient melting of the Cu-rich phases [21-23]. This incipient melting 
tends to lower the mechanical properties of the casting. Solution treatment at temperatures 
of 495C or less, however, is not capable of maximizing the dissolution of the copper-rich 
phases, nor is it able to modify the silicon particle morphology sufficiently. In Al-Si-Cu-Mg 
alloys having a low magnesium content (0.5 wt.%), Ouellet et al. [24] used a solution 
temperature of 500oC because, at 505oC, fusion of low melting point phases can occur; Wang 
et al. [25], on the other hand, reported that, for a similar alloy with a solution temperature of 
520ºC, mechanical properties increase without any observable localized melting. 

Based on conventional solution treatment rules, the solution temperature of Al-Si-Cu-Mg 
alloys is restricted to 495oC, in order to avoid incipient melting of the copper-rich phase 
[26,27]. The time at the nominal solution treatment temperature must be long enough to 
homogenize the alloy and to ensure a satisfactory degree of precipitate solution. In alloys 
containing high levels of copper, complete dissolution of the Al2Cu phase is not usually 
possible. The solution time must then be chosen carefully to allow for the maximum 
dissolution of this intermetallic phase, bearing in mind nevertheless, that solutions treating 
the alloy for long times are expensive and may not be necessary to obtain the required alloy 
strength. Moreover, the coarsening of the microstructural constituents and the possible 
formation of secondary porosity which result after prolonged annealing at such 
temperatures can have a deleterious effect on the mechanical properties [28].  

Studies by Gauthier et al. [19] on the solution heat treatment of 319 alloy over a temperature 
range of 480oC to 540oC, for solution times of up to 24 hours, showed that the best 
combination of tensile strength and ductility was obtained when the as-cast material was 
solution heat-treated at 515oC for 8 to 16 hours, followed by quenching in warm water at 
60oC. A higher solution temperature was seen to result in the partial melting of the copper 
phase, the formation of a structureless form of the phase and related porosity upon 
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quenching, with a consequent deterioration of the tensile properties. A two-stage solution 
heat treatment suggested by Sokolowski et al. [29] is reported to reduce the amount of the 
copper-rich phase in the 319 alloys significantly, giving rise to better homogenization prior 
to aging and improving mechanical properties. Also, Crowell et al. [30] stated that the 
blocky Cu phase in Al-Si-Cu alloys dissolves with increasing solution time at the 
recommended solution temperature of 495oC; also the rate of dissolution increases with Sr 
concentration. 

A two-step solution treatment, namely, conventional solution treatment followed by a high-
temperature solution treatment, as suggested by Sokolowski et al., [31, 32] is reported to 
reduce the amount of the copper-rich phase in 319 alloys significantly, thereby giving rise to 
better homogenization prior to aging and thus also to improvements in the mechanical 
properties. The holding time for the first stage and the solution temperature of the second 
stage are both significant parameters. Sokolowski et al. [32] studied the improvement in 319 
aluminum alloy casting durability by means of high temperature solution treatment. Their 
results showed that a two-step solution treatment of 495ºC/2h followed by 515ºC/4h 
produced the optimum combination of strength and ductility compared to the traditional 
single-step solution treatment of 495ºC/8h. 

Dissolve the micro-segregation of Mg and Si elements to form a supersaturated solid 
solution in the primary Al matrix in order to enable the formation of a large number of 
strengthening precipitates during subsequent natural and artificial ageing processes. 
Homogenize the casting, and attain a globular morphology of the eutectic Si phase to impart 
improved ductility and fracture toughness to the component. Reduce micro-segregation of 
other alloying elements in the primary Al matrix. 

3.2. Quenching 

Following solution heat treatment, quenching is the next important step in the heat-
treatment cycle. The objectives of quenching are to suppress precipitation during quenching; 
to retain the maximum amount of the precipitation hardening elements in solution to form a 
supersaturated solid solution at low temperatures; and to trap as many vacancies as possible 
within the atomic lattice [33,34].  

The quench rate is especially critical in the temperature range between 450 °C and 200 °C for 
most Al-Si casting alloys where precipitates form rapidly due to a high level of 
supersaturation and a high diffusion rate. At higher temperatures the supersaturation is too 
low and at lower temperatures the diffusion rate is too low for precipitation to be critical. 
4°C/s is a limiting quench rate above which the yield strength increases slowly with further 
increase in quench rate [35-37]. 

Faster rates of quenching retain a higher vacancy concentration enabling higher mobility of 
the elements in the primary Al phase during ageing. An optimum rate of quenching is 
necessary to maximize retained vacancy concentration and minimize part distortion after 
quenching. A slow rate of quenching would reduce residual stresses and distortion in the 
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components, however, it causes detrimental effects such as precipitation during quenching, 
localized over-ageing, reduction in grain boundaries, increase tendencies for corrosion and 
result in a reduced response to ageing treatment [38,39]. 

The best combination of strength and ductility is achieved from a rapid quenching. Cooling 
rates should be selected to obtain the desired microstructure and to reduce the duration time 
over certain critical temperature ranges during quenching in the regions where diffusion of 
smaller atoms can lead to the precipitation of potential defects [40]. The effectiveness of the 
quench is dependent upon the quench media (which controls the quench rate) and the 
quench interval. The media used for quenching aluminum alloys include water, brine 
solution and polymer solution [41-43]. Water used to be the dominant quenchant for 
aluminum alloys, but water quenching most often causes distortion, cracking, and residual 
stress problems [44,45]. It has been reported that the water temperature affects the 
properties of the cast aluminum alloy A356 subjected to T6 heat treatment once the water 
exceeds 60-70oC, with UTS and YS being significantly more sensitive than ductility. Detailed 
TEM investigations on A356 alloy, reported elsewhere [46], revealed that, at the peak-aged 
condition and with a water quench at 25°C, the α-Al matrix consists of a large number of 
needle-shaped and coherent β″-Mg2Si precipitates. The size of the precipitates is 
approximately 3 to 4 nm in diameter and 10 to 20 in length. With a water quench at 60°C, 
they observed how the density of the precipitates decreases and the size of the precipitates 
increases slightly; at the same time a significant number of fine Si precipitates resulting from 
precipitation of excess Si could be observed in the α-Al matrix. 

With a slow quenching in air, very different precipitation features are normally evidenced. 
By air quenching, the material remains at high temperatures for a longer period, which 
enhances the diffusion of silicon and magnesium. Besides a high density of fine β″-Mg2Si 
precipitates, the α-Al matrix also contained a large number of areas with coarse rods β′-
Mg2Si grouped parallel to each other [46]. While the first precipitates have an average size 
approximately 2 to 3 nm in diameter and around 40 nm in length, the latter show an average 
size ~15 nm in diameter and 300 nm in length. 

3.3. Aging  

Age-hardening has been recognized as one of the most important methods for strengthening 
aluminum alloys, which involves strengthening the alloys by coherent precipitates which 
are capable of being sheared by dislocations [47]. By controlling the aging time and 
temperature, a wide variety of mechanical properties may be obtained; tensile strengths can 
be increased, residual stresses can be reduced, and the microstructure can be stabilized. The 
precipitation process can occur at room temperature or may be accelerated by artificial 
aging at temperatures ranging from 90 to 260oC.  

After solution treatment and quench the matrix has a high supersaturation of solute atoms 
and vacancies. Clusters of atoms form rapidly from the supersaturated matrix and evolve 
into GP zones. Metastable coherent or semi-coherent precipitates form either from the GP 
zones or from the supersaturated matrix when the GP zones have dissolved. The 
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quenching, with a consequent deterioration of the tensile properties. A two-stage solution 
heat treatment suggested by Sokolowski et al. [29] is reported to reduce the amount of the 
copper-rich phase in the 319 alloys significantly, giving rise to better homogenization prior 
to aging and improving mechanical properties. Also, Crowell et al. [30] stated that the 
blocky Cu phase in Al-Si-Cu alloys dissolves with increasing solution time at the 
recommended solution temperature of 495oC; also the rate of dissolution increases with Sr 
concentration. 

A two-step solution treatment, namely, conventional solution treatment followed by a high-
temperature solution treatment, as suggested by Sokolowski et al., [31, 32] is reported to 
reduce the amount of the copper-rich phase in 319 alloys significantly, thereby giving rise to 
better homogenization prior to aging and thus also to improvements in the mechanical 
properties. The holding time for the first stage and the solution temperature of the second 
stage are both significant parameters. Sokolowski et al. [32] studied the improvement in 319 
aluminum alloy casting durability by means of high temperature solution treatment. Their 
results showed that a two-step solution treatment of 495ºC/2h followed by 515ºC/4h 
produced the optimum combination of strength and ductility compared to the traditional 
single-step solution treatment of 495ºC/8h. 

Dissolve the micro-segregation of Mg and Si elements to form a supersaturated solid 
solution in the primary Al matrix in order to enable the formation of a large number of 
strengthening precipitates during subsequent natural and artificial ageing processes. 
Homogenize the casting, and attain a globular morphology of the eutectic Si phase to impart 
improved ductility and fracture toughness to the component. Reduce micro-segregation of 
other alloying elements in the primary Al matrix. 

3.2. Quenching 

Following solution heat treatment, quenching is the next important step in the heat-
treatment cycle. The objectives of quenching are to suppress precipitation during quenching; 
to retain the maximum amount of the precipitation hardening elements in solution to form a 
supersaturated solid solution at low temperatures; and to trap as many vacancies as possible 
within the atomic lattice [33,34].  

The quench rate is especially critical in the temperature range between 450 °C and 200 °C for 
most Al-Si casting alloys where precipitates form rapidly due to a high level of 
supersaturation and a high diffusion rate. At higher temperatures the supersaturation is too 
low and at lower temperatures the diffusion rate is too low for precipitation to be critical. 
4°C/s is a limiting quench rate above which the yield strength increases slowly with further 
increase in quench rate [35-37]. 

Faster rates of quenching retain a higher vacancy concentration enabling higher mobility of 
the elements in the primary Al phase during ageing. An optimum rate of quenching is 
necessary to maximize retained vacancy concentration and minimize part distortion after 
quenching. A slow rate of quenching would reduce residual stresses and distortion in the 

 
A Review on the Heat Treatment of Al-Si-Cu/Mg Casting Alloys 63 

components, however, it causes detrimental effects such as precipitation during quenching, 
localized over-ageing, reduction in grain boundaries, increase tendencies for corrosion and 
result in a reduced response to ageing treatment [38,39]. 

The best combination of strength and ductility is achieved from a rapid quenching. Cooling 
rates should be selected to obtain the desired microstructure and to reduce the duration time 
over certain critical temperature ranges during quenching in the regions where diffusion of 
smaller atoms can lead to the precipitation of potential defects [40]. The effectiveness of the 
quench is dependent upon the quench media (which controls the quench rate) and the 
quench interval. The media used for quenching aluminum alloys include water, brine 
solution and polymer solution [41-43]. Water used to be the dominant quenchant for 
aluminum alloys, but water quenching most often causes distortion, cracking, and residual 
stress problems [44,45]. It has been reported that the water temperature affects the 
properties of the cast aluminum alloy A356 subjected to T6 heat treatment once the water 
exceeds 60-70oC, with UTS and YS being significantly more sensitive than ductility. Detailed 
TEM investigations on A356 alloy, reported elsewhere [46], revealed that, at the peak-aged 
condition and with a water quench at 25°C, the α-Al matrix consists of a large number of 
needle-shaped and coherent β″-Mg2Si precipitates. The size of the precipitates is 
approximately 3 to 4 nm in diameter and 10 to 20 in length. With a water quench at 60°C, 
they observed how the density of the precipitates decreases and the size of the precipitates 
increases slightly; at the same time a significant number of fine Si precipitates resulting from 
precipitation of excess Si could be observed in the α-Al matrix. 

With a slow quenching in air, very different precipitation features are normally evidenced. 
By air quenching, the material remains at high temperatures for a longer period, which 
enhances the diffusion of silicon and magnesium. Besides a high density of fine β″-Mg2Si 
precipitates, the α-Al matrix also contained a large number of areas with coarse rods β′-
Mg2Si grouped parallel to each other [46]. While the first precipitates have an average size 
approximately 2 to 3 nm in diameter and around 40 nm in length, the latter show an average 
size ~15 nm in diameter and 300 nm in length. 

3.3. Aging  

Age-hardening has been recognized as one of the most important methods for strengthening 
aluminum alloys, which involves strengthening the alloys by coherent precipitates which 
are capable of being sheared by dislocations [47]. By controlling the aging time and 
temperature, a wide variety of mechanical properties may be obtained; tensile strengths can 
be increased, residual stresses can be reduced, and the microstructure can be stabilized. The 
precipitation process can occur at room temperature or may be accelerated by artificial 
aging at temperatures ranging from 90 to 260oC.  

After solution treatment and quench the matrix has a high supersaturation of solute atoms 
and vacancies. Clusters of atoms form rapidly from the supersaturated matrix and evolve 
into GP zones. Metastable coherent or semi-coherent precipitates form either from the GP 
zones or from the supersaturated matrix when the GP zones have dissolved. The 



 
Heat Treatment – Conventional and Novel Applications 64 

precipitates grow by diffusion of atoms from the supersaturated solid solution to the 
precipitates. The precipitates continue to grow in accordance with Ostwald ripening when 
the supersaturation is lost. The length of each step in the sequence depends on the thermal 
history, the alloy composition and the artificial ageing temperature. 

The phenomenon of precipitation was originally discovered by Ardel in 1906 [48]. He 
found that the hardness of aluminum alloys which contained magnesium, copper, and 
other trace elements increased with time at room temperature, which was later explained 
by precipitation hardening. Over the years, much research was carried out to understand 
the aging kinetics of T4 and T6 heat treatments and to study the effects of underaging, 
peak-aging, and overaging on hardness [48-50], ultimate tensile strength, crack 
propagation behavior [51], and the cyclic stress-strain response of cast aluminum-silicon 
alloys [52].  

The precipitation sequence for an Al-Si-Cu alloy, such as 319, is based upon the formation of 
Al2Cu-based precipitates. The Al2Cu precipitation sequence is generally described as 
follows: [53-55]  

ssα →  GP Zones → θ′′ → θ ′ → θ  (Al2Cu) 

The sequence begins with the decomposition of the solid solution and the clustering of Cu 
atoms; the clustering then leads to the formation of coherent, disk-shaped GP zones. At 
room temperature aging conditions, GP zones arise homogeneously; these zones manifest as 
two-dimensional, copper-rich disks with diameters of approximately 3-5 nm. As time 
increases, these GP zones increase in number while remaining approximately constant in 
size. With regard to the Al-Cu alloys, as the aging temperature is increased above 100oC, the 
GP zones dissolve and are replaced by the θ′′  precipitate. This precipitate is a three-
dimensional disk-shaped plate having an ordered tetragonal arrangement of Al and Cu 
atoms; θ′′ also appears to nucleate uniformly in the matrix, and is coherent with the matrix 
in binary Al-Cu alloys. The high degree of coherency causes extensive coherency-strain 
fields to arise [56], giving peak strength to the material at this time. 

As aging proceeds, the θ′′ starts to dissolve, and θ ′  begins to form by nucleating on 
dislocations and/or cell walls [54,55]; θ ′  also has a plate-like shape and is composed of Al 
and Cu atoms in an ordered tetragonal structure; θ ′  loses coherency with the matrix, 
however, as it grows. Thus, since the long-range coherency-strain fields do not arise, a 
decrease in strength properties may be observed, while continued aging causes the 
equilibrium θ  (Al2Cu) precipitate to occur. Tetragonal in shape, the θ  phase is completely 
incoherent with the matrix; this fact, combined with its relatively large size and coarse 
distribution, reduces the strength properties significantly [56].  

Increases in Cu were found mainly to reduce ductility and change the morphology of the 
Cu-containing phases [57]. The strength of an age-hardenable alloy is governed by the 
interaction of moving dislocations and precipitates. The obstacles in precipitation-
hardened alloys which hinder the motion of dislocations may be either the strain field 
around the GP zones resulting from their coherency with the matrix, or the zones and 

 
A Review on the Heat Treatment of Al-Si-Cu/Mg Casting Alloys 65 

precipitates themselves, or both. The dislocations are then forced to cut through them or 
go around them forming loops. The preceding thus implies clearly that there are three 
sources for age hardening: strain field hardening, chemical hardening and dispersion 
hardening. Gloria et al. [58] investigated the dimensional changes occurring during the 
heat treatment of an automotive 319 alloy by means of T6 and T7 tempers involving 
solution treatment, quenching and artificial aging. They observed that increasing the 
solution temperature has the greatest influence in the dimensional change of samples due 
to dissolution of the Al-Cu(θ) eutectic phase. By increasing the aging temperatures, 
however, expansion is produced as a result of the transformation of the metastable phases 
into equilibrium phases.  

Shivkumar et al. [59] have studied the parameters which control the tensile properties of 
A356 alloy in the T6 temper. The improvement in the alloy strength has been attributed to 
the precipitation of negligible phases from a supersaturated matrix. The sequence of 
precipitation in Al-Si-Mg alloys, see Figure 5, can be described as follows: 

i. Precipitation of GP zones, (needles about 10 nm long); 
ii. Intermediate phase β′′-Mg2Si, (homogeneous precipitation); 
iii. Intermetallic phase β′-Mg2Si, (heterogeneous precipitation);  
iv. Equilibrium phase β-Mg2Si, FCC structure (a= 0.639), rod or plate-shaped. 

The maximum alloy strength (peak-aging) is achieved just before the precipitation of the 
incoherent β-platelets. Apelian et al. [60] studied the aging behaviour of Al-Si-Mg alloys 
and observed that the precipitation of very fine β′-Mg2Si during aging leads to a 
pronounced improvement in strength properties. Both aging time and temperature 
determine the final properties, see Figures 6 and 7. Their study also established that 
increasing the aging temperature by 10oC is equivalent to increasing the aging time by a 
factor of two. The effect of natural ageing on precipitation can be justified as follows. A 
high concentration of quenched in vacancies enhances the rate of solute clustering in the 
early stages of natural ageing, and this clustering of solute leads to a reduced 
supersaturation of solute in the matrix. The solute clusters have a fine distribution within 
the matrix, and if they were to act as successful nuclei for the formation of β’’ during 
subsequent artificial ageing, a fine precipitate distribution would result. Evidently, this is 
not the case, a reason being that many of the clusters are below the critical size for 
stability at artificial ageing temperatures. Furthermore, a lower solute supersaturation is 
expected to reduce the kinetics of precipitation. Thus, during artificial ageing, the 
dissolution of unstable clusters increase the solute concentration, while larger clusters that 
are stable remove solute by growing into GP zones that become nucleation sites for β’’. 
Therefore, the solute supersaturation is maintained at a relatively low level during 
artificial; ageing and the density of the b’’ is much lower than that occurring in alloys 
without natural ageing. 

The precipitation sequence for Al-Si-Cu-Mg alloys is similar, but more complex, as the Q’’ 
phase and the θ’ phase may also form. Cu can increase the fraction of the β’’ phase formed, 
but it can also form the Q’’ phase, which has a lower strength contribution compared to the 
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precipitates grow by diffusion of atoms from the supersaturated solid solution to the 
precipitates. The precipitates continue to grow in accordance with Ostwald ripening when 
the supersaturation is lost. The length of each step in the sequence depends on the thermal 
history, the alloy composition and the artificial ageing temperature. 

The phenomenon of precipitation was originally discovered by Ardel in 1906 [48]. He 
found that the hardness of aluminum alloys which contained magnesium, copper, and 
other trace elements increased with time at room temperature, which was later explained 
by precipitation hardening. Over the years, much research was carried out to understand 
the aging kinetics of T4 and T6 heat treatments and to study the effects of underaging, 
peak-aging, and overaging on hardness [48-50], ultimate tensile strength, crack 
propagation behavior [51], and the cyclic stress-strain response of cast aluminum-silicon 
alloys [52].  

The precipitation sequence for an Al-Si-Cu alloy, such as 319, is based upon the formation of 
Al2Cu-based precipitates. The Al2Cu precipitation sequence is generally described as 
follows: [53-55]  

ssα →  GP Zones → θ′′ → θ ′ → θ  (Al2Cu) 

The sequence begins with the decomposition of the solid solution and the clustering of Cu 
atoms; the clustering then leads to the formation of coherent, disk-shaped GP zones. At 
room temperature aging conditions, GP zones arise homogeneously; these zones manifest as 
two-dimensional, copper-rich disks with diameters of approximately 3-5 nm. As time 
increases, these GP zones increase in number while remaining approximately constant in 
size. With regard to the Al-Cu alloys, as the aging temperature is increased above 100oC, the 
GP zones dissolve and are replaced by the θ′′  precipitate. This precipitate is a three-
dimensional disk-shaped plate having an ordered tetragonal arrangement of Al and Cu 
atoms; θ′′ also appears to nucleate uniformly in the matrix, and is coherent with the matrix 
in binary Al-Cu alloys. The high degree of coherency causes extensive coherency-strain 
fields to arise [56], giving peak strength to the material at this time. 

As aging proceeds, the θ′′ starts to dissolve, and θ ′  begins to form by nucleating on 
dislocations and/or cell walls [54,55]; θ ′  also has a plate-like shape and is composed of Al 
and Cu atoms in an ordered tetragonal structure; θ ′  loses coherency with the matrix, 
however, as it grows. Thus, since the long-range coherency-strain fields do not arise, a 
decrease in strength properties may be observed, while continued aging causes the 
equilibrium θ  (Al2Cu) precipitate to occur. Tetragonal in shape, the θ  phase is completely 
incoherent with the matrix; this fact, combined with its relatively large size and coarse 
distribution, reduces the strength properties significantly [56].  

Increases in Cu were found mainly to reduce ductility and change the morphology of the 
Cu-containing phases [57]. The strength of an age-hardenable alloy is governed by the 
interaction of moving dislocations and precipitates. The obstacles in precipitation-
hardened alloys which hinder the motion of dislocations may be either the strain field 
around the GP zones resulting from their coherency with the matrix, or the zones and 
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precipitates themselves, or both. The dislocations are then forced to cut through them or 
go around them forming loops. The preceding thus implies clearly that there are three 
sources for age hardening: strain field hardening, chemical hardening and dispersion 
hardening. Gloria et al. [58] investigated the dimensional changes occurring during the 
heat treatment of an automotive 319 alloy by means of T6 and T7 tempers involving 
solution treatment, quenching and artificial aging. They observed that increasing the 
solution temperature has the greatest influence in the dimensional change of samples due 
to dissolution of the Al-Cu(θ) eutectic phase. By increasing the aging temperatures, 
however, expansion is produced as a result of the transformation of the metastable phases 
into equilibrium phases.  

Shivkumar et al. [59] have studied the parameters which control the tensile properties of 
A356 alloy in the T6 temper. The improvement in the alloy strength has been attributed to 
the precipitation of negligible phases from a supersaturated matrix. The sequence of 
precipitation in Al-Si-Mg alloys, see Figure 5, can be described as follows: 

i. Precipitation of GP zones, (needles about 10 nm long); 
ii. Intermediate phase β′′-Mg2Si, (homogeneous precipitation); 
iii. Intermetallic phase β′-Mg2Si, (heterogeneous precipitation);  
iv. Equilibrium phase β-Mg2Si, FCC structure (a= 0.639), rod or plate-shaped. 

The maximum alloy strength (peak-aging) is achieved just before the precipitation of the 
incoherent β-platelets. Apelian et al. [60] studied the aging behaviour of Al-Si-Mg alloys 
and observed that the precipitation of very fine β′-Mg2Si during aging leads to a 
pronounced improvement in strength properties. Both aging time and temperature 
determine the final properties, see Figures 6 and 7. Their study also established that 
increasing the aging temperature by 10oC is equivalent to increasing the aging time by a 
factor of two. The effect of natural ageing on precipitation can be justified as follows. A 
high concentration of quenched in vacancies enhances the rate of solute clustering in the 
early stages of natural ageing, and this clustering of solute leads to a reduced 
supersaturation of solute in the matrix. The solute clusters have a fine distribution within 
the matrix, and if they were to act as successful nuclei for the formation of β’’ during 
subsequent artificial ageing, a fine precipitate distribution would result. Evidently, this is 
not the case, a reason being that many of the clusters are below the critical size for 
stability at artificial ageing temperatures. Furthermore, a lower solute supersaturation is 
expected to reduce the kinetics of precipitation. Thus, during artificial ageing, the 
dissolution of unstable clusters increase the solute concentration, while larger clusters that 
are stable remove solute by growing into GP zones that become nucleation sites for β’’. 
Therefore, the solute supersaturation is maintained at a relatively low level during 
artificial; ageing and the density of the b’’ is much lower than that occurring in alloys 
without natural ageing. 

The precipitation sequence for Al-Si-Cu-Mg alloys is similar, but more complex, as the Q’’ 
phase and the θ’ phase may also form. Cu can increase the fraction of the β’’ phase formed, 
but it can also form the Q’’ phase, which has a lower strength contribution compared to the 
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β’’ phase. The β’’ phase is therefore preferred, rather than the Q’’ phase. It is however not 
clearly stated when the Q’’ phase forms at the expense of the β’’ phase in cast alloys. For 
wrought alloys it has been shown that the fraction of the Q’’ phase increases with natural 
ageing and artificial ageing time and temperature [64-66]. 

  
Figure 6. Sequence of phases found during age hardening of Al-Mg-Si alloys [60-62]. Supersaturated 
solid solution (SSSS) decomposes as Mg and Si atoms are attracted first to themselves (cluster) then 
to each other to form precipitates GP(I), sometimes also called initial-β’’. GP(I) zones either further 
evolve directly to a phase β’’ and then to a number of other metastable phases labelled β’, B’, U1, U2 
(another one, U3, has been postulated theoretically), or first form an intermediate phase called pre-
β’’.  

  
Figure 7. TEM images of Al-Si-Mg alloy subjected to 2 different heat treatments. (a) solutionising and 
quenching, immediate aging at 180°C for 540 min, (b) solutionising and quenching, natural ageing for 
10,000 min at 20°C, aging at 180°C for 540 min [63]. 

The precipitation of metastable Mg-rich phases depends on the Mg-to-Si ratio. The excess of 
Si in solid solution can significantly alter the kinetics of precipitation and the phase 
composition. In other words, equilibrium phases are enriched in Mg and metastable phases 
are enriched in Si. Silicon precipitates are observed if stable phases are formed [67,68].  
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Figure 8. TEM-BF micrographs show precipitated phases in association with T6 over-ageing period; (a) 
100 hours, (c) 300 hours. (b) and (d) are corresponding SADPs from (Mg2Si) particles indicated by the 
arrows in (a) and (c), respectively. 

4. Modelling of the heat treatment process 

Designing an alloy and a heat treatment process for a material that meets specified 
requirements for a certain component can be facilitated by the use of models. Development 
of models can also help in the search for new alloys as knowledge is gained about the 
influence of a specific part of the microstructure on the alloy properties. The first model 
where the yield strength is coupled to the evolution of the microstructure during artificial 
ageing was developed by Shercliff and Ashby in 1990 [69]. They defined their model as a 
mathematical relation between the process variables (e.g. alloy composition, heat treatment 
temperature and time), and the mechanical response of the alloy (e.g. yield strength, 
hardness), based on physical principles (e.g. thermodynamics, kinetics of precipitation, 
strengthening mechanisms etc.). 

More refined models have been developed since then for prediction of yield strength [70,71] 
and elongation to fracture [72] after artificial ageing. To be able to model the tensile strength 
after heat treatment, the evolution of the microstructure has to be modelled from casting to 
artificial ageing. Empirical equations as the Hollomon’s [73] and the Ludwigson’s [74] and 
equations where the parameters are coupled to the microstructure as in the KM strain 
hardening theory can be used to describe the plastic deformation behavior. The KM strain 
hardening theory has already been successfully used to couple the plastic deformation 
behavior to the microstructure for heat treatable wrought alloys and Al-Si-Mg casting alloys.  
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4. Modelling of the heat treatment process 

Designing an alloy and a heat treatment process for a material that meets specified 
requirements for a certain component can be facilitated by the use of models. Development 
of models can also help in the search for new alloys as knowledge is gained about the 
influence of a specific part of the microstructure on the alloy properties. The first model 
where the yield strength is coupled to the evolution of the microstructure during artificial 
ageing was developed by Shercliff and Ashby in 1990 [69]. They defined their model as a 
mathematical relation between the process variables (e.g. alloy composition, heat treatment 
temperature and time), and the mechanical response of the alloy (e.g. yield strength, 
hardness), based on physical principles (e.g. thermodynamics, kinetics of precipitation, 
strengthening mechanisms etc.). 

More refined models have been developed since then for prediction of yield strength [70,71] 
and elongation to fracture [72] after artificial ageing. To be able to model the tensile strength 
after heat treatment, the evolution of the microstructure has to be modelled from casting to 
artificial ageing. Empirical equations as the Hollomon’s [73] and the Ludwigson’s [74] and 
equations where the parameters are coupled to the microstructure as in the KM strain 
hardening theory can be used to describe the plastic deformation behavior. The KM strain 
hardening theory has already been successfully used to couple the plastic deformation 
behavior to the microstructure for heat treatable wrought alloys and Al-Si-Mg casting alloys.  
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The Scheil equation is a simple model giving fair results for segregation profiles and fraction 
of particles formed during solidification for aluminum alloys. The Scheil equation assumes 
no diffusion in the solid and complete diffusion in the liquid [75]. The correctness of the 
predictions of the Scheil segregation model depends on the diffusivity of the alloying 
elements in the α-Al phase.  

From the as-cast microstructure the time needed for dissolution and homogenization can be 
modelled. The model developed by Rometsch et al. [76], which handles solution treatment 
of Al-Si-Mg alloys, is an example of a simple, but efficient model. The evolution of the 
microstructure during artificial ageing involves nucleation, growth and coarsening. Two 
main approaches are used; precipitates having an average radius or precipitates having a 
size distribution. For the case of precipitates which a size distribution, coupled nucleation, 
growth and coarsening can be calculated, while for an average radius growth is sequentially 
followed by coarsening.  

The strength of an alloy derives from the ability of obstacles, such as precipitates and atoms 
in solid solution, to hinder the motion of mobile dislocations. The strength contributions 
from atoms in solid solution and from shearable and non-shearable precipitates change 
during ageing, while contributions from lattice, dislocations and grain boundaries are 
constant. Small and not too hard precipitates are normally sheared by moving dislocations, 
see Figure 8.a. When the precipitates are larger and harder the moving dislocations pass the 
precipitates by bowing, leaving a dislocation ring around the precipitate, see Figure 8.b. The 
strength of the precipitates increases with size as long as it is sheared by dislocations. When 
dislocations pass the precipitates by looping, the alloy strength decreases with increasing 
radius of the precipitates. Figure 8.c shows the different strength contributions to the total 
yield strength for different ageing times. 

 

 
Figure 9. Dislocations passing a precipitate by a) shearing and b) looping (Orowan mechanism) [77] c) 
Illustrates the different strength contributions to the total yield strength 
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5. Conculsions 

Although many previous investigations into the thermal processing of Al-Si-Cu/Mg casting 
alloys have been carried out, most focus on a single aspect of the overall process and a 
comprehensive experimental study considering all heat treatment stages is still required. 
This review shows that it is of vital importance to take the whole heat treatment process into 
consideration in order to achieve the optimal mechanical properties of an alloy. It is not 
sufficient to consider only the solution treatment and the artificial ageing parameters. 
Furthermore, the development of process models for the prediction of microstructure and 
mechanical property changes in aluminum alloys has focused on wrought alloys, while 
casting alloys that contain more complex microstructures have been overlooked and the 
evolution of the solution treated microstructure and its influence on subsequent ageing 
behaviour has not been incorporated into the models. 
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The Scheil equation is a simple model giving fair results for segregation profiles and fraction 
of particles formed during solidification for aluminum alloys. The Scheil equation assumes 
no diffusion in the solid and complete diffusion in the liquid [75]. The correctness of the 
predictions of the Scheil segregation model depends on the diffusivity of the alloying 
elements in the α-Al phase.  

From the as-cast microstructure the time needed for dissolution and homogenization can be 
modelled. The model developed by Rometsch et al. [76], which handles solution treatment 
of Al-Si-Mg alloys, is an example of a simple, but efficient model. The evolution of the 
microstructure during artificial ageing involves nucleation, growth and coarsening. Two 
main approaches are used; precipitates having an average radius or precipitates having a 
size distribution. For the case of precipitates which a size distribution, coupled nucleation, 
growth and coarsening can be calculated, while for an average radius growth is sequentially 
followed by coarsening.  

The strength of an alloy derives from the ability of obstacles, such as precipitates and atoms 
in solid solution, to hinder the motion of mobile dislocations. The strength contributions 
from atoms in solid solution and from shearable and non-shearable precipitates change 
during ageing, while contributions from lattice, dislocations and grain boundaries are 
constant. Small and not too hard precipitates are normally sheared by moving dislocations, 
see Figure 8.a. When the precipitates are larger and harder the moving dislocations pass the 
precipitates by bowing, leaving a dislocation ring around the precipitate, see Figure 8.b. The 
strength of the precipitates increases with size as long as it is sheared by dislocations. When 
dislocations pass the precipitates by looping, the alloy strength decreases with increasing 
radius of the precipitates. Figure 8.c shows the different strength contributions to the total 
yield strength for different ageing times. 

 

 
Figure 9. Dislocations passing a precipitate by a) shearing and b) looping (Orowan mechanism) [77] c) 
Illustrates the different strength contributions to the total yield strength 
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5. Conculsions 

Although many previous investigations into the thermal processing of Al-Si-Cu/Mg casting 
alloys have been carried out, most focus on a single aspect of the overall process and a 
comprehensive experimental study considering all heat treatment stages is still required. 
This review shows that it is of vital importance to take the whole heat treatment process into 
consideration in order to achieve the optimal mechanical properties of an alloy. It is not 
sufficient to consider only the solution treatment and the artificial ageing parameters. 
Furthermore, the development of process models for the prediction of microstructure and 
mechanical property changes in aluminum alloys has focused on wrought alloys, while 
casting alloys that contain more complex microstructures have been overlooked and the 
evolution of the solution treated microstructure and its influence on subsequent ageing 
behaviour has not been incorporated into the models. 
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1. Introduction 
Surface engineering represents the technically attractive and economically viable method 
aimed at improving the superficial layer of materials. Since the material surface controls the 
service life in many applications, the objective is to develop a wide range of functional 
properties that are different from the base substrate including physical, chemical, electrical, 
electronic, magnetic or mechanical. Being a part of surface engineering, the thermochemical 
treatment employs thermal diffusion to incorporate non-metal or metal atoms into a 
material surface to modify its chemistry and microstructure (Fig. 1). The process is 
conducted in solid, liquid or gaseous media with one or several simultaneously active 
chemical elements. For majority of thermochemical treatments the mechanism includes a 
decomposition of solid, liquid or gaseous species, splitting of gaseous molecules to form 
nascent atoms, absorption of atoms, their diffusion into a metallic lattice and reactions 
within the substrate structure to modify existing or form new phases. Since in industrial 
scale processes the entire part is subjected to high temperatures, surface diffusion is 
superimposed on changes within the material volume that for some treatments may involve 
phase transformations and this adds to the complexity. 

Historically, the thermochemical treatment was limited to machined parts, forgings and 
castings with an application in machinery, automotive, tooling, oil drilling, mining and 
defence [1]. The key processes covered nitriding, carburizing and their combinations. 
Similarly, steel was in practice the only material subjected to the modification. To enhance 
the process predictability and repeatability, the conventional gas nitriding was refined and 
the alternative technique of ion (plasma) nitriding was introduced. In quest for the perfect 
process, the plasma technology is still a subject of continuous improvement and developed 
techniques of post discharge nitriding or active screen plasma nitriding may serve as 
examples [2]. In the meantime, the thermochemical modifications included other processes 
such as boronizing, aluminizing, chromizing or thermo-reactive diffusion, exploring 
vanadium, molybdenum and other carbide-forming elements. Although they never 
achieved the application level of nitriding, they successfully serve many niche markets. 

© 2012 Czerwinski, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction 
Surface engineering represents the technically attractive and economically viable method 
aimed at improving the superficial layer of materials. Since the material surface controls the 
service life in many applications, the objective is to develop a wide range of functional 
properties that are different from the base substrate including physical, chemical, electrical, 
electronic, magnetic or mechanical. Being a part of surface engineering, the thermochemical 
treatment employs thermal diffusion to incorporate non-metal or metal atoms into a 
material surface to modify its chemistry and microstructure (Fig. 1). The process is 
conducted in solid, liquid or gaseous media with one or several simultaneously active 
chemical elements. For majority of thermochemical treatments the mechanism includes a 
decomposition of solid, liquid or gaseous species, splitting of gaseous molecules to form 
nascent atoms, absorption of atoms, their diffusion into a metallic lattice and reactions 
within the substrate structure to modify existing or form new phases. Since in industrial 
scale processes the entire part is subjected to high temperatures, surface diffusion is 
superimposed on changes within the material volume that for some treatments may involve 
phase transformations and this adds to the complexity. 

Historically, the thermochemical treatment was limited to machined parts, forgings and 
castings with an application in machinery, automotive, tooling, oil drilling, mining and 
defence [1]. The key processes covered nitriding, carburizing and their combinations. 
Similarly, steel was in practice the only material subjected to the modification. To enhance 
the process predictability and repeatability, the conventional gas nitriding was refined and 
the alternative technique of ion (plasma) nitriding was introduced. In quest for the perfect 
process, the plasma technology is still a subject of continuous improvement and developed 
techniques of post discharge nitriding or active screen plasma nitriding may serve as 
examples [2]. In the meantime, the thermochemical modifications included other processes 
such as boronizing, aluminizing, chromizing or thermo-reactive diffusion, exploring 
vanadium, molybdenum and other carbide-forming elements. Although they never 
achieved the application level of nitriding, they successfully serve many niche markets. 

© 2012 Czerwinski, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In recent decades, an application of the thermochemical treatment expanded to alloys with 
exotic chemistries [3], nonferrous metals like aluminum [4] and also refractory metals. 
Numerous hybrid processes were developed where thermochemical diffusion is a part of 
the multi-step treatment involving coating, cladding, laser processing etc. While the 
conventional applications still dominate, it is seen an expansion of the thermochemical 
treatment to novel manufacturing techniques such as micro-scale fabrication, fuel cells [5] or 
electronics [6]. 

 
Figure 1. Principles of thermochemical treatment showing a distribution of the chemical element A 
inside an alloy along with typically modified sub-surface areas 

This chapter covers major aspects of the thermochemical surface treatment of metals and 
alloys. A mixture of engineering fundamentals and recent global scientific developments 
should not only be useful for professionals from metallurgy and materials area but also for 
experts from other fields of engineering.  

2. Nitriding 

Nitriding has been and continues to be the major thermochemical treatment which along 
with ferritic nitrocarburizing represents the dominant volume of industrial surface 
modification technologies. The treatment leads to an incorporation of nitrogen into the 
surface of steel while it is in ferritic state. In commercial applications, the typical modified 
zone is up to 200-300 µm thick, rarely exceeding 600 µm. Its impact on surface hardness 
distribution, in terms of the maximum value and penetration depth, as compared with other 
heat and thermochemical treatments, is shown in Fig. 2. There is no additional heat 
treatment required following nitriding and the component surface experiences an increase 
in hardness, wear resistance, improved corrosion resistance and fatigue life.  
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Figure 2. Hardness depth profiles for selected thermal and thermochemical treatments, emphasizing 
differences in the maximum hardness and penetration depth 

2.1. Nitriding technologies available at present 

To implement nitriding, several technologies, exploring different sources of nitrogen, were 
commercialized. 

2.1.1. Gas nitriding 

Gas nitriding was patented in 1913 and 1921, and is carried out usually at temperatures of 
550-580 oC in a box furnace or fluidized bed in an atmosphere filled with partially 
dissociated ammonia [1]. The advantages of the fluidized bed are the near-ideal temperature 
uniformity through the entire gas-particle volume and fast heating rate [7]. For gas nitriding 
the fundamental reaction is the catalytic decomposition of ammonia to form the nascent 
(elemental) nitrogen:  

 3 2   3 / 2NH N H = +   (1) 

The control parameters include time, temperature and gas dissociation rate. In production 
environment, the latter is periodically measured and adjusted. The inherent feature of 
conventional gas nitriding is that the superficial concentration of nitrogen cannot be 
precisely monitored. As a result the structure of nitrided layer and the entire process are 
often missing predictability and repeatability. 

The controlled gas nitriding Nitreg®, employs a mixed-gas atmosphere, composed of 
ammonia and an additive gas [8]. As opposed to conventional gas nitriding, the process is 
controlled not by the dissociation rate but by a different parameter, called the nitriding 
potential of the furnace atmosphere. The nitriding potential is expressed as the ratio of 
partial pressures of ammonia and hydrogen: 
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where: pNH3 is the partial pressure of ammonia and pH2 is the partial pressure of hydrogen 

An advantage of effective control through the nitriding potential, expressing in more 
uniform nitrided case for complex geometries, is accompanied by general disadvantages of 
the gas process such as masking difficulties to prevent nitriding, requiring copper plating or 
painting with protective pastes and the special surface activation necessary for stainless 
steels or alloys generating a passive oxide films. 

2.1.2. Liquid salt nitriding 

Liquid nitriding, developed in 1940’s, is conducted in the fused salt bath containing either 
cyanides or cyanates. A typical commercial bath is composed of a mixture of 60-70% sodium 
salts {96.5% NaCN, 2.5% Na2CO3, 0.5% NaCNO} and 30-40% potassium salts {96%KCN, 
0.6%K2CO3, 0.75% KCNO, 0.5% KCl} [9]. The commercial equipment for salt nitriding, along 
with gas and plasma technologies is shown in Fig. 3. The major advantage is the short cycle 
time due to intense heating and the high reactivity of the medium. Several methods exist to 
accelerate further the nitriding rate, such as bath additions of sulphur or melt pressurizing. 
Typically, for low-alloy steel the cycle time lasting 1.5 h at the operating temperature of 565 
oC produces a case of 0.3 mm thick. The salt-bath technology has also a number of negative 
features, such as the bath toxicity and poor quality of the nitrided surface. 

 
Figure 3. Commercial technologies of liquid salt bath, gas and plasma nitriding (with permission from 
Rubig GmbH) 
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2.1.3. Plasma (ion) nitriding 

Plasma nitriding, called also ion nitriding, was invented by Wehnheldt and Berghause in 1932 
but became commercially viable as late as in 1970’s. It uses the glow discharge phenomenon 
to introduce nascent nitrogen to the surface of an alloy and its subsequent diffusion into 
subsurface layers [10]. An example of modern installation is shown in Fig. 4. Plasma is 
formed in a vacuum using a high-voltage electrical energy to accelerate nitrogen ions which 
bombard the alloy surface [11] (Fig. 5a). The advantages of ion nitriding include the low 
temperature, short saturation time and simple mechanical masking. The unique advantage 
is surface-activation sputtering. Due to the sputtering effect of positive ions in the glow 
discharge, the protective oxide, inherent for surfaces of stainless steels, aluminum or 
titanium alloys, is removed. Thus, nitrogen atoms can be moved from the plasma to the 
material sub-surface. In the conventional direct-current system the nitrided component is 
subjected to the high cathode potential and plasma forms directly on the component surface. 
This may create disadvantages such as the temperature non-uniformity with a possibility of 
overheating, sensitivity to the part geometry, causing edge effect and a possibility of surface 
damage due to arcing.  

 
Figure 4. Modern line of commercial plasma nitriding (with permission from Rubig GmbH) 

To overcome the latter limitation, different approaches were investigated. The post discharge 
nitriding, where the nitrided part at an electrically floating potential is kept at the nitriding 
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To overcome the latter limitation, different approaches were investigated. The post discharge 
nitriding, where the nitrided part at an electrically floating potential is kept at the nitriding 
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temperature by use of an external heater, was so far not adopted by industry [12]. Another 
technique, called active screen plasma nitriding, was invented in 1999 and has some 
commercial applications [2]. As shown in Fig. 5b, an essence of the new process is in 
applying the high cathodic potential to a screen surrounding the nitrided part which 
becomes the real cathode, replacing in this role the nitrided part. Therefore, plasma forms on 
the active screen, heating it up. Then, a radiation from the screen heats the nitrided part to 
the required temperature [13]. The plasma, forming on the screen, is composed of a mixture 
of ions, electrons and other active nitriding species which are forced to flow over the 
nitrided part by the designed gas circulation. Thus, complex geometries obtain the uniform 
nitrided layer and even blind holes are affected by diffusion and effectively nitrided.  

 
Figure 5. Plasma nitriding: (a) view of components during Ultraglow® process (with permission from 
Advanced Heat Treat Corp.) (b) schematics showing a concept of active screen plasma nitriding 

2.1.4. Laser nitriding  

In the last two decades, laser nitriding has been investigated as an alternative nitriding 
method [14]. As explained in Fig. 6, during a direct laser synthesis a material is placed in the 
reactive gas environment and irradiated with the laser light. Nitrogen is fed through a 
nozzle into the melt pool. On a time scale of hundreds of nanoseconds, the high intensity 
pulse-laser irradiation of I ≈ 108 W/cm2 in ambient nitrogen atmosphere is capable 
generating of 1- 1.5 µm thick thick nitrided layer.  

2.1.5. Beam ion implantation 

At limited scale, beam ion implantation can be used to incorporate nitrogen into a material 
surface. The conventional ion beam implantation, applied at room temperature, is capable to 
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modify chemistry of relatively thin layers of materials. While using a beam of nitrogen ions 
with an energy of up to 1 MeV at room temperature, a continuous nitride layer of the order 
of 1 µm can be synthesized. There are, however, techniques exploring elevated temperatures 
of up to 600 oC or hybrids such as plasma immersion implantation or low voltage plasma 
immersion implantation, allowing generating thicker layers [15]. A comparative test with 
the beam ion implantation, plasma ion implantation, ion nitriding and gas nitriding of AISI 
304 stainless steel created the same microstructure with nitrogen in iron solid solution [16]. 
After treatment, conducted at 400 oC for 0.5 h and 1 h, both the beam ion implantation and 
the plasma ion implantation produced over 1 µm thick layer, enriched in nitrogen to 20-30 
at%, while ion nitriding and gas nitriding produced layers with a thickness below 1 µm and 
the lower nitrogen concentration. 

 
Figure 6. Principles of laser nitriding 

2.2. Process theory 

The Fe-N phase diagram provides essentials for nitriding of iron and low carbon steels. It 
consists of several solid solutions of N in α-Fe and γ-Fe, stable chemical compounds (γ'- 
Fe4N1-z, ζ -Fe2N) and metastable phases (α' – martensite, α'' – Fe16N2) [17]. The bcc lattice of 
α-Fe can dissolve up to 0.4 at% of N without substantial straining with nitrogen atoms 
occupying octahedral interstices in a random matter. After the content of nitrogen dissolved 
in pure iron exceeds 2.4 at%, the γ' nitrogen martensite with a structure similar to the carbon 
martensite, is formed. At that nitrogen level, the bcc lattice experiences tetragonal straining 
and nitrogen atoms occupy 1/3 of the possible octahedral interstices [18] [19]. The nitrogen 
austenite phase can dissolve up to 10.3 at% of nitrogen and its atoms are randomly located 
in octahedral interstices of the fcc Fe lattice. It is considered that the Fe-N solid solution can 
be conceived as composed of two interpenetrating lattices: the sublattice for Fe-atoms and 
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the sublattice for N atoms [20]. When sites in Fe sublattice can be considered as fully 
occupied, sites in N sublattice, which constitutes of octahedral interstices of the Fe 
sublattice, are partly occupied by N atoms and partly by vacancies. The γ'- Fe4N1-z nitride 
has a cubic elementary cell, formed by an fcc sub-lattice of Fe atoms with ordered 
arrangement of nitrogen atoms in central octahedral interstices. It has a narrow range of 
homogeneity within 19.3-20 at% at 590 oC. A schematic of the crystal structure of γ’-Fe4N 
where nitrogen atoms occupy a quarter of the octahedral sites, surrounded by the shadowed 
octahedral, is shown in Fig. 7a [21]. On the other hand, the ε nitride has a variable 
stoichiometry of ε-Fe2N1-z with a structure based on fcc Fe, in which nitrogen atoms stay in 
octahedral sites and form a diamond type sub-lattice. The ε nitride has the largest range of 
homogeneity in Fe-N system, reaching from 15 to 33 at% of nitrogen. For some materials, 
not typical precipitation may occur; nitriding of Fe 2 at% Si alloy led to silicon nitride 
precipitates formed inside the ferrite grains and along grain boundaries [22]. The 
precipitates were amorphous with a stoichiometry of Si3N4. The amorphous nature is 
explained by thermodynamics due to the fact that the precipitation process occurred very 
slowly due to the very large volume misfit between the nitride and matrix. 

 
Figure 7. Schematics of: (a) crystal structure of γ’-Fe4N showing two unit cells [21]; (b) phase 
distribution within a nitrided case on steel and accompanied nitrogen depth concentration. 

During nitriding, a compound layer, composed of iron nitrides ε and/or γ', is formed at the 
steel surface. Beneath the compound layer a diffusion zone extends in the ferrite matrix in 
which nitrogen is dissolved interstitially. The heat effect of slow cooling after nitriding or 
the separate heating cycle lead to formation of the γ'- Fe4N1-z nitride which, in turn, 
increases the nitrogen content in the ε-Fe2N1-z nitride. Morphologically that process can 
change a ratio between sub-layer thicknesses within the compound layer at the expense of 
ε-Fe2N1-z or cause a precipitation of γ'- Fe4N1-z phase within the ε-Fe2N1-z layer, as shown in 
Fig. 7b. The particular depth structure of nitrided layer depends on the substrate 
chemistry and nitriding process, and examples for liquid, gas and plasma technologies are 
shown in Fig. 8. 
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Figure 8. Microstructures of steel after liquid salt, gas and plasma nitriding along with some 
characteristic features aligned in a direction of improvement (with permission from Rubig GmbH) 

2.3. Nitrided layer and its effect on substrate properties 

Nitriding changes primarily the surface related properties. However, the presence of 
nitrided case affects also properties of the material volume beneath the nitrided case and the 
entire component. 

2.3.1. Nitrided case depth 

The quality control after nitriding is performed by (i) measuring the superficial hardness 
and its depth profile (ii) determining the nitrided case depth and (iii) an assessment of the 
cross-sectional microstructure. To provide unambiguous specifications on engineering 
drawings, two terms of nitrided case depths were introduced [23]. The total case depth, 
sometimes called simply as the case depth, is defined as the dark-etching sub-surface zone as 
determined metallographically on the component cross section. For alloys, which do not 
easily respond to etching or do not exhibit the sharp transition between the base material 
and diffusion zone, the total case depth is defined as a depth below the surface at which the 
microhardness is 10% higher than that of the base steel beneath it. The effective case depth is 
defined as the case depth where hardness exceeds certain values, defined either by the 
engineering drawing or standard. For typical nitriding steels, that hardness level is 50 HRC 
as converted from microhardness, which can be directly measured on the cross section [23]. 
As seen in Fig. 9, for the particular nitrided case there may be substantial differences 
between the effective and total case depths.  
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the sublattice for N atoms [20]. When sites in Fe sublattice can be considered as fully 
occupied, sites in N sublattice, which constitutes of octahedral interstices of the Fe 
sublattice, are partly occupied by N atoms and partly by vacancies. The γ'- Fe4N1-z nitride 
has a cubic elementary cell, formed by an fcc sub-lattice of Fe atoms with ordered 
arrangement of nitrogen atoms in central octahedral interstices. It has a narrow range of 
homogeneity within 19.3-20 at% at 590 oC. A schematic of the crystal structure of γ’-Fe4N 
where nitrogen atoms occupy a quarter of the octahedral sites, surrounded by the shadowed 
octahedral, is shown in Fig. 7a [21]. On the other hand, the ε nitride has a variable 
stoichiometry of ε-Fe2N1-z with a structure based on fcc Fe, in which nitrogen atoms stay in 
octahedral sites and form a diamond type sub-lattice. The ε nitride has the largest range of 
homogeneity in Fe-N system, reaching from 15 to 33 at% of nitrogen. For some materials, 
not typical precipitation may occur; nitriding of Fe 2 at% Si alloy led to silicon nitride 
precipitates formed inside the ferrite grains and along grain boundaries [22]. The 
precipitates were amorphous with a stoichiometry of Si3N4. The amorphous nature is 
explained by thermodynamics due to the fact that the precipitation process occurred very 
slowly due to the very large volume misfit between the nitride and matrix. 

 
Figure 7. Schematics of: (a) crystal structure of γ’-Fe4N showing two unit cells [21]; (b) phase 
distribution within a nitrided case on steel and accompanied nitrogen depth concentration. 

During nitriding, a compound layer, composed of iron nitrides ε and/or γ', is formed at the 
steel surface. Beneath the compound layer a diffusion zone extends in the ferrite matrix in 
which nitrogen is dissolved interstitially. The heat effect of slow cooling after nitriding or 
the separate heating cycle lead to formation of the γ'- Fe4N1-z nitride which, in turn, 
increases the nitrogen content in the ε-Fe2N1-z nitride. Morphologically that process can 
change a ratio between sub-layer thicknesses within the compound layer at the expense of 
ε-Fe2N1-z or cause a precipitation of γ'- Fe4N1-z phase within the ε-Fe2N1-z layer, as shown in 
Fig. 7b. The particular depth structure of nitrided layer depends on the substrate 
chemistry and nitriding process, and examples for liquid, gas and plasma technologies are 
shown in Fig. 8. 
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Figure 8. Microstructures of steel after liquid salt, gas and plasma nitriding along with some 
characteristic features aligned in a direction of improvement (with permission from Rubig GmbH) 

2.3. Nitrided layer and its effect on substrate properties 

Nitriding changes primarily the surface related properties. However, the presence of 
nitrided case affects also properties of the material volume beneath the nitrided case and the 
entire component. 

2.3.1. Nitrided case depth 

The quality control after nitriding is performed by (i) measuring the superficial hardness 
and its depth profile (ii) determining the nitrided case depth and (iii) an assessment of the 
cross-sectional microstructure. To provide unambiguous specifications on engineering 
drawings, two terms of nitrided case depths were introduced [23]. The total case depth, 
sometimes called simply as the case depth, is defined as the dark-etching sub-surface zone as 
determined metallographically on the component cross section. For alloys, which do not 
easily respond to etching or do not exhibit the sharp transition between the base material 
and diffusion zone, the total case depth is defined as a depth below the surface at which the 
microhardness is 10% higher than that of the base steel beneath it. The effective case depth is 
defined as the case depth where hardness exceeds certain values, defined either by the 
engineering drawing or standard. For typical nitriding steels, that hardness level is 50 HRC 
as converted from microhardness, which can be directly measured on the cross section [23]. 
As seen in Fig. 9, for the particular nitrided case there may be substantial differences 
between the effective and total case depths.  
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Figure 9. Schematics explaining measurements of total and effective case depths after nitriding 

2.3.2. Role of compound zone 

Within the nitrided case, the compound layer thickness and its integrity are of primary 
importance for component service performance. Due to its chemical stability the compound 
layer improves the corrosion resistance. In case of high nitrogen concentration the 
compound layer may be excessively porous and brittle so often it may also peel from the 
substrate increasing scuffing. After peeling, it may cause damage to tightly fit wear couples 
or contamination to processed products. Thus, it may be undesirable. Of specific 
applications, the compound layer is detrimental to gear life, particularly when gears 
experience misalignment during service [24]. Therefore, depending on nitriding class, 
certain thickness of compound layer is permitted [23]. For example, aerospace applications 
have strict restrictions where only trace amount of the compound zone, below 2 µm, is 
acceptable [25]. In some applications its presence is not permitted at all. Two examples of 
nitrided steels without the compound layer are shown in Fig. 10. 

 
Figure 10. Microstructure of nitrided case on steel with absent or negligible compound layer: (a) fine-
grained steel with a clear interface with the base steel; (b) coarse-grained steel with no clear interface 
with the base steel 
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Although a thickness of the compound zone depends on substrate chemistry, the essential 
control of compound layer formation is through altering the process parameters. In gas 
nitriding, the two-stage process, as developed by Carl Floe in 1953, is used to minimize the 
compound zone thickness [26]. The first stage ensures the rapid formation of the compound 
layer and the second stage arrests a formation of the compound layer without allowing the 
diffusion zone to be de-nitrided. The first stage runs with ammonia gas at a dissociation rate 
of about 30% at 495 oC, followed by increasing temperature to 563 oC and the dissociation 
rate to 75-85%. For plasma nitriding, the role of chamber atmosphere in the compound layer 
formation is critical as detailed in Table 1. The post nitriding removal of the compound layer 
is costly and requires lapping, honing, grinding or polishing. Since mechanical methods 
introduce stress, subsequent stress relieving may be necessary. Another alternative of the 
compound layer removal is by chemical etching in cyanide solutions. 

It is known that small additions of oxidizing species to plasma or gas nitriding have a 
beneficial effect on nitrided layer formation since the presence of oxygen increases the layer 
growth rate and stabilizes the ε-compound layer [27]. When applying a post-oxidation step 
after nitriding the cohesive, homogeneous layer of iron oxide grows which further improves 
the corrosion resistance (Fig. 11) [28]. When the oxide layer is essential for plain carbon 
steels it is also important for Cr-containing stainless steels. An unalloyed steel with 1-2 µm 
thick oxide layer exhibits a wide range of passivation by the corrosion current and high 
breakdown potential. The effect of the oxide layer on the ε-compound layer is often 
compared to the effect of CrO2 passivation film on a surface of stainless steel.  

 
Figure 11. Microstructure after Plusox™ nitriding with major functional zones and their performance 
characteristics (with permission from Rubig GmbH) 
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Although a thickness of the compound zone depends on substrate chemistry, the essential 
control of compound layer formation is through altering the process parameters. In gas 
nitriding, the two-stage process, as developed by Carl Floe in 1953, is used to minimize the 
compound zone thickness [26]. The first stage ensures the rapid formation of the compound 
layer and the second stage arrests a formation of the compound layer without allowing the 
diffusion zone to be de-nitrided. The first stage runs with ammonia gas at a dissociation rate 
of about 30% at 495 oC, followed by increasing temperature to 563 oC and the dissociation 
rate to 75-85%. For plasma nitriding, the role of chamber atmosphere in the compound layer 
formation is critical as detailed in Table 1. The post nitriding removal of the compound layer 
is costly and requires lapping, honing, grinding or polishing. Since mechanical methods 
introduce stress, subsequent stress relieving may be necessary. Another alternative of the 
compound layer removal is by chemical etching in cyanide solutions. 

It is known that small additions of oxidizing species to plasma or gas nitriding have a 
beneficial effect on nitrided layer formation since the presence of oxygen increases the layer 
growth rate and stabilizes the ε-compound layer [27]. When applying a post-oxidation step 
after nitriding the cohesive, homogeneous layer of iron oxide grows which further improves 
the corrosion resistance (Fig. 11) [28]. When the oxide layer is essential for plain carbon 
steels it is also important for Cr-containing stainless steels. An unalloyed steel with 1-2 µm 
thick oxide layer exhibits a wide range of passivation by the corrosion current and high 
breakdown potential. The effect of the oxide layer on the ε-compound layer is often 
compared to the effect of CrO2 passivation film on a surface of stainless steel.  

 
Figure 11. Microstructure after Plusox™ nitriding with major functional zones and their performance 
characteristics (with permission from Rubig GmbH) 
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Compound layer N2 (%) H2 (%) CH4 (%) 

Negligible 8-15 85-92 - 
Thin, continuous 20-35 65-80 - 
Thick, continuous  40-60 40-60 - 

Extra thick 75-79 11-25 1-2 

Source: Rubig GmbH 

Table 1. Compound layer control during plasma nitriding 

2.3.3. Dimensional changes 

Although dimensional changes during nitriding are relatively small, they are definitely 
measureable. Therefore for precision parts, the dimensional change must be considered 
during the manufacturing process to compensate the nitriding related increase (Fig. 12a). 

 
Figure 12. Schematics emphasizing changes of dimensions and surface roughness after nitriding (a) 
and influence of gas and plasma nitriding on roughness parameters of grey and ductile cast irons (b - 
based on data from [30] [29]) 

The volume increase depends on the quantity of the absorbed nitrogen. In some cases, 
changes related to incorporated nitrogen are superimposed on structural transformations 
taking place within steel at nitriding temperatures. For the hardened and inadequately 
tempered steel, a decomposition of still existing austenite can increase a proportion of the 
volume change. In case of martensitic age-hardened steels, some shrinkage takes place and 
reduces the overall dimensional changes. In addition, there are also changes in surface 
topography. As a result of nitrogen absorption an increase in surface roughness occurs. As 
shown for the case of nitriding-nitrocarburizing, surface roughening depends on the process 
type and substrate material. In the case of grey and ductile cast irons, the former was 
especially sensitive to surface roughening with 10 times increase of roughness parameters 
(Fig. 12b). Moreover, plasma process produced generally much smoother surfaces as 
compared to the gas process [29] [30]. Thus, to bring the roughness to its initial value, post-
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nitriding polishing may be required. Also, stress from previous mechanical or thermal 
treatment may lead to part distortion during nitriding. To provide the stress-free 
component, prior to nitriding the stress relief should be conducted at temperature at least 50 
oC higher than the nitriding process. 

2.3.4. Fatigue life and internal stress 

In general, nitriding improves the characteristics of high cycle fatigue. The increase in high 
cycle fatigue strength is caused by a formation of the strong nitrided layer and a generation 
of compressive macro-stress. During failure, the initiation of cracks occurs at the interface 
between the nitrided layer and the matrix. For low cycle fatigue the decrease in durability 
was recorded due to cracking of the stronger nitrided layer at high stress loadings of 
repeated nature [31]. Two different behaviours during fatigue tests with smooth and 
notched samples were distinguished. For nitrided samples with a notch, acting as stress 
riser, faster crack initiation was recorded. No direct correlation was identified between the 
hardness and internal macro-stress. Moreover, an increase in fatigue life is not always 
correlated with the nitrided case thickness. Other factors, such as the nitrided layer structure 
and steel composition exert effect as well. According to Ericsson [32], the contributing 
factors of stresses generation during nitriding are different thermal expansion coefficients 
for the phases present, growth and precipitation stresses for nitrides as well as stresses due 
to the nitrogen composition gradient. In addition, the thermal stress may also be involved. 
There are results obtained by the conventional tilt and grazing incidence X-ray diffraction 
methods, that the residual stress in the compound layer is of tensile nature and changes 
with depth within the first 2 µm of the 10 µm thick compound layer [33]. The constant 
nitrogen concentration within the first 2 µm thickness of the surface layer does not support 
the concentration gradient in stress generation cause as claimed above. 

2.4. Steels applicable to nitriding 

In general, nitriding is applicable to a wide variety of carbon steels, low alloy steels, tool 
steels, stainless steels and cast irons. For optimum properties after nitriding, however, there 
are steels with chemistries, particularly designed for this purpose. They contain strong 
nitride-forming elements such as Al, Cr, Mn, Mo and V. There is a limitation on carbon 
content which should not exceed 0.5%, as most nitride-forming elements also form stable 
carbides which limit binding of nitrogen. When differences in hardness depth profiles for 
carbon and alloyed steels are essential (Fig. 13a), there are also substantial differences 
between individual grades, designed for nitriding (Fig. 13b). The especially high surface 
hardening is achieved with steels containing Al, forming AlN nitrides. However, additions 
of Al, typically in the range of 1%, cause steel brittleness. The nickel nitriding steels 
containing aluminum develop higher core strengths than do nickel-free nitriding grades. 
Nickel also increases the toughness of the nitrided case [34]. The base steel properties are of 
importance to provide the support for nitrided case, especially in applications where 
components carry high compressive and bending stresses. A selection of steels designed for 
nitriding is listed in Table 2. 
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Compound layer N2 (%) H2 (%) CH4 (%) 

Negligible 8-15 85-92 - 
Thin, continuous 20-35 65-80 - 
Thick, continuous  40-60 40-60 - 

Extra thick 75-79 11-25 1-2 

Source: Rubig GmbH 

Table 1. Compound layer control during plasma nitriding 

2.3.3. Dimensional changes 

Although dimensional changes during nitriding are relatively small, they are definitely 
measureable. Therefore for precision parts, the dimensional change must be considered 
during the manufacturing process to compensate the nitriding related increase (Fig. 12a). 

 
Figure 12. Schematics emphasizing changes of dimensions and surface roughness after nitriding (a) 
and influence of gas and plasma nitriding on roughness parameters of grey and ductile cast irons (b - 
based on data from [30] [29]) 

The volume increase depends on the quantity of the absorbed nitrogen. In some cases, 
changes related to incorporated nitrogen are superimposed on structural transformations 
taking place within steel at nitriding temperatures. For the hardened and inadequately 
tempered steel, a decomposition of still existing austenite can increase a proportion of the 
volume change. In case of martensitic age-hardened steels, some shrinkage takes place and 
reduces the overall dimensional changes. In addition, there are also changes in surface 
topography. As a result of nitrogen absorption an increase in surface roughness occurs. As 
shown for the case of nitriding-nitrocarburizing, surface roughening depends on the process 
type and substrate material. In the case of grey and ductile cast irons, the former was 
especially sensitive to surface roughening with 10 times increase of roughness parameters 
(Fig. 12b). Moreover, plasma process produced generally much smoother surfaces as 
compared to the gas process [29] [30]. Thus, to bring the roughness to its initial value, post-

 
Thermochemical Treatment of Metals 85 

nitriding polishing may be required. Also, stress from previous mechanical or thermal 
treatment may lead to part distortion during nitriding. To provide the stress-free 
component, prior to nitriding the stress relief should be conducted at temperature at least 50 
oC higher than the nitriding process. 

2.3.4. Fatigue life and internal stress 

In general, nitriding improves the characteristics of high cycle fatigue. The increase in high 
cycle fatigue strength is caused by a formation of the strong nitrided layer and a generation 
of compressive macro-stress. During failure, the initiation of cracks occurs at the interface 
between the nitrided layer and the matrix. For low cycle fatigue the decrease in durability 
was recorded due to cracking of the stronger nitrided layer at high stress loadings of 
repeated nature [31]. Two different behaviours during fatigue tests with smooth and 
notched samples were distinguished. For nitrided samples with a notch, acting as stress 
riser, faster crack initiation was recorded. No direct correlation was identified between the 
hardness and internal macro-stress. Moreover, an increase in fatigue life is not always 
correlated with the nitrided case thickness. Other factors, such as the nitrided layer structure 
and steel composition exert effect as well. According to Ericsson [32], the contributing 
factors of stresses generation during nitriding are different thermal expansion coefficients 
for the phases present, growth and precipitation stresses for nitrides as well as stresses due 
to the nitrogen composition gradient. In addition, the thermal stress may also be involved. 
There are results obtained by the conventional tilt and grazing incidence X-ray diffraction 
methods, that the residual stress in the compound layer is of tensile nature and changes 
with depth within the first 2 µm of the 10 µm thick compound layer [33]. The constant 
nitrogen concentration within the first 2 µm thickness of the surface layer does not support 
the concentration gradient in stress generation cause as claimed above. 

2.4. Steels applicable to nitriding 

In general, nitriding is applicable to a wide variety of carbon steels, low alloy steels, tool 
steels, stainless steels and cast irons. For optimum properties after nitriding, however, there 
are steels with chemistries, particularly designed for this purpose. They contain strong 
nitride-forming elements such as Al, Cr, Mn, Mo and V. There is a limitation on carbon 
content which should not exceed 0.5%, as most nitride-forming elements also form stable 
carbides which limit binding of nitrogen. When differences in hardness depth profiles for 
carbon and alloyed steels are essential (Fig. 13a), there are also substantial differences 
between individual grades, designed for nitriding (Fig. 13b). The especially high surface 
hardening is achieved with steels containing Al, forming AlN nitrides. However, additions 
of Al, typically in the range of 1%, cause steel brittleness. The nickel nitriding steels 
containing aluminum develop higher core strengths than do nickel-free nitriding grades. 
Nickel also increases the toughness of the nitrided case [34]. The base steel properties are of 
importance to provide the support for nitrided case, especially in applications where 
components carry high compressive and bending stresses. A selection of steels designed for 
nitriding is listed in Table 2. 
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Figure 13. Effect of the steel composition on hardness depth profiles after nitriding: (a) comparison 
between carbon and alloyed grades; (b) comparison between two nitriding grades {(b) based on [41] 
with permission from Schmolz + Bickenbach } 

The deep nitrided steel, 32CrMoV13, has an application for aerospace bearings of main 
shafts or jet engines, operating under high speed, high temperature and limited lubrication. 
This application requires the typical nitrided case of more than 600 µm, achieved after gas 
process in the temperature range of 525-550 oC for up to 100 h [35]. For that case depth, the 
surface hardness ranges from 730 to 830 HV30. The compound layer of approximately 30 
µm thick is removed by grinding from rolling races and working surfaces. Within the 
diffusion layer, two zones may be distinguished. First is the 100 µm thick zone, adjacent to 
the compound layer, depleted of carbides, likely due to their dissolution and precipitation 
more stable nitrides or carbonitrides. The second zone, adjacent to the base steel, is 
precipitates free. It is considered that the good service performance of nitrided layer and its 
superior rolling-contact properties are achieved due to semi-coherent precipitates of nano-
size nitrides and high compressive residual stresses. An example of Al-free steel with V 
used for camshafts is OvaX200 steel [36]. After 20 h of gas nitriding at 490-510 oC, The 
OvaX200 steel reaches the surface hardness of 850 HV1000.  

The key concern during nitriding of stainless steels is to retain their corrosion resistance. The 
low temperature nitriding of austenitic grades leads leads to formation of nitrogen 
expanded austenite. This so-called S-phase exhibits an increased hardness and wear 
resistance combined with excellent corrosion resistance, inherent for stainless steel [37]. It is 
claimed that the active-screen plasma nitriding brings some benefits to nitriding of stainless 
steel. According to that mechanism, the material sputtered from the active screen and re-
deposited on the nitrided surface plays an important role in the nitriding process. Namely, 
the sputtered atoms react with nitrogen containing species in the plasma and deposit on the 
steel surface. Then, the deposited iron nitrides decompose, releasing nitrogen which, in turn, 
diffuses into the sub-surface layer [38].  

Nitriding is also applicable to maraging steels which have very low carbon content, typically 
below 0.03%, and are strengthened by the precipitation of intermetallic compounds, taking 
place at a temperature of approximately 480 oC. The purpose of nitriding the maraging 
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steels is to increase their wear resistance. Since the temperature of conventional gas nitriding 
exceeds the aging temperatures of maraging steels, the plasma nitriding is more suitable. 
The plasma nitriding at a temperature as low as 450 oC for 10 h, in case of the Fe-18Ni-8.8Co-
5Mo-0.4Ti-0.1Al steel, generates the nitrided layer with a thickness of 120 µm and surface 
hardness of 800 HV [39]. At the same time, it does not cause structural changes in the 
substrate, thus preserving the original microstructure. 

The plasma nitriding with its surface sputtering effect, removing the surface oxide layer, is 
suitable for nitriding of high entropy alloys, containing large volumes of oxide-forming 
elements, such as Al, Cr, Si and Ti [3]. For the particular composition of Al0.3CrFe1.5MnNi0.5 a 
dual-phase structure of fcc and bcc develops after homogenisation at 1100 oC [40]. After 
plasma nitriding at 525 oC for 45 h, the 80 µm thick layer, with a peak hardness of 1300 HV, 
is generated. Both the bcc and fcc phases experience uniform nitriding and main nitrides are 
AlN, CrN and (Mn, Fe)4N. The alloy reaches the wear resistance 49-80 times higher than the 
nitrided conventional steels.  
 

Steel C Mn Si Cr Mo Ni V Al 

Nitralloy 135M 
AMS 6470 

0.38-0.45 0.5-0.8 0.2-0.4 1.4-1.8 0.35-0.45 - - 0.85-1.2 

Nitralloy G 0.35 0.55 0.3 1.2 0.2 -  1.0 
Nitralloy N 
AMS 6475 

0.2-0.26 0.5-0.7 0.2-0.4 1.0-1.25 0.2-.3 3.25-3.75 - 1.1-1.4 

Nitralloy EZ 0.35 0.8 0.3 1.25 0.2 0.2Sc - 1.0 
34CrAlNi7 
DIN 1.8550 

0.30-0.37 0.4-0.7 ≤0.4 1.0-1.3 0.15-0.25 - - 0.8-1.2 

41CrAlMo7 
DIN 1.8509 

0.38-0.45 0.4-0.7 ≤0.4 1.5.1.8 0.2-0.35 - - 0.8-1.2 

34CrAlMo5 
DIN 1.8507 

0.30-0.37 0.4-0.7 ≤0.4 1.5-1.8 0.15-0.25 0.85-1.15 - 0.8-1.2 

15CrMoV5-9 
DIN 1.8521 

0.13-0.18 0.8-1.1 ≤0.4 1.2-1.5 0.8-1.1 - 0.2-0.3 - 

31CrMoV9 
DIN 1.8519 

0.27-0.34 0.4-0.7 ≤0.4 2.3-2.7 0.15-0.25 - 0.1-0.2 - 

31CrMo12 
DIN 1.8515 

0.28-0.35 0.4-0.7 ≤0.4 2.8-3.3 0.3-0.5 - - - 

32CrMoV13 
AMS6481 

.29-0.36 0.4-0.7 0.1-0.4 2.8-3.3 0.7-1.2 - 0.15-0.35 - 

OvaX200 0.14-0.17 1.2-1.4 0.15 2.1-2.3 0.45-0.55 0.45-0.55 0.15-0.25 - 
5Ni – 2Al 0.20-0.25 0.25-0.45  0.4-0.6 0.2-0.3 4.75-5.25 0.08-0.15 1.8-2.2 

Table 2. Selection of steels, designed for nitriding (weight %) [41] [36] [34] [26] 
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The deep nitrided steel, 32CrMoV13, has an application for aerospace bearings of main 
shafts or jet engines, operating under high speed, high temperature and limited lubrication. 
This application requires the typical nitrided case of more than 600 µm, achieved after gas 
process in the temperature range of 525-550 oC for up to 100 h [35]. For that case depth, the 
surface hardness ranges from 730 to 830 HV30. The compound layer of approximately 30 
µm thick is removed by grinding from rolling races and working surfaces. Within the 
diffusion layer, two zones may be distinguished. First is the 100 µm thick zone, adjacent to 
the compound layer, depleted of carbides, likely due to their dissolution and precipitation 
more stable nitrides or carbonitrides. The second zone, adjacent to the base steel, is 
precipitates free. It is considered that the good service performance of nitrided layer and its 
superior rolling-contact properties are achieved due to semi-coherent precipitates of nano-
size nitrides and high compressive residual stresses. An example of Al-free steel with V 
used for camshafts is OvaX200 steel [36]. After 20 h of gas nitriding at 490-510 oC, The 
OvaX200 steel reaches the surface hardness of 850 HV1000.  

The key concern during nitriding of stainless steels is to retain their corrosion resistance. The 
low temperature nitriding of austenitic grades leads leads to formation of nitrogen 
expanded austenite. This so-called S-phase exhibits an increased hardness and wear 
resistance combined with excellent corrosion resistance, inherent for stainless steel [37]. It is 
claimed that the active-screen plasma nitriding brings some benefits to nitriding of stainless 
steel. According to that mechanism, the material sputtered from the active screen and re-
deposited on the nitrided surface plays an important role in the nitriding process. Namely, 
the sputtered atoms react with nitrogen containing species in the plasma and deposit on the 
steel surface. Then, the deposited iron nitrides decompose, releasing nitrogen which, in turn, 
diffuses into the sub-surface layer [38].  

Nitriding is also applicable to maraging steels which have very low carbon content, typically 
below 0.03%, and are strengthened by the precipitation of intermetallic compounds, taking 
place at a temperature of approximately 480 oC. The purpose of nitriding the maraging 
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steels is to increase their wear resistance. Since the temperature of conventional gas nitriding 
exceeds the aging temperatures of maraging steels, the plasma nitriding is more suitable. 
The plasma nitriding at a temperature as low as 450 oC for 10 h, in case of the Fe-18Ni-8.8Co-
5Mo-0.4Ti-0.1Al steel, generates the nitrided layer with a thickness of 120 µm and surface 
hardness of 800 HV [39]. At the same time, it does not cause structural changes in the 
substrate, thus preserving the original microstructure. 

The plasma nitriding with its surface sputtering effect, removing the surface oxide layer, is 
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Steel C Mn Si Cr Mo Ni V Al 

Nitralloy 135M 
AMS 6470 

0.38-0.45 0.5-0.8 0.2-0.4 1.4-1.8 0.35-0.45 - - 0.85-1.2 

Nitralloy G 0.35 0.55 0.3 1.2 0.2 -  1.0 
Nitralloy N 
AMS 6475 

0.2-0.26 0.5-0.7 0.2-0.4 1.0-1.25 0.2-.3 3.25-3.75 - 1.1-1.4 

Nitralloy EZ 0.35 0.8 0.3 1.25 0.2 0.2Sc - 1.0 
34CrAlNi7 
DIN 1.8550 

0.30-0.37 0.4-0.7 ≤0.4 1.0-1.3 0.15-0.25 - - 0.8-1.2 

41CrAlMo7 
DIN 1.8509 

0.38-0.45 0.4-0.7 ≤0.4 1.5.1.8 0.2-0.35 - - 0.8-1.2 

34CrAlMo5 
DIN 1.8507 

0.30-0.37 0.4-0.7 ≤0.4 1.5-1.8 0.15-0.25 0.85-1.15 - 0.8-1.2 

15CrMoV5-9 
DIN 1.8521 

0.13-0.18 0.8-1.1 ≤0.4 1.2-1.5 0.8-1.1 - 0.2-0.3 - 

31CrMoV9 
DIN 1.8519 

0.27-0.34 0.4-0.7 ≤0.4 2.3-2.7 0.15-0.25 - 0.1-0.2 - 

31CrMo12 
DIN 1.8515 

0.28-0.35 0.4-0.7 ≤0.4 2.8-3.3 0.3-0.5 - - - 

32CrMoV13 
AMS6481 

.29-0.36 0.4-0.7 0.1-0.4 2.8-3.3 0.7-1.2 - 0.15-0.35 - 

OvaX200 0.14-0.17 1.2-1.4 0.15 2.1-2.3 0.45-0.55 0.45-0.55 0.15-0.25 - 
5Ni – 2Al 0.20-0.25 0.25-0.45  0.4-0.6 0.2-0.3 4.75-5.25 0.08-0.15 1.8-2.2 

Table 2. Selection of steels, designed for nitriding (weight %) [41] [36] [34] [26] 
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2.5. Nitriding of titanium alloys 

The competitiveness of titanium alloys is due to their high strength to weight ratio, heat and 
corrosion resistance. At the same time, the low surface hardness and wear resistance along 
with poor high-temperature oxidation resistance are seen as their major disadvantages. 
Nitriding is one of many treatments aimed at improving their tribological characteristics.  

2.5.1. Nitriding techniques applicable to titanium 

In principle, all major nitriding techniques are applicable to titanium. A disadvantage of gas 
nitriding is the high temperature of 650-1000 oC required, long time of up to 100 h and 
reported fatigue life reduction. For Ti-6Al-4V alloy a typical compound layer of 2-15 µm 
forms with a surface hardness between 500 and 1800 HV [42]. The plasma nitriding of 
titanium alloys is conducted at temperatures of 400-950 oC and substantially shorter time 
from 0.5 to 32 h, generating a compound layer with a thickness of approximately 50 µm. A 
reduction in fatigue strength may be eliminated by lowering the nitriding temperature. The 
ion beam nitriding, using nitrogen at temperatures of 500-900 oC for up to 20 h, produces 5-8 
µm thick compound layer with microhardness of 800-1200 HV on Ti-6Al-4V alloy. Also laser 
nitriding is applicable to titanium but surface case has a tendency to cracking. An attempt 
was made to apply the diode laser gas nitriding technique to Ti6Al4V alloy, commonly used 
for rotors and blades of engines in power generation [43]. The laser surface melting of the 
substrate surface in a mixture of nitrogen and argon leads to an increase in surface hardness 
up to 1300 HV0.2 although the outcome depends on process parameters.  

2.5.2. Microstructure development during nitriding 

The formation of the nitrided layer on titanium involves several reactions taking place at the 
gas/metal interface and within the metal. At the nitriding temperature, below the Ti 
polymorphic transformation, the α-Ti phase exists. First, the nitrogen absorbed at the 
surface diffuses inward titanium, forming the interstitial solution of nitrogen in the hcp 
titanium phase α-Ti(N) and building the nitrogen concentration gradient. After exceeding 
the solubility limit, the Ti2N phase is formed. During further increase in the nitrogen 
concentration at the gas/metal interface, TiN is formed as specified below: 

 ( ) 2Ti  Ti N   Ti N  TiNα α− → − → →  (3) 

After slow cooling, the precipitation in the diffusion zone is possible. The simplified 
morphological schematic, emphasizing the growth sequence, is shown in Fig. 14. 

2.5.3. Nitriding of other refractory metals (Zr, Nb, Mo, W, Ta) 

Many refractory metal nitrides offer an attractive combination of high electrical conductivity 
and good corrosion resistance. For Mo-0.5%Ti and pure Mo alloys the inward diffusion of 
nitrogen is the rate controlling step. After gas nitriding at 1100 oC they reach a hardness of 
1800 HV and the surface layer consists of two regions with the outer layer composed of γ-
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Mo2N and the inner layer of β-Mo2N [44]. In Ti containing alloys an internal nitrided layer is 
additionally formed with a hardness of 800 HV which contains the fine 0.4 nm thick plate-
like, coherent particles of TiN.  

 
Figure 14. Schematics of the morphology development during nitriding of titanium 

The nitrided niobium has a potential application in particle accelerators [6]. The niobium-
made cavity of the superconducting radio-frequency accelerator operates at very low 
temperature of 1.9K to achieve the sufficient performance. After nitriding of niobium, its 
surface is transformed to δ-NbN with the critical temperature of 17K as opposed to 9K for 
pure Nb. Such a change shows a promise to raise the accelerator operating temperature. The 
laser nitriding was found to be effective for niobium. 

The refractory alloy composed of Nb, 30%Ti and 20%W, called Tribocor 532N, and 
produced by conventional melting techniques, benefits from nitriding as well [45]. Since 
titanium has the highest affinity to nitrogen of all elements in the alloy, TiN forms 
preferentially on the nitrided surface. During the next step, as the alloy becomes depleted in 
Ti, the Nb nitride starts growing. As shown in Fig. 15, its surface microstructure changes 
completely. The nitrided surface achieves high hardness with superior corrosion resistance 
(Fig. 16). Among many applications, including an environment of molten magnesium and 
aluminum alloys [46], the nitrided Nb-30Ti10W alloy was considered in proton exchange 
membrane fuel cells for the bipolar plate. The plate serves to electrically connect the 
individual cells in a stack and to separate and distribute the reactant and product stream [5]. 

The nitrided zirconium has application potentials for cathodes in arc heaters, mainly due to 
its high erosion resistance under those service conditions [47]. After nitriding in a 
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microwave plasma generator, the golden color zirconium nitride forms on its surface. In 
addition to metals, also ceramics of yttria-stabilized zirconia benefit from nitriding [48]. As a 
result of high temperature plasma nitriding, the complex layer, composed of tetragonal 
cubic zirconia, zirconium nitride and oxynitride, is created. 

 
Figure 15. Microstructure of Tribocor 532N alloy before and after nitriding. Approximate magnification 
500x [45] (with permission from Elsevier Science) 

 
Figure 16. Hardness versus depth profile for three levels of nitrogen absorption in Tribocor 532N alloy 
[45] (with permission from Elsevier Science) 

2.6. Nitriding of aluminum 

One of the key limitations in the application of aluminum alloys is their low wear resistance. 
Therefore, the purpose of aluminum nitriding is similar as in the case of titanium, i.e. to 

500

1000

1500

2000

2500

0 25 50 75 100 125 150 175 200

H
ar

dn
es

s,
 D

P
H

, 1
00

 g
m

Case depth, µm

Nb-30%Ti-20%W

WC - 6%Co

13 mg/cm2 38 mg/cm2 50 mg/cm2

WC -11%Co

 
Thermochemical Treatment of Metals 91 

increase the surface wear resistance. At present, Al-Si alloys are used for wear applications 
or a hard surface layer must be created. The latter is most often achieved by Al2O3 alumina 
coatings. 

The conventional plasma nitriding of aluminum alloys is conducted at temperature of 500 
oC for 20 h to form 1-2 µm thick layers. Since nitrogen is virtually insoluble in aluminum, 
during nitriding only the compound layer of AlN is formed. AlN is known for its high 
hardness of 1400 HV, high thermal conductivity and high electrical resistivity. In addition to 
nitriding, AlN can be formed on Al surface by several other techniques including 
evaporation or ball milling [49] [50]. The process of Al nitriding is slow since the diffusion of 
N in Al is the rate controlling step. To increase the nitriding rate, the grain size of Al should 
be refined. It suggests that the growth of AlN is controlled by grain boundary diffusion, 
hence increasing grain boundary density increases a number of fast diffusion paths. Another 
way of speeding up the AlN growth is by alloying additions and a presence of 1wt% of Ti is 
effective. Under the same nitriding conditions of temperature 500oC and time of 20 h the 3 
µm thick layer with co-precipitates of TiN grows as compared to 1-2 µm thick AlN in case of 
Ti absence [49].  

An alternative technique used for Al nitriding is the electron beam excited plasma (EBEP) 
[51]. The technology is sustained by the electron impact ionization with an energetic electron 
beam being a source of low pressure plasma. When employing this method it is possible to 
create on AA5052 alloy after 45 min at 570 oC the AlN layer with a thickness of 5 µm and 
pillar shape grains. At the interface with the substrate a spinel MgAl2O4 grows, affecting the 
adhesion of major AlN layer. Also inductively coupled RF plasma reactor is effective for 
nitriding of Al-Cu alloy 2011 [52]. At temperature of 400 oC the time of 36 h is needed to 
create a protective layer. During plasma nitriding of Al-Cu alloys, Al2Cu precipitates 
increase the nucleation rate and growth of the nitrided case [53]. The crystallographic 
coherence between AlN and Al2Cu enhances the formation of AlN nodules and islands. The 
layer formation is also accelerated by the solid-state interaction between Al2Cu and 
penetrating nitrogen to form interfacial boundaries, acting as nitrogen diffusion paths. The 
plasma nitriding is relatively effective way to increase the corrosion resistance of aluminum. 
There are data pointing out that a treatment at 500 oC for 20 h leads to improvement during 
both the immersion test in 3.5% NaCl and the polarization test [54]. 

In addition to an improvement in surface characteristics, the presence of AlN layer affects 
the bulk properties of aluminum. According to [55], the plasma nitriding of Al-Si-Mg alloy 
causes decrease in yield, ultimate tensile strength, elongation and stress relaxation rate. It 
was explained that stress created at the interface between the AlN and Al substrate 
contributed to the premature failure. Other failure contributors are argued to be defects 
created by diffusion of nitrogen into the lattice. 

A deficiency of AlN films, formed by plasma nitriding, is their tendency to cracking and de-
lamination due to large compressive stresses and the property difference between the AlN 
layer and the Al substrate. As a possible solution of increasing the AlN adhesion, a 
combination of barrel nitriding and plasma nitriding is proposed [4]. The barrel nitriding is 
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increase the surface wear resistance. At present, Al-Si alloys are used for wear applications 
or a hard surface layer must be created. The latter is most often achieved by Al2O3 alumina 
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The conventional plasma nitriding of aluminum alloys is conducted at temperature of 500 
oC for 20 h to form 1-2 µm thick layers. Since nitrogen is virtually insoluble in aluminum, 
during nitriding only the compound layer of AlN is formed. AlN is known for its high 
hardness of 1400 HV, high thermal conductivity and high electrical resistivity. In addition to 
nitriding, AlN can be formed on Al surface by several other techniques including 
evaporation or ball milling [49] [50]. The process of Al nitriding is slow since the diffusion of 
N in Al is the rate controlling step. To increase the nitriding rate, the grain size of Al should 
be refined. It suggests that the growth of AlN is controlled by grain boundary diffusion, 
hence increasing grain boundary density increases a number of fast diffusion paths. Another 
way of speeding up the AlN growth is by alloying additions and a presence of 1wt% of Ti is 
effective. Under the same nitriding conditions of temperature 500oC and time of 20 h the 3 
µm thick layer with co-precipitates of TiN grows as compared to 1-2 µm thick AlN in case of 
Ti absence [49].  

An alternative technique used for Al nitriding is the electron beam excited plasma (EBEP) 
[51]. The technology is sustained by the electron impact ionization with an energetic electron 
beam being a source of low pressure plasma. When employing this method it is possible to 
create on AA5052 alloy after 45 min at 570 oC the AlN layer with a thickness of 5 µm and 
pillar shape grains. At the interface with the substrate a spinel MgAl2O4 grows, affecting the 
adhesion of major AlN layer. Also inductively coupled RF plasma reactor is effective for 
nitriding of Al-Cu alloy 2011 [52]. At temperature of 400 oC the time of 36 h is needed to 
create a protective layer. During plasma nitriding of Al-Cu alloys, Al2Cu precipitates 
increase the nucleation rate and growth of the nitrided case [53]. The crystallographic 
coherence between AlN and Al2Cu enhances the formation of AlN nodules and islands. The 
layer formation is also accelerated by the solid-state interaction between Al2Cu and 
penetrating nitrogen to form interfacial boundaries, acting as nitrogen diffusion paths. The 
plasma nitriding is relatively effective way to increase the corrosion resistance of aluminum. 
There are data pointing out that a treatment at 500 oC for 20 h leads to improvement during 
both the immersion test in 3.5% NaCl and the polarization test [54]. 

In addition to an improvement in surface characteristics, the presence of AlN layer affects 
the bulk properties of aluminum. According to [55], the plasma nitriding of Al-Si-Mg alloy 
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contributed to the premature failure. Other failure contributors are argued to be defects 
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performed as a pre-treatment before the plasma nitriding. In addition to Al2O3 and Al-
50wt%Mg powders, nitrogen gas is introduced and the content is heated to 630 oC. 

3. Nitrocarburizing (ferritic nitrocarburizing) 

During nitrocarburizing, nitrogen and carbon are supplied to the surface of steel in ferritic 
state at temperatures usually between 500 and 580 oC. The general classification of 
thermochemical treatments involving nitrogen and/or carbon is shown in Fig.17. According 
to some terminology, the high temperature equivalent of ferritic nitrocarburizing is called as 
austenitic nitrocarburizing. There is also a term of ferritic carburizing, describing the 
carburizing process at temperatures of the ferritic state. 

 
Figure 17. Classification of basic thermochemical treatments involving nitrogen and carbon 

3.1. Process technology 

The salt bath nitrocarburizing by Tufftride® is performed in a mixture of alkali cyanate and 
alkali carbonate in the temperature range of 480-630 oC [56]. The gas nitrocarburizing has 
been developed as a cleaner alternative to the salt bath technology. Besides ammonia, 
required to supply the nascent nitrogen, the nitrocarburizing atmospheres contain carbon-
bearing additives like exothermic and endothermic gases CO2, CO and H2 as products of the 
dissociation of methanol. There is also a hybrid treatment, integrating the low temperature 
plasma nitriding and additions of carburizing species to the plasma media to cause the 
simultaneous incorporation of nitrogen and carbon. However, using the glow discharge of 
plasma containing nitrogen and carbon species it is difficult to produce a single ε-Fe2-3(N,C) 
phase compound layer on engineering steels [57]. Instead, the plasma nitrocarburizing 
generates a compound layer with mixed phases of ε-Fe2-3(N,C) and γ’-Fe4(N,C), known to be 
detrimental in tribological applications, especially under impact loads. According to [58], 
excluding for low-carbon steel or to some extent for medium carbon unalloyed steel, gas 
nitrocarburizing does not produce compound or diffusion layers faster than gas nitriding. 
Moreover, the properties of nitrocarburized parts are not always superior to those obtained 
by nitriding and the nitrocarburizing process is more difficult to control.  
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There is a substantial difference between gas and plasma nitrocarburizing when considering 
an environmental aspect. As shown in Table 3, in addition to drastic reduction of CO, CO2 
and NOx emission, reaching 500-5000 times by plasma technology, the total gas 
consumption is at least 10 times lower than in the gas process [57].  
 

 
Emissions 

 
Unit 

 
Plasma  

 
Gas  

Amount of gas used m3/h 0.6 6.0 

Total carbon emission via CO/CO2 mg/m3 504 137253 

Total amount of NOx gas mg/m3 1.2 664 
Output of residual carbon bearing gas mg/h 302 823518 

Output of residual NOx gas mg/h 54 3984 

Table 3. Emission data for plasma and gas nitrocarburizing [57] 

Among different nitrocarburizing techniques, a special attention is paid to low pressure 
processes, performed in a mixture of NH3 and CO2. Since CO2 containing gas has a high 
oxygen potential, especially under low pressure conditions, oxygen atoms accelerate the 
formation of Fe3(N,C) and contributes to the growth of adherent nitrocarburized layers [59]. 
The process named Nitreg-ONC® is based on Nitreg® technology but generates a modified 
complex compound layer which contains an increased concentration of carbon, oxygen and 
sulphur [60]. As a result, surface retains its high wear resistance, anti-scuffing and anti-seizing 
properties. Another advantage is the substantially increased corrosion resistance which for 
carbon steels reaches a level comparable with stainless grades. The increased corrosion 
resistance is associated with the superficial oxide structure which is not penetrable by 
corrosive fluids. In general, the treatment is considered a superior alternative to chrome 
plating. 

3.2. Surface layer structure 

During nitrocarburizing of iron, the microstructural evolution of the compound layer starts 
with the formation of carbon-rich cementite and develops into the direction of nitrogen-
richer and carbon-poorer phases of ε and γ’ [61]. Both steps are a consequence of higher 
solubility of nitrogen in α-Fe than carbon and lower rate of nitrogen transfer from the gas 
into the solid phase. The compound layer is typically composed of carbonitrides of iron ε-
Fe3(N,C)1+x and γ’-Fe4(N,C)1-z along with θ-Fe3C cementite (Table 4) [62] [63]. As during 
nitriding, beneath the compound layer the diffusion zone forms with carbon and nitrogen 
being dissolved in the ferritic matrix. It is well documented that the best properties are 
achieved when the compound layer contains predominantly the single ε phase (Fig. 18a). 
The compound layer, typically in the range of 20 µm, leads to significant improvements in 
hardness, wear and corrosion resistance. A presence of ammonia in gas nitrocarburizing 
atmosphere affects the compound layer structure and a presence of cementite Fe3C. During 
ferritic carburizing of iron at a temperature of 550 oC in gas atmospheres containing a certain 
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properties. Another advantage is the substantially increased corrosion resistance which for 
carbon steels reaches a level comparable with stainless grades. The increased corrosion 
resistance is associated with the superficial oxide structure which is not penetrable by 
corrosive fluids. In general, the treatment is considered a superior alternative to chrome 
plating. 

3.2. Surface layer structure 

During nitrocarburizing of iron, the microstructural evolution of the compound layer starts 
with the formation of carbon-rich cementite and develops into the direction of nitrogen-
richer and carbon-poorer phases of ε and γ’ [61]. Both steps are a consequence of higher 
solubility of nitrogen in α-Fe than carbon and lower rate of nitrogen transfer from the gas 
into the solid phase. The compound layer is typically composed of carbonitrides of iron ε-
Fe3(N,C)1+x and γ’-Fe4(N,C)1-z along with θ-Fe3C cementite (Table 4) [62] [63]. As during 
nitriding, beneath the compound layer the diffusion zone forms with carbon and nitrogen 
being dissolved in the ferritic matrix. It is well documented that the best properties are 
achieved when the compound layer contains predominantly the single ε phase (Fig. 18a). 
The compound layer, typically in the range of 20 µm, leads to significant improvements in 
hardness, wear and corrosion resistance. A presence of ammonia in gas nitrocarburizing 
atmosphere affects the compound layer structure and a presence of cementite Fe3C. During 
ferritic carburizing of iron at a temperature of 550 oC in gas atmospheres containing a certain 
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amount of NH3, massive layers of cementite Fe3C can be grown [64]. In order to generate 
thicker layers, the nitrocarburizing process is conducted at temperatures exceeding the Fe-N 
eutectoid point of 590 oC. After austenitic plasma nitrocarburizing at 700 oC for 3 h of 0.45% 
C steel the layer contains mainly the ε-Fe2-3(N,C) phase but unlike after ferritic 
nitrocarburizing process, the austenite layer forms between the ε phase and diffusion zone 
(Fig. 18b) [57].  

 
Figure 18. Microstructure differences after low temperature and high temperature plasma 
nitrocarburizing in atmosphere of 87% N2 + 8% H2 + 5% CO2: (a) Armco iron, 570oC for 3h; (b) 0.45% C 
steel, 700oC for 3 h [57] (with permission from Elsevier Science) 

There are benefits to surface corrosion resistance after combining the plasma 
nitrocarburizing and oxidizing [65]. The carbonitrided SKD61 steel with a 10 µm thick 
compound layer (predominantly ε-Fe2-3(N,C) and small proportions of γ’- Fe4(N,C)) and 
200 µm thick diffusion layer subjected to plasma oxidation at 500 oC for 1 h creates 1-2 µm 
thick magnetite Fe3O4 layer on top of the compound layer [66]. According to the anodic 
polarization test, a significant improvement in the steel corrosion resistance is achieved. 

 
 
Phase N (at. %) C (at. %) Crystallography Atom 

arrangement 
Reference 

α-Fe 0-37 0-0.02 Fe bcc, N, C in 
octahedral sites

[17] 

θ-Fe3C 0 25 Fe complicated 
orthorhombic 

C in bicapped 
trigonal prisms

[64] [67] 

γ’-Fe4N1-z 19.4-20 <0.7 Fe fcc, N ordered in 
central 
octahedral sites

[61] [68] [69] 

ε-Fe3(N,C)1+x 15-33 0-8 Fe hcp, N ordered in 
octahedral sites

[61] [68] [69] 

Table 4. Characteristics of phases in Fe-N-C system at 580-590 oC  
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3.3. Applications 

In addition to application of nitrocarburizing to carbon and nitriding steels to increase their 
surface hardness and tribological performance it is also used to stainless steels and special 
alloys. After low-temperature plasma nitrocarburizing at 450 oC of austenitic stainless steel 
AISI 304, the dual layer structure grows with a nitrogen-enriched layer on top of a carbon 
enriched layer. Both layers are free of nitride and carbide precipitates [70]. In addition to 
increased surface hardness up to 1500 HV and improved wear resistance, the corrosion 
resistance is also positively altered. There is a difference in corrosion resistance between 
processes conducted at various temperatures below 450 oC. When treatments conducted at 
380oC and 415oC lead to similar properties, increasing temperature to 430 oC causes slightly 
higher corrosion resistance. The latter is attributed to the formation of a small amount of 
chromium nitride in the nitrogen-enriched surface layer. The overall improvement in 
corrosion resistance after nitrocarburizing of AISI 304 stainless steel is thought to be due to 
the extremely large supersaturation of an upper part of the nitrogen-enriched layer with 
both nitrogen and carbon. Also sintered Astaloy CrM® + 0.3% C, nitrocarburized in a salt 
bath at 580 oC for at least 2 h, experiences an increased corrosion resistance [71]. Its surface 
layer after the treatment is dominated by the ε-iron carbonitride Fe2-3(CN). 

4. Carburizing 

The objective of carburizing is to enrich surface layers of steel or other alloys with carbon. 
To achieve the sufficient carbon solubility and penetration depth the treatment is carried out 
at relatively high temperatures of 900-950 oC. As a result, steels, which do not have the 
sufficient carbon content within their volume, obtain the hard surface. The reduced carbon 
content is deliberately selected to retain the core toughness.  

The endothermic carburizing atmospheres consist of a mixture of carburizing ingredients 
such as CO and CH4 and decarburizing ones such as CO2 and H2O. To control the process, 
the carburizing potential of the furnace atmosphere requires the measurement of all the gas 
constituents CO, CO2, CH4 and H2O. The driving force for carburizing is determined by the 
gradient between potentials of carbon in the furnace atmosphere and carbon at the steel 
surface. The key reactions of carburizing involve [72]: 

 (g Fe) 22CO  C  CO−→ +  (3) 

 4 (g Fe) 2CH  C 2H−→ +  (4) 

 2 (g Fe) 2CO  H  C  H O−+ ↔ +  (5) 

A variety of applications of steel carburizing were explored for decades with typical 
examples of automotive gears. This includes also stainless steels, in particular the ferritic 
and austenitic stainless grades. Recently, the carburizing process creates a growing attention 
in area of martensitic stainless steels. A comparison of hardness depth profiles for all three 



 
Heat Treatment – Conventional and Novel Applications 94 

amount of NH3, massive layers of cementite Fe3C can be grown [64]. In order to generate 
thicker layers, the nitrocarburizing process is conducted at temperatures exceeding the Fe-N 
eutectoid point of 590 oC. After austenitic plasma nitrocarburizing at 700 oC for 3 h of 0.45% 
C steel the layer contains mainly the ε-Fe2-3(N,C) phase but unlike after ferritic 
nitrocarburizing process, the austenite layer forms between the ε phase and diffusion zone 
(Fig. 18b) [57].  

 
Figure 18. Microstructure differences after low temperature and high temperature plasma 
nitrocarburizing in atmosphere of 87% N2 + 8% H2 + 5% CO2: (a) Armco iron, 570oC for 3h; (b) 0.45% C 
steel, 700oC for 3 h [57] (with permission from Elsevier Science) 

There are benefits to surface corrosion resistance after combining the plasma 
nitrocarburizing and oxidizing [65]. The carbonitrided SKD61 steel with a 10 µm thick 
compound layer (predominantly ε-Fe2-3(N,C) and small proportions of γ’- Fe4(N,C)) and 
200 µm thick diffusion layer subjected to plasma oxidation at 500 oC for 1 h creates 1-2 µm 
thick magnetite Fe3O4 layer on top of the compound layer [66]. According to the anodic 
polarization test, a significant improvement in the steel corrosion resistance is achieved. 
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arrangement 
Reference 

α-Fe 0-37 0-0.02 Fe bcc, N, C in 
octahedral sites

[17] 

θ-Fe3C 0 25 Fe complicated 
orthorhombic 
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trigonal prisms

[64] [67] 

γ’-Fe4N1-z 19.4-20 <0.7 Fe fcc, N ordered in 
central 
octahedral sites

[61] [68] [69] 

ε-Fe3(N,C)1+x 15-33 0-8 Fe hcp, N ordered in 
octahedral sites

[61] [68] [69] 

Table 4. Characteristics of phases in Fe-N-C system at 580-590 oC  
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3.3. Applications 

In addition to application of nitrocarburizing to carbon and nitriding steels to increase their 
surface hardness and tribological performance it is also used to stainless steels and special 
alloys. After low-temperature plasma nitrocarburizing at 450 oC of austenitic stainless steel 
AISI 304, the dual layer structure grows with a nitrogen-enriched layer on top of a carbon 
enriched layer. Both layers are free of nitride and carbide precipitates [70]. In addition to 
increased surface hardness up to 1500 HV and improved wear resistance, the corrosion 
resistance is also positively altered. There is a difference in corrosion resistance between 
processes conducted at various temperatures below 450 oC. When treatments conducted at 
380oC and 415oC lead to similar properties, increasing temperature to 430 oC causes slightly 
higher corrosion resistance. The latter is attributed to the formation of a small amount of 
chromium nitride in the nitrogen-enriched surface layer. The overall improvement in 
corrosion resistance after nitrocarburizing of AISI 304 stainless steel is thought to be due to 
the extremely large supersaturation of an upper part of the nitrogen-enriched layer with 
both nitrogen and carbon. Also sintered Astaloy CrM® + 0.3% C, nitrocarburized in a salt 
bath at 580 oC for at least 2 h, experiences an increased corrosion resistance [71]. Its surface 
layer after the treatment is dominated by the ε-iron carbonitride Fe2-3(CN). 

4. Carburizing 

The objective of carburizing is to enrich surface layers of steel or other alloys with carbon. 
To achieve the sufficient carbon solubility and penetration depth the treatment is carried out 
at relatively high temperatures of 900-950 oC. As a result, steels, which do not have the 
sufficient carbon content within their volume, obtain the hard surface. The reduced carbon 
content is deliberately selected to retain the core toughness.  

The endothermic carburizing atmospheres consist of a mixture of carburizing ingredients 
such as CO and CH4 and decarburizing ones such as CO2 and H2O. To control the process, 
the carburizing potential of the furnace atmosphere requires the measurement of all the gas 
constituents CO, CO2, CH4 and H2O. The driving force for carburizing is determined by the 
gradient between potentials of carbon in the furnace atmosphere and carbon at the steel 
surface. The key reactions of carburizing involve [72]: 

 (g Fe) 22CO  C  CO−→ +  (3) 

 4 (g Fe) 2CH  C 2H−→ +  (4) 

 2 (g Fe) 2CO  H  C  H O−+ ↔ +  (5) 

A variety of applications of steel carburizing were explored for decades with typical 
examples of automotive gears. This includes also stainless steels, in particular the ferritic 
and austenitic stainless grades. Recently, the carburizing process creates a growing attention 
in area of martensitic stainless steels. A comparison of hardness depth profiles for all three 
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families of stainless steels is shown in Fig. 19. A relatively novel, low temperature gas 
carburizing at 470oC increases the surface hardness of AISI 316 austenitic stainless steel from 
200 HV to 1000 HV through extreme supersaturation of up to 12 at.% carbon in the solid 
solution [73] [74]. After treatment, two types of carbides M5C2 and M7C3 form with long 
needles or laths morphology, exhibiting the special orientation relationship with the 
austenitic matrix (Fig. 20). It is claimed that the carburizing technique which combines the 
superplastic deformation and the carbon diffusion generates a thicker layer and 
substantially higher hardness [75]. For duplex stainless steel JIS US329J1 the surface 
hardness of 1648 HV is achieved as compared to 1300 HV for conventional carburizing. The 
plasma carburizing of AISI 410 stainless steel in a gas mixture of 80% H2 + 20% Ar with 0.5-
1% of CH4 by volume, leads to surface hardness of 600-800 HV with no evidence of reduced 
corrosion resistance [76]. 

 
Figure 19. Hardness depth profiles for carburized stainless steel of different grades: A – AISI 420 
martensitic stainless steel, carburized in low temperature plasma at 450 oC for 4 h in 1% CH4 [76]; B – as 
A but CH4 concentration of 0.5%; C – AISI 316 austenitic stainless steel, gas carburized at 470 oC for 246 
h [74]; D –JIS SUS329J1 duplex stainless steel, superplastically deformed and carburized in powder at 
950 oC for 8 h [75] (with permission from Elsevier Science) 

In the area of non-ferrous alloys, carburizing is used to increase the wear resistance of some 
titanium alloys. As a result of double-glow plasma carburizing of the Ti2AlNb orthorhombic 
alloy, the layer of 40 µm with a hardness of 1051 HV and decreasing carbon content 
develops [77]. Also plasma carburizing of pure titanium in hydrogen free atmosphere is 
capable of creating the superficial carburized layer with special characteristics [78]. Of novel 
applications, carburizing of silicon is portrayed as an inexpensive in situ method of forming 
graphene on silicon wafer [79]. The process is seen as an alternative to the silicon technology. 
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During carburizing of silicon with carbon, pre-deposited from a carbon source a 3C-SiC(111) 
film forms because it is well lattice-matched with Si(110). The buffer layer of 3C-SiC(111) 
consists of hexagonal arrays that act as templates for graphene nucleation and growth. 

 
Figure 20. Optical microstructure of AISI 316 austenitic stainless steel after carburizing at 470 oC for 246 
h (a) [74] and TEM image with selected area electron diffraction pattern showing carbide morphology 
(b, c) [73] (with permission from Elsevier Science) 

5. Carbonitriding 

Carbonitriding is a process similar to carburizing whereby a source of nitrogen is added to 
the carburizing atmosphere which results in simultaneous incorporation of carbon and 
nitrogen into alloy surface. Sometimes carbonitriding is confused with nitrocarburizing. It is 
usually a two-step treatment, conducted at temperatures of 800-940 oC in an environment 
containing both carbon and nitrogen and is followed by quenching. At carbonitriding 
temperatures, which are substantially higher than that used during nitriding or 
nitrocarburizing, steel is in the austenitic state, having high solubility of carbon. To improve 
toughness, quenching is followed by the second step of low-temperature tempering or stress 
relieving. At the processing stage, nitrogen inhibits diffusion of carbon, resulting in thinner 
case, improves hardenability and forms nitrides. After treatment, a presence of nitrogen in 
carburized steel increases hardness, wear resistance and delays tempering. The latter is of 
importance for elevated temperature applications. Carbonitriding is widely accepted for 
surface improvement of plain carbon steels, having low hardenability. According to the 
comparative study of both processes, carbonitriding and nitrocarburizing develop the 
compressive stress and are associated with the size and shape distortion [80]. However, 
nitrocarburizing causes lower compressive stress and size/shape distortion, as is the case for 
SAE 1010 steel. 

Since carbon and nitrogen form with titanium the hard carbides and nitrides, carbonitriding 
is applicable to titanium and its alloys. In case of laser gas assisted carbonitriding of Ti-6Al-
4V alloy, the 55 µm thick layer composed of TiCxN1-x, TiN and TiC phases grow [81]. In case 
of pure titanium, carbonitriding at 850 oC for 5 h forms the near-surface layer of 
carbonitrides and thick layer of α-stabilized solid solution of titanium with nitrogen and 
oxygen [82]. As the partial nitrogen pressure changes from 105 Pa to 100 Pa and to 10 Pa the 
surface hardness decreases and composition alters to TiC0.25N0.75 to TiC0.50N0.50 and 
TiC0.52N0.48, respectively. 
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families of stainless steels is shown in Fig. 19. A relatively novel, low temperature gas 
carburizing at 470oC increases the surface hardness of AISI 316 austenitic stainless steel from 
200 HV to 1000 HV through extreme supersaturation of up to 12 at.% carbon in the solid 
solution [73] [74]. After treatment, two types of carbides M5C2 and M7C3 form with long 
needles or laths morphology, exhibiting the special orientation relationship with the 
austenitic matrix (Fig. 20). It is claimed that the carburizing technique which combines the 
superplastic deformation and the carbon diffusion generates a thicker layer and 
substantially higher hardness [75]. For duplex stainless steel JIS US329J1 the surface 
hardness of 1648 HV is achieved as compared to 1300 HV for conventional carburizing. The 
plasma carburizing of AISI 410 stainless steel in a gas mixture of 80% H2 + 20% Ar with 0.5-
1% of CH4 by volume, leads to surface hardness of 600-800 HV with no evidence of reduced 
corrosion resistance [76]. 

 
Figure 19. Hardness depth profiles for carburized stainless steel of different grades: A – AISI 420 
martensitic stainless steel, carburized in low temperature plasma at 450 oC for 4 h in 1% CH4 [76]; B – as 
A but CH4 concentration of 0.5%; C – AISI 316 austenitic stainless steel, gas carburized at 470 oC for 246 
h [74]; D –JIS SUS329J1 duplex stainless steel, superplastically deformed and carburized in powder at 
950 oC for 8 h [75] (with permission from Elsevier Science) 

In the area of non-ferrous alloys, carburizing is used to increase the wear resistance of some 
titanium alloys. As a result of double-glow plasma carburizing of the Ti2AlNb orthorhombic 
alloy, the layer of 40 µm with a hardness of 1051 HV and decreasing carbon content 
develops [77]. Also plasma carburizing of pure titanium in hydrogen free atmosphere is 
capable of creating the superficial carburized layer with special characteristics [78]. Of novel 
applications, carburizing of silicon is portrayed as an inexpensive in situ method of forming 
graphene on silicon wafer [79]. The process is seen as an alternative to the silicon technology. 
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During carburizing of silicon with carbon, pre-deposited from a carbon source a 3C-SiC(111) 
film forms because it is well lattice-matched with Si(110). The buffer layer of 3C-SiC(111) 
consists of hexagonal arrays that act as templates for graphene nucleation and growth. 

 
Figure 20. Optical microstructure of AISI 316 austenitic stainless steel after carburizing at 470 oC for 246 
h (a) [74] and TEM image with selected area electron diffraction pattern showing carbide morphology 
(b, c) [73] (with permission from Elsevier Science) 

5. Carbonitriding 

Carbonitriding is a process similar to carburizing whereby a source of nitrogen is added to 
the carburizing atmosphere which results in simultaneous incorporation of carbon and 
nitrogen into alloy surface. Sometimes carbonitriding is confused with nitrocarburizing. It is 
usually a two-step treatment, conducted at temperatures of 800-940 oC in an environment 
containing both carbon and nitrogen and is followed by quenching. At carbonitriding 
temperatures, which are substantially higher than that used during nitriding or 
nitrocarburizing, steel is in the austenitic state, having high solubility of carbon. To improve 
toughness, quenching is followed by the second step of low-temperature tempering or stress 
relieving. At the processing stage, nitrogen inhibits diffusion of carbon, resulting in thinner 
case, improves hardenability and forms nitrides. After treatment, a presence of nitrogen in 
carburized steel increases hardness, wear resistance and delays tempering. The latter is of 
importance for elevated temperature applications. Carbonitriding is widely accepted for 
surface improvement of plain carbon steels, having low hardenability. According to the 
comparative study of both processes, carbonitriding and nitrocarburizing develop the 
compressive stress and are associated with the size and shape distortion [80]. However, 
nitrocarburizing causes lower compressive stress and size/shape distortion, as is the case for 
SAE 1010 steel. 

Since carbon and nitrogen form with titanium the hard carbides and nitrides, carbonitriding 
is applicable to titanium and its alloys. In case of laser gas assisted carbonitriding of Ti-6Al-
4V alloy, the 55 µm thick layer composed of TiCxN1-x, TiN and TiC phases grow [81]. In case 
of pure titanium, carbonitriding at 850 oC for 5 h forms the near-surface layer of 
carbonitrides and thick layer of α-stabilized solid solution of titanium with nitrogen and 
oxygen [82]. As the partial nitrogen pressure changes from 105 Pa to 100 Pa and to 10 Pa the 
surface hardness decreases and composition alters to TiC0.25N0.75 to TiC0.50N0.50 and 
TiC0.52N0.48, respectively. 
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6. Boronizing 

During boronizing, called also boriding, the surface layer of material is saturated with 
boron. The process is performed in solid, liquid or gaseous medium and is applicable to any 
ferrous material as well as to alloys of Ni, Co or Ti. In case of steel it is carried out at 
temperatures between 840 and 1050 oC for up to 10 h creating borides FeB and Fe2B, which 
have a needle-like structure and hardness reaching 2000 HV. In addition to improving wear 
resistance, boronizing enhances also the corrosion resistance and oxidation resistance at 
temperatures of up to 850 oC. The main disadvantage of boronizing is the brittleness of the 
compound layer, especially the FeB phase.  

6.1. Application range 

For high-carbon-bearing steel AISI 5100, boronizing in solid medium of B4C, SiC and KBF4 at 
temperatures 800-950 oC for up to 8 h creates the single phase layer of Fe2B with a saw tooth 
morphology and hardness reaching 1800 HV [83]. The growth rate of boride layer is 
controlled by boron diffusion in the Fe2B layer with the boronizing activation energy of 106 
kJ/mol. For M2 high speed cutting steel, boronizing at 850-950 oC for up to 8 h, produces the 
smooth and compact layer with a thickness of up to 130 µm and hardness of 1600-1900 HV 
[84]. For tool steels the high hardness associated with a presence of borides causes a 
substantial reduction in toughness [85]. When applied to AISI 304L stainless steel by laser 
technology, boronizing develops the FeB, Fe2B, Cr2B, Cr23C6, Fe3C and B4C phases with 
surface hardness reaching 1490-1900 HV [86].  

Boronizing is applicable to titanium alloys and a pack process at 950oC creates a compact, 
uniform layer composed of TiB2 and TiB compounds [87]. Also, boronizing of pure nickel in 
powder-pack at 850-950 oC for up to 8 h creates the 237 µm thick surface layer composed of 
Ni2B, Ni5Si2 and N2Si phases with a hardness exceeding 980 HV [88]. The laser boronizing of 
nodular iron increases hardness five times and produces the fine-crystalline, homogeneous 
structure of iron borides [89]. The commercial boronizing Titancote™B generates a diffusion 
layer of complex borides with a thickness of 10-200 µm and hardness of 1600-1800 HV with 
applications in tooling, oil, gas or general components [90]. In addition to titanium, also 
other refractory metals such as tantalum, niobium, tungsten and also cobalt-chromium 
alloys benefit from boronizing. One of many advantages is increasing the surface strength 
without negatively affecting a biocompatibility.  

6.2. Treatments with a boronizing step 

The two stage treatment called borochromizing consists of chromium plating followed by 
diffusion boronizing and heat treatment. After powder boronizing of the 20 µm thick 
chromium coating on C45 carbon steel at 950 oC for 4h, the microstructure, thickness and 
microhardness are similar to the boride layer [91]. An additional treatment with laser, 
creates a solid solution or boride eutectics with martensite, reducing maximum hardness to 
850 HV. An example of the boride layer grown on pure chromium after boriding in a solid 
medium at 940 oC for 8h, is shown in Fig. 21a [92]. The process of borochromizing can also 

 
Thermochemical Treatment of Metals 99 

be conducted, exploring exclusively thermodiffusion and the duplex salt bath immersion. 
During such a treatment, chromizing at 1050 oC is followed by boronizing at 950-1050 oC 
[93]. For DIN 1.2714 steel the treatment leads to a variety of phases such as CrB, Cr2B, FeB 
and Fe2B with the boron diffusion in the pre-chromized layer being the rate controlling step. 
The single-stage boroaluminizing is practiced in the gas phase at temperatures of 850-900 oC 
with controlled ratios of BF3 and AlF3 [94]. 

Borocarburizing is another two-step process where carburizing is followed by boronizing to 
generate boronitrides. It was proven that carburizing preceding boronizig reduces 
brittleness of boronized layers since the hardness gradient between iron borides and the 
carburized substrate becomes shallower. For 17CrNi6-6 steel, heat treated with laser after 
borocarburizing, three zones are distinguished, iron borides FeB+Fe2B of the modified 
morphology the hardened carburized zone (heat affected zone) and the carburized layer 
without heat effect [95]. The laser heat-treated borocarburized layer is characterized by 
higher hardness than the carburized layer, which is attributed to the presence of FeB and 
Fe2B phases. For low carbon steels containing Cr and Ni, the borocarburized layer of FeB 
and Fe2B with a microstructure shown in Fig. 21b, reached a hardness of 1500-1800 HV with 
a sub-layer zone being in the range of 700-950 HV [96]. An advantage of the borocarburized 
layer is in the higher frictional resistance as compared with the single treatment of either 
boronizing or carburizing. As an extension of borocarburizing, carbonitrided surfaces may 
be subjected to boronizing hence creating complex (B+C+N) diffusion layers [97]. Although 
borocarbonitriding shows a tendency to reduce the depth of iron borides zone and the 
microhardness gradient across the surface the resultant wear resistance is higher than that 
after individual processes. Another benefit of borocarbonitriding is borocarbonitriding is the 
lower lower temperature and shorter time in comparison with borocarburizing. 

 
Figure 21. Cross-sectional microstructure after boronizing: (a) pure chromium, solid medium, 940 oC, 8 
h [92]; steel 0.15%C, 1.69%Cr and 1.53%Ni, 930 oC, 20 h [96] (with permission from Elsevier Science) 

7. Chromizing 

The purpose of diffusion chromizing is to enrich surface layers of an alloy with chromium. 
As other diffusion processes it may be carried out by powder pack, salt bath or fluidized 
bed. The compound surface layer is formed by a reaction between the carbide former, such 



 
Heat Treatment – Conventional and Novel Applications 98 

6. Boronizing 

During boronizing, called also boriding, the surface layer of material is saturated with 
boron. The process is performed in solid, liquid or gaseous medium and is applicable to any 
ferrous material as well as to alloys of Ni, Co or Ti. In case of steel it is carried out at 
temperatures between 840 and 1050 oC for up to 10 h creating borides FeB and Fe2B, which 
have a needle-like structure and hardness reaching 2000 HV. In addition to improving wear 
resistance, boronizing enhances also the corrosion resistance and oxidation resistance at 
temperatures of up to 850 oC. The main disadvantage of boronizing is the brittleness of the 
compound layer, especially the FeB phase.  

6.1. Application range 

For high-carbon-bearing steel AISI 5100, boronizing in solid medium of B4C, SiC and KBF4 at 
temperatures 800-950 oC for up to 8 h creates the single phase layer of Fe2B with a saw tooth 
morphology and hardness reaching 1800 HV [83]. The growth rate of boride layer is 
controlled by boron diffusion in the Fe2B layer with the boronizing activation energy of 106 
kJ/mol. For M2 high speed cutting steel, boronizing at 850-950 oC for up to 8 h, produces the 
smooth and compact layer with a thickness of up to 130 µm and hardness of 1600-1900 HV 
[84]. For tool steels the high hardness associated with a presence of borides causes a 
substantial reduction in toughness [85]. When applied to AISI 304L stainless steel by laser 
technology, boronizing develops the FeB, Fe2B, Cr2B, Cr23C6, Fe3C and B4C phases with 
surface hardness reaching 1490-1900 HV [86].  

Boronizing is applicable to titanium alloys and a pack process at 950oC creates a compact, 
uniform layer composed of TiB2 and TiB compounds [87]. Also, boronizing of pure nickel in 
powder-pack at 850-950 oC for up to 8 h creates the 237 µm thick surface layer composed of 
Ni2B, Ni5Si2 and N2Si phases with a hardness exceeding 980 HV [88]. The laser boronizing of 
nodular iron increases hardness five times and produces the fine-crystalline, homogeneous 
structure of iron borides [89]. The commercial boronizing Titancote™B generates a diffusion 
layer of complex borides with a thickness of 10-200 µm and hardness of 1600-1800 HV with 
applications in tooling, oil, gas or general components [90]. In addition to titanium, also 
other refractory metals such as tantalum, niobium, tungsten and also cobalt-chromium 
alloys benefit from boronizing. One of many advantages is increasing the surface strength 
without negatively affecting a biocompatibility.  

6.2. Treatments with a boronizing step 

The two stage treatment called borochromizing consists of chromium plating followed by 
diffusion boronizing and heat treatment. After powder boronizing of the 20 µm thick 
chromium coating on C45 carbon steel at 950 oC for 4h, the microstructure, thickness and 
microhardness are similar to the boride layer [91]. An additional treatment with laser, 
creates a solid solution or boride eutectics with martensite, reducing maximum hardness to 
850 HV. An example of the boride layer grown on pure chromium after boriding in a solid 
medium at 940 oC for 8h, is shown in Fig. 21a [92]. The process of borochromizing can also 
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be conducted, exploring exclusively thermodiffusion and the duplex salt bath immersion. 
During such a treatment, chromizing at 1050 oC is followed by boronizing at 950-1050 oC 
[93]. For DIN 1.2714 steel the treatment leads to a variety of phases such as CrB, Cr2B, FeB 
and Fe2B with the boron diffusion in the pre-chromized layer being the rate controlling step. 
The single-stage boroaluminizing is practiced in the gas phase at temperatures of 850-900 oC 
with controlled ratios of BF3 and AlF3 [94]. 

Borocarburizing is another two-step process where carburizing is followed by boronizing to 
generate boronitrides. It was proven that carburizing preceding boronizig reduces 
brittleness of boronized layers since the hardness gradient between iron borides and the 
carburized substrate becomes shallower. For 17CrNi6-6 steel, heat treated with laser after 
borocarburizing, three zones are distinguished, iron borides FeB+Fe2B of the modified 
morphology the hardened carburized zone (heat affected zone) and the carburized layer 
without heat effect [95]. The laser heat-treated borocarburized layer is characterized by 
higher hardness than the carburized layer, which is attributed to the presence of FeB and 
Fe2B phases. For low carbon steels containing Cr and Ni, the borocarburized layer of FeB 
and Fe2B with a microstructure shown in Fig. 21b, reached a hardness of 1500-1800 HV with 
a sub-layer zone being in the range of 700-950 HV [96]. An advantage of the borocarburized 
layer is in the higher frictional resistance as compared with the single treatment of either 
boronizing or carburizing. As an extension of borocarburizing, carbonitrided surfaces may 
be subjected to boronizing hence creating complex (B+C+N) diffusion layers [97]. Although 
borocarbonitriding shows a tendency to reduce the depth of iron borides zone and the 
microhardness gradient across the surface the resultant wear resistance is higher than that 
after individual processes. Another benefit of borocarbonitriding is borocarbonitriding is the 
lower lower temperature and shorter time in comparison with borocarburizing. 

 
Figure 21. Cross-sectional microstructure after boronizing: (a) pure chromium, solid medium, 940 oC, 8 
h [92]; steel 0.15%C, 1.69%Cr and 1.53%Ni, 930 oC, 20 h [96] (with permission from Elsevier Science) 

7. Chromizing 

The purpose of diffusion chromizing is to enrich surface layers of an alloy with chromium. 
As other diffusion processes it may be carried out by powder pack, salt bath or fluidized 
bed. The compound surface layer is formed by a reaction between the carbide former, such 
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as Cr deposited on the surface and carbon in the substrate. The outcome shows similar 
properties to coatings produced by CVD and PVD. In some sources, the process is divided 
into soft chromizing, when carbon content in a substrate is below 0.1% and hard chromizing 
for the carbon content in a substrate exceeding 0.3%. As negative features of chromizing, the 
shallow penetration depth and the distinct interface with the substrate are often quoted. 
Both features are caused by the diffusion kinetics of chromium in steel.  

7.1. Process and applications 

The typical chemistry of chromizing powder consists of 30% of ferrochromium (71%Cr, 
0.03%C and Fe as a balance), 2.5% ammonium chloride activator and 67.5% of alumina 
powder filler [98]. The diffusion depth depends on the temperature and substrate chemistry. 
It obeys the parabolic rate law and increases with chromizing time and carbon content in the 
matrix. For temperature of 950 oC and reaction time of 9 h, the diffusion layer thickness 
reaches 13.2, 22.5 and 27.0 for AISI 1020, 1045 and 1095 steels, respectively. The growth 
mechanism of chromium diffusion coatings on ferrous alloys was intensively studied in 
1980s [99] along with the role of pack geometry, substrate composition, type of halide 
activator, inner filler, time temperature and chromium source. 

Chromizing kinetics can be improved by a combination of conventional thermochemical 
process with recently developed surface mechanical attrition treatment. The latter aims at 
refining grains of surface layers into a nanometer range by the repeated plastic deformation 
such as high velocity ball impacting or mechanical grinding [100]. When a 20 µm thick 
surface layer with grain size of 10 nm was formed on AISI H13 tool steel, it provided a 
substantial enhancement of chromium diffusion. The two-step thermochemical treatment of 
chromizing, with the first step conducted within the stability limit of nano-structures at 600 
oC for 2 h, followed by the second-step treatment at 1050 oC for 4 h, created the 30 µm thick 
layer with a gradient of chromium concentration. The layer contained (Cr,Fe)23C6 and 
(Cr,Fe)2N1-x particles with a size below 200 nm. 

7.2. Treatments with a chromizing step 

Chromizing is often combined into a two-step treatment with nitriding, nitrocarburizing or 
boronizing. For AISI 1010 steel, nitrocarburized at 572 oC for 2 h, and subsequently 
chromized by the pack method in a powder of ferrochromium, ammonium chloride and 
alumina at 1000oC for up to 4h, the layer thickness reaches up to 13 µm with a hardness of 
1800 HV [101]. The layer consists of Cr2N and (Cr,Fe)2N(1-x) phases. In another example, AISI 
1045 steel was first nitrided with 2 µm thick compound layer and hardness of 740 HV and 
then chromized in powder mixtures consisting of ferrochromium, ammonium chloride and 
alumina at 1000oC for 2 h [102]. Chromizing of nitrided layer resulted in formation of Cr2N 
chromium nitride and Fe3N iron nitrides. Although an increase in hardness was observed, it 
did not lead to an improvement in wear resistance. When combining chromizing with 
boronizing, pack chromium treatment of previously boronized bearing steel provides high 
wear resistance, particularly in sliding applications [103]. 
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8. Thermo-reactive diffusion  

The thermal diffusion (TD), thermo-reactive deposition/diffusion (TRD) or TD-Toyota diffusion 
process is a high temperature treatment which generates a surface layer of carbides on steel 
as well as other carbon-containing materials such as nickel or cobalt alloys. In the treatment, 
carbon in the steel substrate diffuses into the deposited layer with a carbide-forming 
element such as vanadium, niobium, tantalum, chromium, molybdenum or tungsten. Then, 
the diffused carbon reacts, forming a compact, metallurgically-bonded coating with a 
thickness of up to 20 µm. The process is carried out at temperatures from 800 to 1250 oC for 
up to several hours. Due to the high temperature, steel requires bulk hardening either 
directly from the TD temperature or after the separate re-heating cycle. The typical hardness 
of vanadium carbide coatings, obtained using the salt bath TD process, reaches 3200-3800 V 
[104]. Also, niobium carbide NbC coatings exhibit the high hardness, wear resistance and 
low friction coefficient along with the high melting point. Coatings are produced by the steel 
immersion in the molten bath consisting of borax (Na2B4O7), boric acid (B2O3) and ferro-
niobium at 900-1100 oC for up to 10 h [105]. The diffusion of elements from niobium carbide 
coating to the steel and from the substrate to the coating was found to control the process 
kinetics for a bath containing more than 10% of ferro-niobium.  

9. Hybrid thermochemical treatments 

There are a number of surface modification technologies where thermochemical process is a 
single step in the multi-step treatment. An example of such hybrid is a concept of creating 
functionally graded materials, exploring a combination of coating and thermochemical 
treatment (Fig. 22). The single step process of deposition of thick coating with the high 
hardness is often difficult since they develop microcracks due to a generation of high 
internal stress [106]. Functionally graded materials offer new strategies for the 
implementation of high-performance structures in engineering components. They are 
comprised of continuous or discontinuous varying composition and/or microstructure over 
definable geometric orientations or distances. As a result they exhibit some unique 
properties which are beneficial for specific engineering applications. For example, the use of 
functionally graded systems in high-temperature components can enhance the adhesion and 
thermo-mechanical response of ceramic coatings deposited on metallic substrates [107].  

The difference in phase transformation temperatures between the steel substrate and the Fe-
10%Ni electrolytic deposit is an important factor of the thermal treatment proposed [108] 
[109]. At temperatures below 727 oC, the steel containing 0.9% C is composed essentially of 
pearlite, i.e. α + Fe3C. At the same time, the temperature of the α - γ transformation of the 
coating is approximately 680 oC. By selecting the temperature between 680 and 727 oC, the 
thermal diffusion treatment can be conducted at the coexistence of α (substrate) - γ (coating) 
diffusion couple. By contrast, during annealing at a temperature above 727 oC, both the steel 
substrate and the coating are composed exclusively of austenite (γ). The co-existence of the α 
- γ or the γ - γ diffusion couples leads to the essentially different redistribution of carbon 
across the coating thickness and the surface region of the steel substrate. 
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as Cr deposited on the surface and carbon in the substrate. The outcome shows similar 
properties to coatings produced by CVD and PVD. In some sources, the process is divided 
into soft chromizing, when carbon content in a substrate is below 0.1% and hard chromizing 
for the carbon content in a substrate exceeding 0.3%. As negative features of chromizing, the 
shallow penetration depth and the distinct interface with the substrate are often quoted. 
Both features are caused by the diffusion kinetics of chromium in steel.  

7.1. Process and applications 

The typical chemistry of chromizing powder consists of 30% of ferrochromium (71%Cr, 
0.03%C and Fe as a balance), 2.5% ammonium chloride activator and 67.5% of alumina 
powder filler [98]. The diffusion depth depends on the temperature and substrate chemistry. 
It obeys the parabolic rate law and increases with chromizing time and carbon content in the 
matrix. For temperature of 950 oC and reaction time of 9 h, the diffusion layer thickness 
reaches 13.2, 22.5 and 27.0 for AISI 1020, 1045 and 1095 steels, respectively. The growth 
mechanism of chromium diffusion coatings on ferrous alloys was intensively studied in 
1980s [99] along with the role of pack geometry, substrate composition, type of halide 
activator, inner filler, time temperature and chromium source. 

Chromizing kinetics can be improved by a combination of conventional thermochemical 
process with recently developed surface mechanical attrition treatment. The latter aims at 
refining grains of surface layers into a nanometer range by the repeated plastic deformation 
such as high velocity ball impacting or mechanical grinding [100]. When a 20 µm thick 
surface layer with grain size of 10 nm was formed on AISI H13 tool steel, it provided a 
substantial enhancement of chromium diffusion. The two-step thermochemical treatment of 
chromizing, with the first step conducted within the stability limit of nano-structures at 600 
oC for 2 h, followed by the second-step treatment at 1050 oC for 4 h, created the 30 µm thick 
layer with a gradient of chromium concentration. The layer contained (Cr,Fe)23C6 and 
(Cr,Fe)2N1-x particles with a size below 200 nm. 

7.2. Treatments with a chromizing step 

Chromizing is often combined into a two-step treatment with nitriding, nitrocarburizing or 
boronizing. For AISI 1010 steel, nitrocarburized at 572 oC for 2 h, and subsequently 
chromized by the pack method in a powder of ferrochromium, ammonium chloride and 
alumina at 1000oC for up to 4h, the layer thickness reaches up to 13 µm with a hardness of 
1800 HV [101]. The layer consists of Cr2N and (Cr,Fe)2N(1-x) phases. In another example, AISI 
1045 steel was first nitrided with 2 µm thick compound layer and hardness of 740 HV and 
then chromized in powder mixtures consisting of ferrochromium, ammonium chloride and 
alumina at 1000oC for 2 h [102]. Chromizing of nitrided layer resulted in formation of Cr2N 
chromium nitride and Fe3N iron nitrides. Although an increase in hardness was observed, it 
did not lead to an improvement in wear resistance. When combining chromizing with 
boronizing, pack chromium treatment of previously boronized bearing steel provides high 
wear resistance, particularly in sliding applications [103]. 
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as well as other carbon-containing materials such as nickel or cobalt alloys. In the treatment, 
carbon in the steel substrate diffuses into the deposited layer with a carbide-forming 
element such as vanadium, niobium, tantalum, chromium, molybdenum or tungsten. Then, 
the diffused carbon reacts, forming a compact, metallurgically-bonded coating with a 
thickness of up to 20 µm. The process is carried out at temperatures from 800 to 1250 oC for 
up to several hours. Due to the high temperature, steel requires bulk hardening either 
directly from the TD temperature or after the separate re-heating cycle. The typical hardness 
of vanadium carbide coatings, obtained using the salt bath TD process, reaches 3200-3800 V 
[104]. Also, niobium carbide NbC coatings exhibit the high hardness, wear resistance and 
low friction coefficient along with the high melting point. Coatings are produced by the steel 
immersion in the molten bath consisting of borax (Na2B4O7), boric acid (B2O3) and ferro-
niobium at 900-1100 oC for up to 10 h [105]. The diffusion of elements from niobium carbide 
coating to the steel and from the substrate to the coating was found to control the process 
kinetics for a bath containing more than 10% of ferro-niobium.  

9. Hybrid thermochemical treatments 

There are a number of surface modification technologies where thermochemical process is a 
single step in the multi-step treatment. An example of such hybrid is a concept of creating 
functionally graded materials, exploring a combination of coating and thermochemical 
treatment (Fig. 22). The single step process of deposition of thick coating with the high 
hardness is often difficult since they develop microcracks due to a generation of high 
internal stress [106]. Functionally graded materials offer new strategies for the 
implementation of high-performance structures in engineering components. They are 
comprised of continuous or discontinuous varying composition and/or microstructure over 
definable geometric orientations or distances. As a result they exhibit some unique 
properties which are beneficial for specific engineering applications. For example, the use of 
functionally graded systems in high-temperature components can enhance the adhesion and 
thermo-mechanical response of ceramic coatings deposited on metallic substrates [107].  

The difference in phase transformation temperatures between the steel substrate and the Fe-
10%Ni electrolytic deposit is an important factor of the thermal treatment proposed [108] 
[109]. At temperatures below 727 oC, the steel containing 0.9% C is composed essentially of 
pearlite, i.e. α + Fe3C. At the same time, the temperature of the α - γ transformation of the 
coating is approximately 680 oC. By selecting the temperature between 680 and 727 oC, the 
thermal diffusion treatment can be conducted at the coexistence of α (substrate) - γ (coating) 
diffusion couple. By contrast, during annealing at a temperature above 727 oC, both the steel 
substrate and the coating are composed exclusively of austenite (γ). The co-existence of the α 
- γ or the γ - γ diffusion couples leads to the essentially different redistribution of carbon 
across the coating thickness and the surface region of the steel substrate. 
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Figure 22. Concept of thermochemical treatment of a coating, exploring simultaneous diffusion from an 
environment and from the substrate 

9.1. Carburizing and diffusion annealing at a coexistence of the α - γ diffusion 
couple 

During annealing at temperatures below α-γ transformation of the steel substrate, the 
coating already contains a significant amount of the γ phase, which is the solid solution of 
Ni in γFe (fcc). At the same time, the substrate during annealing remained fully pearlitic. 
Thus, at the annealing temperature, cementite coagulated, dissolved and acted as a source of 
carbon, diffusing towards coating. Due to a relatively low temperature, the transport of 
large amounts of carbon for long distances within coating was difficult. After 30 min of 
annealing at 710 oC, the mean square root displacement of the carbon in austenite is as low 
as 32 µm. However, the carbon concentration gradient within the coating caused substantial 
modifications of the microstructure formed after cooling from annealing temperatures.  

An example of cross-sectional image of the microstructure formed after cooling from the 
two-phase (α-γ) range of coating, is shown in Fig. 23a. The coating cooled from the one-
phase region γ comprises continuously graded microstructures caused primarily by 
differences in carbon content at the coating-gas and coating substrate interface. Since the 
substrate was not transformed, the decarburization is seen as a thin ferritic layer, adjacent to 
fully pearlitic microstructure. The hardness depth profile for the treatment performed at 710 
oC, is represented by the lower curve in Fig. 24. An increase in hardness is seen in the region 
adjacent to the substrate and to the outer surface, due to diffusion of carbon from these two 
directions. 
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9.2. Carburizing and diffusion annealing at a coexistence of the γ - γ diffusion 
couple 

Significantly different changes in coating microstructure are observed after annealing at 
temperatures higher than the α-γ transformation of the steel substrate [109]. For example, at 
1000 oC the diffusion coefficient of carbon in austenite DC

γ is equal to 2.5×10-11 m2s-1 which 
corresponds to the mean root square displacement of almost 270 µm after 30 min. This 
means that carbon is capable penetrating the entire coating thickness. 

At temperatures above 727 oC, diffusion of carbon within the substrate, towards the 
substrate-coating interface, takes place in the austenite. As a result, the distribution of 
carbon in the substrate after cooling has a significantly different character than that 
described for α-γ diffusion couple. In general, the substrate does not show a ferritic layer 
but a continuously graded microstructure composed of ferrite and pearlite with an 
increasing contribution of pearlite, while moving inward from the substrate-coating 
interface. After 30 min annealing at 1000 oC, the ferritic and pearlitic region is approximately 
400 µm thick. 

Carburizing at 920 oC allows a higher enrichment of the coating in carbon and the higher 
hardness after cooling as showed by two upper curves in Fig. 24. The lower hardness in the 
regions close to the substrate and the outer surface can be explained on the basis of 
microstructural observations (Fig. 23b). While the coating carburized at 710 oC has a 
microstructure of acicular ferrite and bainite, the coating carburized at 920 oC is composed 
of martensite and retained austenite [109]. The high volume fraction of retained austenite in 
the regions close to the substrate and the outer surface caused the lower hardness.  

 
Figure 23. Microstructure of Fe-10%Ni coating on steel substrate after carburizing at temperatures of 
670 oC (a) and 920 oC (b) [109] (with permission from Springer Verlag) 
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Figure 24. Hardness depth profile within Fe-10%Ni coating on steel substrate after carburizing [109] 
(with permission from Springer Verlag) 

9.3. Carbonitriding and diffusion annealing at a coexistence of the α-γ diffusion 
couple 

This hybrid treatment explores simultaneous carbonitriding at the coating gas interface and 
carburizing at the coating-substrate interface. At carbonitriding temperatures the substrate 
also acts as a source of carbon and, in fact, during these processes the flux of the element 
causing hardening (C,N) is moving from two interfaces the substrate/coating and 
gas/coating [109]. The resultant microstructure is shown in Fig. 25. 

 
Figure 25. Microstructure of Fe-10%Ni coating after nitrocarburizing at 670 oC for 1.5 h in solid 
medium [109] (with permission from Springer Verlag) 
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The microhardness profile across the coating exhibits the maximum located in the sub-
surface region (Fig. 26). A comparison with the corresponding microstructure indicates that 
the hardness peak is caused by a layer of carbonitrides, typically situated in the near-surface 
region. It should be emphasized that during carbonitriding, the microstructural changes in 
the coating are accompanied by the changes in the substrate. The extent of those changes is 
essentially the same as that described previously for diffusion annealing. 

 
Figure 26. Hardness depth profile within Fe-10%Ni coating on steel substrate after nitrocarburizing 
[109] (with permission from Springer Verlag) 

10. Summary 

This chapter shows a variety of surface modification technologies, exploring the 
phenomenon of thermochemical diffusion. Although an idea of the thermochemical 
treatment originated at the beginning of the 20th century, it is still a subject of scientific 
research. At the commercial level, there is a continuous improvement of existing 
technologies, expansion to novel treatments and a search for unique applications. Of 
particular interests are hybrids which explore a combination of conventional 
thermochemical processes with new techniques of surface engineering, including surface 
deformations, cladding, coatings or laser modifications. In practice, a selection of the 
optimum technique depends on the component size, geometry, material chemistry, service 
requirements and the process economy. In recent years, also an environmental aspect is 
getting a growing attention. The key to benefit from opportunities created by 
thermochemical treatments is knowledge of capabilities of each technology for a particular 
substrate material under specific service conditions and its implementation at the stage of a 
component design. 
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Figure 24. Hardness depth profile within Fe-10%Ni coating on steel substrate after carburizing [109] 
(with permission from Springer Verlag) 
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1. Introduction 

Nitriding and carbonitriding are used as basic processes for details and tools surface 
strengthening, during which a layer is formed on their surface, containing nitrogen or a 
combination of nitrogen and carbon. 

When these two methods are used in conventional gas furnaces or in salt baths, the 
thickness of the layer or the composition of the resultant layers could not be reliably 
regulated, which necessitates varying with the potentials of nitrogen and carbon in the gas 
mixture or the liquid medium. The percentage of nitrogen and active carbon is defined by a 
few parameters, namely, temperature and composition of the gas mixture, and the 
possibilities for variation are limited. 

During the process of carbonitriding and nitriding in glow discharge plasma these 
difficulties are resolved, which is an essential advantage of this method. The usage of glow 
electric discharge is a perspective method for nitriding and carbonitriding of materials in 
modern machine building. 

The works [1,2,3,4,5] consider mainly the mechanism of building, the structure and the 
properties of the nitrided layers, obtained in low-temperature plasma, and present the 
peculiarities of carbonitriding in  glow electric discharge. There is lack of data concerning 
carbonitriding in glow discharge plasma in an actuating medium, consisting of ammonia 
and gas corgon (82% Ar and 18% CO2), and there also lacks sufficient information of any 
comparative investigations between the two processes – nitriding and carbonitriding.  

It is established in the works [3,5] that, when in the process of carbonitriding propane-
butane is used as a carbon-carrier, the phase composition of the combined zone in the 
carbonitrided layer could not be precisely regulated. Better results could be obtained when 
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using a mixture of methane and argon [15]. In metal welding the role of the protective gas is 
often taken by carbon, which contains both argon and carbon dioxide in a particular ratio.  

One of the aims of the present paper is to investigate the possibility to use gas corgon not 
only in welding but also as an indirect carbon-carrier in the process of simultaneous 
saturation of a metal surface with nitrogen and carbon (carbonitriding) at low temperatures. 
The small percentage (18%) of carbon dioxide in the gas corgon makes it possible to regulate 
the amount of carbon, introduced into the vacuum camera. 

Despite the numerous investigations, conducted with the use of ammonia, nitrogen or a 
mixture of nitrogen and hydrogen as saturating media, there is no an integrated model yet, 
representing the mechanism of nitriding and carbonitriding in glow discharge. There are 
two principle methods concerning the question of forming diffusion capable nitrogen and 
carbon atoms on the surface of the treated articles.  

According to the first method, iron nitrides are formed initially, which then dissociate into 
lower substances and release nitrogen, in its turn diffusing into the treated material. 
According to the model, developed by Kölbel, it is assumed that, as a result from the 
pulverization of iron in the glow discharge, iron nitrides rich of nitrogen are formed and 
they deposit on the surface of the treated articles. The deposited nitrides decompose and 
release nitrogen, which diffuses into the interior of the material. The availability of ions 
could increase the number of the centers of chemisorption. In nitrogen and hydrogen 
containing atmospheres the process goes with the participation of NH-radicals, which, after 
taking hydrogen, turn into the very active radical NH2. In result from the interaction 
between the iron and the neutral nitrogen atoms or radicals on the surface of the substrate 
iron nitrides are formed, which release diffusion capable nitrogen. 

According to the second method, diffusion capable nitrogen is directly formed on the 
surface of the treated articles, i.e., without the preliminary forming of iron nitrides. 
Materials, having cathode, anode or floating potential, have been treated by the 
comparatively new method of nitriding in two-step vacuum-arc discharge under low 
pressure. The fact, that the samples with a positive potential can be nitrided renounces the 
idea of forming iron nitrides in the gas medium, as a surface, subject to electron impact does 
not pulverize [15]. The high activity of the saturating medium in this case is due to the 
neutral nitrogen atoms. The process depends only on the concentration of atomic nitrogen 
and the temperature of the article, while the electron/ion impact plays the role of a 
convenient tool for ensuring the temperature needed for the process. By investigating the 
area of the dark cathode space of a direct current glow discharge in the presence of 
hydrogen the work for electron detachment from the iron is reduced and thus the 
absorption of the nitrogen atoms is facilitated . Ultimately, during the process of glow 
discharge nitriding, atomic nitrogen is formed on the surface of the articles, which, 
depending on their temperature, diffuses into their interior. 

Since the beginning of the 1970s glow discharge sources have been used predominantly in 
the field of investigating alloys. The scientific literature suggests a great number of 
applications based on glow discharge spectroscopes, not supposed so far, including 
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polymeric mass-spectroscopy, sensitive assessment of nano-materials, as well as analysis of 
very thin (<0.1 μm) layers [ 6, 7, 8, 9]. The glow discharge optical emission spectroscopy 
(GDOES) is an atomic emission process for carrying out deep profile analysis. It combines 
pulverization and atomic emissions in order to enable an extremely fast and sensitive 
analysis. The plasma is generated in the chamber by applying voltage between the anode 
and the cathode with the availability of argon under low pressure. The ionized argon atoms 
cause pulverization in the area of the sample. The deposited atoms are excited in the plasma 
and radiate photons with characteristic wave lengths. 

The GDOES is usually used for defining surface coatings, hidden connections, and deep 
profiles. The technique suggests quick, reliable and economically effective decisions. It 
suggests additional information for the rest of the surface analysis methods. 

Ensuring high quality of manufactured products is directly related to increasing their 
reliability and durability, which, in turn, are determined to a large extent by the internal 
stresses in the details.  

One of the basic methods of increasing the wear resistance of details is the purposeful  
improvement of their surface layer properties by means of mechanical, thermal, chemical-
thermal and other types of hardening treatment. 

Since the values of the internal stresses are often below the limit of flow of the 
corresponding material, their measuring is highly demanding to the measuring equipment. 
There are plenty of methods for defining the internal stresses and they can be divided into 
the following two groups: destructive methods – the methods of disassembling, of hanging 
down (the slack method), of drilling, boring and trimming; non-destructive methods – the 
Roentgen method, the magnetic method, the ultrasound method and the neutron rays 
method. 

The Roentgenographic method allows registering submicroscopic changes in the distances 
between the atoms corresponding to the measured planes in the crystal lattice of the grains 
for a mono-crystal material. It is a completely non-destructive method. Because of the 
limited depth of penetration of the X-rays, which, for steel is l ≤ 20μm, only the tense state of 
the closest to the surface layer is registered. The calculation principle used here allows 
determining of only two-axial internal stresses, parallel to the surface.  

The distance between the atoms in the crystal lattice is normally about several nanometers. 
The wave length λ of the X-rays is also several dozens of nanometers, i.e., these quantities 
are of the same order. Therefore the Roentgen rays are considered to be among the most 
reliable for investigating the crystal structure.  

The aim of the present work is to investigate the influence of the carbonitriding in a low-
temperature plasma in an actuating medium consisting of ammonia and corgon (82% Ar 
and 18% CO2) over the surface hardness, the total thickness of the carbonitrided layer, as 
well as its influence on the type and size of the formed compressive residual stresses on the 
surface and also to study the distribution of the nitrogen and carbon in depth of the formed 
layer of Armco-Fe and 25CrMnSiNiMo steel.  
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using a mixture of methane and argon [15]. In metal welding the role of the protective gas is 
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polymeric mass-spectroscopy, sensitive assessment of nano-materials, as well as analysis of 
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limited depth of penetration of the X-rays, which, for steel is l ≤ 20μm, only the tense state of 
the closest to the surface layer is registered. The calculation principle used here allows 
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The distance between the atoms in the crystal lattice is normally about several nanometers. 
The wave length λ of the X-rays is also several dozens of nanometers, i.e., these quantities 
are of the same order. Therefore the Roentgen rays are considered to be among the most 
reliable for investigating the crystal structure.  

The aim of the present work is to investigate the influence of the carbonitriding in a low-
temperature plasma in an actuating medium consisting of ammonia and corgon (82% Ar 
and 18% CO2) over the surface hardness, the total thickness of the carbonitrided layer, as 
well as its influence on the type and size of the formed compressive residual stresses on the 
surface and also to study the distribution of the nitrogen and carbon in depth of the formed 
layer of Armco-Fe and 25CrMnSiNiMo steel.  
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2. Methodology of investigation 

2.1. Investigated materials and modes of thermal treatment 

The investigated materials (Armco-Fe, 25CrMnSiNiMo steel) differ significantly by the 
availability and amount of alloying elements in them. The chemical composition of the 
materials mentioned above is checked by the equipment for automatic analysis 
“Spectrotest” [Table 1]. The low percentage of sulphur /< 0.015%/ in them guarantees a high 
level of hardness and toughness of the investigated materials.  
  

Material 
Chemical elements, weight percentage

С Сr Мо Ni P Si Мn S 
Armco-Fe 0.02 0.02 0.02 0.03 0.002 0.01 0.07 0.002 

25CrMnSiNiMo 0.24 0.87 0.12 1.36 0.002 1.45 1.28 0.002 
Table 1. Chemical composition of the materials 

The requirement for a preliminary thermal treatment is imposed mainly by the following 
consideration: for achieving the desired mechanical parameters and structure, enabling a 
favorable process of nitrogen diffusion in depth. The investigated steel is thermally treated 
in a chamber furnace under modes [Table 2].  
 

Material thard

( o C )
Cooling 
medium

ttemp. 

(K)
ttemp. 

(°С)
Cooling 
medium 

25CrMnSiNiMo 900 Oil 873 600 Air 
Table 2. Modes of preliminary thermal treatment  

Treated this way, the samples are then subjected to ion carbonitriding in the installation 
“Ion – 20”, according to the modes [Table 3]. Ammonia (NH3) and corgon (82 % Ar и 18% 
CO2 ) in different percentages are used as saturating gases. The temperature of treatment for 
the process of carbonitriding is 823K (550оС).  
 

№ 
of the 
mode 

Treatment τ
 
h

P1

NH3 
Pa

P2

corgon 
Ра

Р
total 
Ра

U 
 
V 

1 nitriding 2 400 - 400 530 
2 carbonitriding 2 360 40 400 470 
3 carbonitriding 6 360 40 400 470 
4 nitriding 6 400 - 400 530 
5. carbonitriding 6 200 200 400 415 
6 carbonitriding 2 200 200 400 415 
7 carbonitriding 4 280 120 400 435 
8 nitriding 4 400 - 400 530 
9 carbonitriding 2 350 350 700 380 
10 carbonitriding 6 350 350 700 380 

Table 3. Modes of nitriding and carbonitriding 
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2.2. Metallographic investigations 

In order to clear out the morphological peculiarities of the nitrided and carbonitrided layers, 
metallographic analysis has been done. 

When defining the structure and the thickness of the obtained layers metallographic 
pictures taken by means of a microscope – Axioscop – have been used. 

The thickness of the nitrided and carbonitrided layer has been defined by the depth, to 
which hardness, equal to the core, has been achieved. Measuring the micro hardness has 
been done by means of a micro hardness-meter "Shimadzu" at a load of 0.98 N (100 g), 
following the Vikers’ method.  

2.3. Glow discharge optical emission spectroscopy         

The process of defining the distribution of nitrogen and carbon in the nitrided and 
carbonitrided samples has been realised by means of the GDOES device GDA – 750, vom 
Spectruma-Analytik GmbH. The parameters of the glow discharge plasma are as follows: 
current - 20 mA, voltage - 800 V, plasma density - 1010-1011 cm-3, electron temperature 0.1 - 
0.5 eV and plasma volume 15 cm3. The turbomolecular pump (56 ℓ⋅s-1) works constantly. The 
basic pressure is 10-6 Ра. The surfaces are polished beforehand in order to achieve congestion 
in the plasma sector of the GDOES device. The standardizing of the device has been carried 
out with a sample containing 7 weight per cents of nitrogen and 1 weight per cent of carbon.  

2.4. Internal stresses 

The investigation of the internal stresses in the carbonitrided samples is performed by 
means of a Roentgen diffraction-meter SET-X ENSAM, following the „sin2Ψ” method.  

The direction of measuring is characterized by the angles Ψ: 0°, 14.96°, 21.42°, 26.57°, 31.09°, 
35.26°, 37.23°, -10.52°, -18.43°, -24.09°, -28.88°, -33.21°, -37.27° and two angels φ=0 and φ=90 
[Fig 1]. 

A powdered sample is used for standardizing the Roentgen diffraction-meter. Since the 
powdered sample is free of residual stresses, it allows checking and easily adjusting the 
device. In this particular case chromium Roentgen radiation Cr – Kα with a wave-length of 
λ=2.29Å was used. Information about the formed stresses is obtained at a distance of 7μm 
from the surface of the sample in a plane α - Fe {2 1 1}, i.e. the stresses are measured in α - 
Fen  - phase just under compound zone. 

By means of the Roentgen diffraction-meter the diffraction angles in the carbonitrided layers 
are measured. The data are introduced into the program „MATHLAB-2008”. Through 
graphical representation of a straight line, built in the coordinates „2θ - sin2 Ψ”, the value of 
the diffraction angle 2θ at sin2 90° is defined.  

The residual stresses are defined by the following dependence: 
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2.2. Metallographic investigations 

In order to clear out the morphological peculiarities of the nitrided and carbonitrided layers, 
metallographic analysis has been done. 

When defining the structure and the thickness of the obtained layers metallographic 
pictures taken by means of a microscope – Axioscop – have been used. 

The thickness of the nitrided and carbonitrided layer has been defined by the depth, to 
which hardness, equal to the core, has been achieved. Measuring the micro hardness has 
been done by means of a micro hardness-meter "Shimadzu" at a load of 0.98 N (100 g), 
following the Vikers’ method.  

2.3. Glow discharge optical emission spectroscopy         

The process of defining the distribution of nitrogen and carbon in the nitrided and 
carbonitrided samples has been realised by means of the GDOES device GDA – 750, vom 
Spectruma-Analytik GmbH. The parameters of the glow discharge plasma are as follows: 
current - 20 mA, voltage - 800 V, plasma density - 1010-1011 cm-3, electron temperature 0.1 - 
0.5 eV and plasma volume 15 cm3. The turbomolecular pump (56 ℓ⋅s-1) works constantly. The 
basic pressure is 10-6 Ра. The surfaces are polished beforehand in order to achieve congestion 
in the plasma sector of the GDOES device. The standardizing of the device has been carried 
out with a sample containing 7 weight per cents of nitrogen and 1 weight per cent of carbon.  

2.4. Internal stresses 

The investigation of the internal stresses in the carbonitrided samples is performed by 
means of a Roentgen diffraction-meter SET-X ENSAM, following the „sin2Ψ” method.  

The direction of measuring is characterized by the angles Ψ: 0°, 14.96°, 21.42°, 26.57°, 31.09°, 
35.26°, 37.23°, -10.52°, -18.43°, -24.09°, -28.88°, -33.21°, -37.27° and two angels φ=0 and φ=90 
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A powdered sample is used for standardizing the Roentgen diffraction-meter. Since the 
powdered sample is free of residual stresses, it allows checking and easily adjusting the 
device. In this particular case chromium Roentgen radiation Cr – Kα with a wave-length of 
λ=2.29Å was used. Information about the formed stresses is obtained at a distance of 7μm 
from the surface of the sample in a plane α - Fe {2 1 1}, i.e. the stresses are measured in α - 
Fen  - phase just under compound zone. 

By means of the Roentgen diffraction-meter the diffraction angles in the carbonitrided layers 
are measured. The data are introduced into the program „MATHLAB-2008”. Through 
graphical representation of a straight line, built in the coordinates „2θ - sin2 Ψ”, the value of 
the diffraction angle 2θ at sin2 90° is defined.  

The residual stresses are defined by the following dependence: 
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The values of the elasticity constants in the given formula are chosen for non - carbonitrided 
steel: Poisson's ratio μ = 0.29, elasticity modulus E = 210 GPA. The master diffraction angle is 
2θ = 156°30’ and θ = 78°15'. The miscount at defining stresses depends on the relative mistake 
∆θ/θ at defining the angle θ. It is within 2 - 3%. 

 

 
Figure 1. Characteristics of the direction of measuring by the angles Ψ and φ 

3. Experimental results and analysis 

3.1. Metallurgical analysis of carbonitriding fixtures 

By measuring the micro hardness of thermally treated and ion-nitrided samples in depth, 
the maximum surface hardness - HV0.1 - and the total thickness of the nitrided layer - δtot - 
have been defined; by means of a metallographic microscope the thickness of the combined 
zone - δсz - has been determined. The results are given in [Table 4]. 

It can be seen [Table 4] that after nitriding 25GrMnSiNiMo steel and Armco-Fe, under the 
modes [1, 8 and 4], a nitrided layer with different surface micro hardness, total thickness 
and combined zone thickness is obtained. Under these three modes of nitriding 
25GrMnSiNiMo steel has a higher micro hardness but a lower total thickness of the layer 
and a thicker combined zone than Armco-Fe. This fact could be explained by the presence of 
alloying constituents in the steel, which actively participate in forming nitrides and 
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strengthening the surface layer. They impede the diffusion of the nitrogen in depth, and in 
consequence, thinner layers with a thicker combined zone are obtained.  
 

№ of the 
mode  

25GrMnSiNiMo Armco-Fe 
HV0.1 
МРа 

δ tot 
μm 

δ cz 
μm 

HV0.1 
МРа 

δ tot 

μm 
δ cz 
μm 

U 
V 

1 8500 170 6 3800 220 5 530 
2 9400 160 5 4300 260 6 470 
3 8600 290 8 4200 340 7 470 
4 9800 300 11 4200 350 10 530 
5 9200 240 8 4400 330 7 415 
6 8900 150 5 3700 210 6 415 
7 9300 210 6 4800 280 6 435 
8 9500 230 7 4150 290 6 530 
9 7400 140 4 5400 210 4 380 
10 7500 230 5 5600 320 8 380 

Table 4. Results from carbonitriding and nitriding of 25GrMnSiNiMo steel and Armco-Fe samples  

During the process of carbonitriding of 25GrMnSiNiMo steel in a medium, consisting of 90% 
NH3 + 8.2% Ar + 1.8 % CO2 at the pressure of 400Ра, a layer with a lower micro hardness 
(HV0.1= 9400 - 8600МРа), total thickness (160 - 290 μm) and combined zone thickness (5 - 
8μm) is obtained, than after the process of nitriding without addition of a carbon-containing 
gas. This is most likely due to the small percentage of argon (8.2%) in the gas medium, since 
argon, because of its bigger atomic mass, has a strong pulverizing action. At the high 
coefficient of pulverizing the length of the free run of the pulverized atoms is bigger and the 
possibility for a backward diffusion of carbon and nitrogen is lower. A carbonitrided layer 
with a lower concentration of nitrogen and carbon is obtained. The more active 
pulverization does not allow the combined zone to grow and, as a result, a more deficient in 
nitrogen and carbon combined zone is obtained. In the diffusion zone of the carbonitrided 
layer of the steel detectable nitrided (carbonitrided) precipitations are not observed – 
[Fig.2.a]. 

After Armco-Fe carbonitriding under the same mode there are no similar dependences 
established during the process of forming the layer as the ones, described for 
25GrMnSiNiMo steel. The obtained carbonitrided layer has a higher surface micro hardness 
(HV0.1= 4200 – 4300 МРа), total thickness (260-340 μm) and combined zone thickness (6-7 
μm). In the diffusion zone of a carbonitrided layer considerable amounts of nitrided 
(carbonitrided) precipitations are observed, mainly in the area of the grains. The 
precipitations originate at the boundary of the grains and propagate inward the volume. A 
bigger amount of precipitations is observed under the longer mode (6h) of carbonitriding – 
[Fig.2.c]. 
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strengthening the surface layer. They impede the diffusion of the nitrogen in depth, and in 
consequence, thinner layers with a thicker combined zone are obtained.  
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coefficient of pulverizing the length of the free run of the pulverized atoms is bigger and the 
possibility for a backward diffusion of carbon and nitrogen is lower. A carbonitrided layer 
with a lower concentration of nitrogen and carbon is obtained. The more active 
pulverization does not allow the combined zone to grow and, as a result, a more deficient in 
nitrogen and carbon combined zone is obtained. In the diffusion zone of the carbonitrided 
layer of the steel detectable nitrided (carbonitrided) precipitations are not observed – 
[Fig.2.a]. 

After Armco-Fe carbonitriding under the same mode there are no similar dependences 
established during the process of forming the layer as the ones, described for 
25GrMnSiNiMo steel. The obtained carbonitrided layer has a higher surface micro hardness 
(HV0.1= 4200 – 4300 МРа), total thickness (260-340 μm) and combined zone thickness (6-7 
μm). In the diffusion zone of a carbonitrided layer considerable amounts of nitrided 
(carbonitrided) precipitations are observed, mainly in the area of the grains. The 
precipitations originate at the boundary of the grains and propagate inward the volume. A 
bigger amount of precipitations is observed under the longer mode (6h) of carbonitriding – 
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Figure 2. Microstructure of 25GrMnSiNiMo steel [a] and Armco-Fe [b, c] after carbonitriding at: t = 
550С, Р NH3 = 360Pa, Р 82% Ar +18% CO2 = 40Ра; а, c - τ = 6h, b - τ = 2 h 

Together with the increase in the pressure of carbon (Р 82% Ar +18% CO2 = 200Ра, [Table 4] in a gas 
medium, in case of 25GrMnSiNiMo steel treatment carbonitrided layers are formed, having 
lower micro hardness (HV0.1= 8900- 9200 МРа), total thickness (150-240 μm) and combined 
zone thickness (5-8 μm), than under the modes of treatment, considered so far. It is due to 
the increased activity of pulverizing, since the amount of argon in the gas medium is bigger 
- 41%. The higher rate of pulverizing leads to decreasing the probability for collisions 
between the atoms and ions, in consequence of which smaller amount of nitrogen and 
carbon is delivered to the surface. The microstructure analysis of the layer does not show 
detectable differences in the precipitations in the diffusion zone – [Fig.3 a-b]. 

The process of Armco-Fe carbonitriding under the same conditions (Р 82% Ar +18% CO2 = 200Ра, 
[Table 4], [modes 5-6] leads to obtaining a layer with higher micro hardness (HV0.1= 4400 
MPa) than in the process of nitriding - HV0.1= 4200 MPa. It can be seen from [Fig.2.2c] that in 
the obtained carbonitrided layer there are carbonitrided (nitrided) precipitations with 
smaller sizes but in greater amount than in the layer, obtained after treatment with a bigger 
amount of ammonia (90% NH3 + 8.2%Ar  + 1.8 % CO2). 

After 25GrMnSiNiMo steel carbonitriding under the mode 7 [Table 4] in a gas medium of 
70% NH3 + 24.6%Ar  + 5.4 % CO2  at the pressure of 400Ра, a 210 μm layer with maximum 
micro hardness HV0.1= 9300 МРа  and combined zone thickness  of 6 μm is obtained.  

During the process of Armco-Fe carbonitriding under the same mode [mode 7], [Table 1] a 
layer with highest surface micro hardness of HV0.1= 4800 МРа is obtained, in comparison to 
all the modes of treatment, considered so far. In the diffusion zone of the formed 
carbonitrided layer carbonitrided (nitrided) precipitations are observed [Fig. 2.3], which are 
of smaller sizes and in greater amount than the ones, obtained at using 90% NH3 and 10 % 
corgon [Table 4,modes 2- 3,Fig.2.]; and bigger in size but in a smaller amount at 

 
Carbonitriding of Materials in Low Temperature Plasma 121 

carbonitriding with 50% NH3 and 50 % carbon [Table 1, modes 5-6, Fig.3]. This is probably 
due to the diffusion of carbon in the diffusion zone of the carbonitrided layer as well. 
Together with the increase of the pressure of the gas medium to 700Ра (NH3 - 350 Ра and 
corgon -350 Ра – [modes 9-10, Table 1] in the process of carbonitriding of the two materials 
under investigation, layers with essential differences are formed. After 25GrMnSiNiMo steel 
carbonitriding layers with a lowest surface micro hardness (HV0.1= 7400 - 7500 МРа) and 
total thickness (140 -230 μm) in comparison to all the other modes of nitriding and 
carbonitriding are obtained. The white zone is non-uniform and broken – [Fig.4]. This is 
probably due to the increased amount of argon in the gas medium and the high density of 
the current at the higher pressure of the gas medium, as well as to the low voltage of the 
discharge [380V, Table 4.]. 
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After conducting the process of carbonitriding of the investigated materials with carbon (82 
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carbonitriding with 50% NH3 and 50 % carbon [Table 1, modes 5-6, Fig.3]. This is probably 
due to the diffusion of carbon in the diffusion zone of the carbonitrided layer as well. 
Together with the increase of the pressure of the gas medium to 700Ра (NH3 - 350 Ра and 
corgon -350 Ра – [modes 9-10, Table 1] in the process of carbonitriding of the two materials 
under investigation, layers with essential differences are formed. After 25GrMnSiNiMo steel 
carbonitriding layers with a lowest surface micro hardness (HV0.1= 7400 - 7500 МРа) and 
total thickness (140 -230 μm) in comparison to all the other modes of nitriding and 
carbonitriding are obtained. The white zone is non-uniform and broken – [Fig.4]. This is 
probably due to the increased amount of argon in the gas medium and the high density of 
the current at the higher pressure of the gas medium, as well as to the low voltage of the 
discharge [380V, Table 4.]. 
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and smaller total thickness of the nitrided and carbonitrided layer, than Armco-Fe. After 
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are obtained.  
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Armco-Fe the thickness is within 4 to 8 μm. During the process of nitriding of technical iron, 
a nitrided layer is formed, having the biggest combined zone [10 μm, mode 4, Table 4], 
which is not valid for the other modes of nitriding. The increase in the duration of the 
process and the decrease in carbon pressure lead to combined zone growth. During the 
process of 25GrMnSiNiMo steel carbonitriding this dependence remains the same. After 
25GrMnSiNiMo steel nitriding a layer with a bigger combined zone is observed, than during 
the process of carbonitriding (6-11 μm against 4-8 μm). This is explained by the stronger 
pulverizing action of plasma as a consequence of the increase in current density and 
decrease in voltage after introducing carbon into the ammonia medium.  

It could be noted that the use of carbon together with ammonia in the process of 
carbonitriding leads to decrease in the pressure of plasma discharge, which depends on the 
ratio between the two gases. When introducing carbon into the camera, the pressure of the 
discharge falls down. In order to reach the required temperature of carbonitriding in this 
case it is necessary to increase the current of the discharge. Thus the power of plasma 
remains the same. The increase of the current density leads to an increase in the pulverizing 
action of plasma, despite of the low voltage level. This is explained by the bigger amount of 
ions, bombing the surface of the detail. The bigger current density does not lead to an 
increase in the kinetic energy of the ions. The decrease in the pressure of the gases in the 
camera causes an increase in the discharge voltage and the kinetic energy of the ions 
increases at the same time as a result, though their amount remains unchanged. The 
coefficient of pulverizing could also be increased this way, which would lead to a decrease 
in the combined zone thickness. 

3.2. Roentgenographic determination of internal stresses 

By means of the Roentgen diffraction-meter the diffraction angles at different angles of 
rotation of the sample - Ψ и φ – are measured in the carbonitrided layers. The data are 
introduced into the program „MATHLAB-2008”, by means of which graphs are built and 
the values of the angle 2θ for sin2Ψ, at Ψ=90° are calculated. 

After defining the angle 2θs at Ψ= 900 for all carbonitrided samples, residual compressive 
stresses in the carbonitrided layers have been calculated. The results are given in Table 5. 
Three ways of defining the diffraction angles have been used: the maximum intensity 
method - σφs, the chord method - σφc, and the body centre method - σφb. 
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[MPa] 
Аrmcо-Fe 4 280 120 480 280 6.5 -54 -28 -14 

25CrMnSiNiMo 4 280 120 930 210 6.3 -584 -621 -521 
25CrMnSiNMo 2 200 200 890 150 4.5 -829 -713 -655 
25CrMnSiNiMo 2 350 350 740 140 4.1 -90 -63 -41 

Table 5. Results from the obtained residual stresses  
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It can be seen [Table 5] that after ion carbonitriding of Armco-iron at tnitr. = 823K (550°С), 
РNH3 = 280Pa, τ = 4h, a carbonitrided layer with total thickness δtot=280μm, compound zone 
thickness δсz = 6,5 μm  and maximum micro-hardness of 480HV0.1 is obtained. In the so 
formed layer compressive residual stresses occur. From the three methods of defining the 
diffraction angles the method of maximum intensity is the one from which the highest value 
of residual stresses (σφs = - 54MРa) results. The compressive stresses, resulting after the ion 
carbonitriding in the surface layer of Armco-Fe are much lower than those of 
25CrMnSiNiMo. During the process of Armco-Fe carbonitriding, a diffusion layer with 
bigger specific volume is formed, than it occurs with alloyed steel. This can be explained by 
the bigger total amount of nitrogen and carbon in depth the carbonitrided layer for 
25CrMnSiNiMo steel [Fig.4].  

 
Figure 4. Nitrogen and carbon profile analysis according to GDOES in depth of a layer, carbonitrided 
at: t = 823K (550oC), P1 ammonia =280Ра, P carbon =120Ра, τ = 4h, 25CrMnSiNiMo 

Because of the lack of alloying elements in the Armco-Fe, no special carbonitrides are 
formed in it, and the difference in the specific volumes of the carbonitrided layer and the 
core material is therefore smaller. This leads to reducing the value of the residual stresses 
formed in the carbonitrided layer in Armco-Fe. 

After ion carbonitriding of 25CrMnSiNiMo steel at tnitr. = 823K (550°С), Р1NH3 = 200Pa, Р2carbon 
= 200Pa, τ = 2h, a carbonitrided layer with total thickness δtot =150μm, compound zone 
thickness δсz = 4.5μm and maximum micro-hardness of 890HV0.1 is obtained. In thus 
obtained carbonitrided layer residual compressive stresses with the highest value of σφs = - 
829 MPa are formed.  

With prolongation of the time of 25CrMnSiNiMo-steel carbonitriding from 2 to 4 hours  and 
reducing the carbon pressure from 200 to 120 Pa while increasing ammonia pressure  from 
200  to 280 Pa,  a carbonitrided layer with higher total thickness δtot = 210μm, compound 
zone thickness δсz = 6.3 μm, and higher maximum micro-hardness - 930HV0.1 - is formed. 
The resultant compressive stresses on the carbonitrided surface are lowered to σφs = 584 
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Armco-Fe the thickness is within 4 to 8 μm. During the process of nitriding of technical iron, 
a nitrided layer is formed, having the biggest combined zone [10 μm, mode 4, Table 4], 
which is not valid for the other modes of nitriding. The increase in the duration of the 
process and the decrease in carbon pressure lead to combined zone growth. During the 
process of 25GrMnSiNiMo steel carbonitriding this dependence remains the same. After 
25GrMnSiNiMo steel nitriding a layer with a bigger combined zone is observed, than during 
the process of carbonitriding (6-11 μm against 4-8 μm). This is explained by the stronger 
pulverizing action of plasma as a consequence of the increase in current density and 
decrease in voltage after introducing carbon into the ammonia medium.  

It could be noted that the use of carbon together with ammonia in the process of 
carbonitriding leads to decrease in the pressure of plasma discharge, which depends on the 
ratio between the two gases. When introducing carbon into the camera, the pressure of the 
discharge falls down. In order to reach the required temperature of carbonitriding in this 
case it is necessary to increase the current of the discharge. Thus the power of plasma 
remains the same. The increase of the current density leads to an increase in the pulverizing 
action of plasma, despite of the low voltage level. This is explained by the bigger amount of 
ions, bombing the surface of the detail. The bigger current density does not lead to an 
increase in the kinetic energy of the ions. The decrease in the pressure of the gases in the 
camera causes an increase in the discharge voltage and the kinetic energy of the ions 
increases at the same time as a result, though their amount remains unchanged. The 
coefficient of pulverizing could also be increased this way, which would lead to a decrease 
in the combined zone thickness. 

3.2. Roentgenographic determination of internal stresses 

By means of the Roentgen diffraction-meter the diffraction angles at different angles of 
rotation of the sample - Ψ и φ – are measured in the carbonitrided layers. The data are 
introduced into the program „MATHLAB-2008”, by means of which graphs are built and 
the values of the angle 2θ for sin2Ψ, at Ψ=90° are calculated. 

After defining the angle 2θs at Ψ= 900 for all carbonitrided samples, residual compressive 
stresses in the carbonitrided layers have been calculated. The results are given in Table 5. 
Three ways of defining the diffraction angles have been used: the maximum intensity 
method - σφs, the chord method - σφc, and the body centre method - σφb. 
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Аrmcо-Fe 4 280 120 480 280 6.5 -54 -28 -14 

25CrMnSiNiMo 4 280 120 930 210 6.3 -584 -621 -521 
25CrMnSiNMo 2 200 200 890 150 4.5 -829 -713 -655 
25CrMnSiNiMo 2 350 350 740 140 4.1 -90 -63 -41 

Table 5. Results from the obtained residual stresses  
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It can be seen [Table 5] that after ion carbonitriding of Armco-iron at tnitr. = 823K (550°С), 
РNH3 = 280Pa, τ = 4h, a carbonitrided layer with total thickness δtot=280μm, compound zone 
thickness δсz = 6,5 μm  and maximum micro-hardness of 480HV0.1 is obtained. In the so 
formed layer compressive residual stresses occur. From the three methods of defining the 
diffraction angles the method of maximum intensity is the one from which the highest value 
of residual stresses (σφs = - 54MРa) results. The compressive stresses, resulting after the ion 
carbonitriding in the surface layer of Armco-Fe are much lower than those of 
25CrMnSiNiMo. During the process of Armco-Fe carbonitriding, a diffusion layer with 
bigger specific volume is formed, than it occurs with alloyed steel. This can be explained by 
the bigger total amount of nitrogen and carbon in depth the carbonitrided layer for 
25CrMnSiNiMo steel [Fig.4].  

 
Figure 4. Nitrogen and carbon profile analysis according to GDOES in depth of a layer, carbonitrided 
at: t = 823K (550oC), P1 ammonia =280Ра, P carbon =120Ра, τ = 4h, 25CrMnSiNiMo 

Because of the lack of alloying elements in the Armco-Fe, no special carbonitrides are 
formed in it, and the difference in the specific volumes of the carbonitrided layer and the 
core material is therefore smaller. This leads to reducing the value of the residual stresses 
formed in the carbonitrided layer in Armco-Fe. 

After ion carbonitriding of 25CrMnSiNiMo steel at tnitr. = 823K (550°С), Р1NH3 = 200Pa, Р2carbon 
= 200Pa, τ = 2h, a carbonitrided layer with total thickness δtot =150μm, compound zone 
thickness δсz = 4.5μm and maximum micro-hardness of 890HV0.1 is obtained. In thus 
obtained carbonitrided layer residual compressive stresses with the highest value of σφs = - 
829 MPa are formed.  

With prolongation of the time of 25CrMnSiNiMo-steel carbonitriding from 2 to 4 hours  and 
reducing the carbon pressure from 200 to 120 Pa while increasing ammonia pressure  from 
200  to 280 Pa,  a carbonitrided layer with higher total thickness δtot = 210μm, compound 
zone thickness δсz = 6.3 μm, and higher maximum micro-hardness - 930HV0.1 - is formed. 
The resultant compressive stresses on the carbonitrided surface are lowered to σφs = 584 
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MPa. The explanation can be found in the phase composition and the thickness of the 
compound zone (δсz=6.3 μm).  

Together with increasing ammonia and carbon pressure from 200 to 350Pa for 2 hours’ time 
of treatment a carbonitrided layer with total thickness δtot =140μm, compound zone 
thickness δсz = 4.1μm and maximum micro-hardness 740HV0.1 is obtained. In the 
carbonitrided layer, obtained this way, the smallest residual compressive stresses of σφs = -
90MPa are formed. The high pressure of the two saturating gases Рtot = 700 Pa does not 
activate the process of pulverizing and therefore a bigger amount of nitrogen and carbon is 
delivered to the surface. This probably leads to forming a bigger amount of micro-pores in 
the white zone [Fig.5], as a consequence of which the specific volume of the carbonitrided 
surface formed is bigger than the one in the core material.  

 
Figure 5. Microstructure of 25CrMnSiNiMo -steel after carbonitriding at: t = 823K (550С), РNH3=350Pa,  

 Р 82% Ar +18% CO2  = 350Ра, τ = 2h 

In the process of 25CrMnSiNiMo-steel ion carbonitriding the increase of ammonia pressure 
(P1MН3 = 200-350 Pa) in the saturating medium forms a carbonitrided layer with 
approximately the same total thickness (δtot = 140-150μm) and compound zone thickness 
(δсz= 4.1 – 4.5μm), but with lower micro-hardness (890 – 740 HV0,1). This leads to a 
considerable decrease of the residual compressive stresses on the carbonitrided surface (σφs 
= 829 –90MPa).  

It can be noted that under the same modes of ion carbonitriding [modes 1 and 2, Table 5] the 
two materials under investigation form different residual compressive stresses on their 
surfaces (σφs = 54–584 MPa). This significant difference is explained by the availability of 
alloying elements in the 25CrMnSiNiMo-steel, which, after the process of carbonitriding, 
form disperse carbonitrides. This leads to certain increase in the micro-hardness and in the 
specific volume of the carbonitrided layer and thence, to increase in the residual 
compressive stresses on the surface as well.  

It can be noted from the conducted investigations that the chosen modes of ion 
carbonitriding form on the surface of the materials carbonitride layers with a bigger specific 
volume than on the core.  

 
Carbonitriding of Materials in Low Temperature Plasma 125 

Depending on the concentration of nitrogen and carbon in the carbonitrided layer, as well as 
on the alloying elements contained in the materials, the specific volume of the surface 
changes; this, in turn, leads to forming residual compressive stresses of different values.  

3.3. Results from the analysis and the investigations of 25CrMnSiNiMo steel 

After nitriding under the mode 6 [Table 2] a layer is formed in 25CrMnSiNiMo steel with 
micro-hardness of 1072HV0,1, total thickness of 250 μm and combined zone thickness of 
10μm. The distribution of the diffused in depth nitrogen is given in [Fig. 6]. 

  
Figure 6. Carbon (С) and nitrogen (N) concentration in depth after carbonitriding of 25CrMnSiNiMo 
steel at: t = 550 0C, P NH3 = 360 Pa, P 82% Ar + 18% CO2 = 40 Pa, τ = 6 h 

When, except for ammonia, 10% corgon is introduced into the chamber in addition, a 
carbonitrided layer with lower total thickness (290 μm) and combined zone thickness (8μm) 
than they are in the nitrided layer is obtained.  

It can be noted that after carbonitriding in the media of 90% NH3 + 8.2% Ar + 1.8 % CO2   at 
400Ра pressure, a layer with lower micro-hardness, total thickness and combined zone 
thickness, than after the process of nitriding, is obtained. This is probably due to the 
availability of carbon in the saturating medium, which, owing to its bigger atomic mass, has 
strong pulverizing action. With the high coefficient of pulverization the length of the free 
run of the pulverized atoms is bigger and the possibility for backward diffusion of the 
nitrogen and carbon is lower. Lower concentration of nitrogen (10%) and higher content of 
carbon by nearly 50% is obtained in the combined zone of the carbonitrided layer, compared 
to the nitrided one – [Fig.6]. 

It can be seen from [Fig.6] that the concentration of carbon (0.48%) has increased at the 
border between the basic material and the combined zone, while under the carbonitride 
zone gradual change of the carbon content has been observed. This can be explained by the 
simultaneous saturation of the surface both with nitrogen and carbon, where part of the 
nitrogen atoms is replaced by the carbon ones.  
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MPa. The explanation can be found in the phase composition and the thickness of the 
compound zone (δсz=6.3 μm).  

Together with increasing ammonia and carbon pressure from 200 to 350Pa for 2 hours’ time 
of treatment a carbonitrided layer with total thickness δtot =140μm, compound zone 
thickness δсz = 4.1μm and maximum micro-hardness 740HV0.1 is obtained. In the 
carbonitrided layer, obtained this way, the smallest residual compressive stresses of σφs = -
90MPa are formed. The high pressure of the two saturating gases Рtot = 700 Pa does not 
activate the process of pulverizing and therefore a bigger amount of nitrogen and carbon is 
delivered to the surface. This probably leads to forming a bigger amount of micro-pores in 
the white zone [Fig.5], as a consequence of which the specific volume of the carbonitrided 
surface formed is bigger than the one in the core material.  

 
Figure 5. Microstructure of 25CrMnSiNiMo -steel after carbonitriding at: t = 823K (550С), РNH3=350Pa,  

 Р 82% Ar +18% CO2  = 350Ра, τ = 2h 

In the process of 25CrMnSiNiMo-steel ion carbonitriding the increase of ammonia pressure 
(P1MН3 = 200-350 Pa) in the saturating medium forms a carbonitrided layer with 
approximately the same total thickness (δtot = 140-150μm) and compound zone thickness 
(δсz= 4.1 – 4.5μm), but with lower micro-hardness (890 – 740 HV0,1). This leads to a 
considerable decrease of the residual compressive stresses on the carbonitrided surface (σφs 
= 829 –90MPa).  

It can be noted that under the same modes of ion carbonitriding [modes 1 and 2, Table 5] the 
two materials under investigation form different residual compressive stresses on their 
surfaces (σφs = 54–584 MPa). This significant difference is explained by the availability of 
alloying elements in the 25CrMnSiNiMo-steel, which, after the process of carbonitriding, 
form disperse carbonitrides. This leads to certain increase in the micro-hardness and in the 
specific volume of the carbonitrided layer and thence, to increase in the residual 
compressive stresses on the surface as well.  

It can be noted from the conducted investigations that the chosen modes of ion 
carbonitriding form on the surface of the materials carbonitride layers with a bigger specific 
volume than on the core.  
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Depending on the concentration of nitrogen and carbon in the carbonitrided layer, as well as 
on the alloying elements contained in the materials, the specific volume of the surface 
changes; this, in turn, leads to forming residual compressive stresses of different values.  

3.3. Results from the analysis and the investigations of 25CrMnSiNiMo steel 

After nitriding under the mode 6 [Table 2] a layer is formed in 25CrMnSiNiMo steel with 
micro-hardness of 1072HV0,1, total thickness of 250 μm and combined zone thickness of 
10μm. The distribution of the diffused in depth nitrogen is given in [Fig. 6]. 

  
Figure 6. Carbon (С) and nitrogen (N) concentration in depth after carbonitriding of 25CrMnSiNiMo 
steel at: t = 550 0C, P NH3 = 360 Pa, P 82% Ar + 18% CO2 = 40 Pa, τ = 6 h 

When, except for ammonia, 10% corgon is introduced into the chamber in addition, a 
carbonitrided layer with lower total thickness (290 μm) and combined zone thickness (8μm) 
than they are in the nitrided layer is obtained.  

It can be noted that after carbonitriding in the media of 90% NH3 + 8.2% Ar + 1.8 % CO2   at 
400Ра pressure, a layer with lower micro-hardness, total thickness and combined zone 
thickness, than after the process of nitriding, is obtained. This is probably due to the 
availability of carbon in the saturating medium, which, owing to its bigger atomic mass, has 
strong pulverizing action. With the high coefficient of pulverization the length of the free 
run of the pulverized atoms is bigger and the possibility for backward diffusion of the 
nitrogen and carbon is lower. Lower concentration of nitrogen (10%) and higher content of 
carbon by nearly 50% is obtained in the combined zone of the carbonitrided layer, compared 
to the nitrided one – [Fig.6]. 

It can be seen from [Fig.6] that the concentration of carbon (0.48%) has increased at the 
border between the basic material and the combined zone, while under the carbonitride 
zone gradual change of the carbon content has been observed. This can be explained by the 
simultaneous saturation of the surface both with nitrogen and carbon, where part of the 
nitrogen atoms is replaced by the carbon ones.  
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With the increase in the carbon pressure [P 82% Ar + 18% CO2 = 200 Pa, Table2, modes 3 and 4] in 
the gas medium, after carbonitriding of 25CrMnSiNiMo steel, carbonitrided layers are 
formed, having lower micro-hardness (890 – 920 HV0,1), total thickness (150 – 240 μm) and 
combined zone thickness than under the rest of the modes of treatment. This is due to the 
increased activity of pulverization, as the amount of argon in the gas medium is higher – 
41%. The higher degree of pulverization leads to decreasing the probability for collisions 
between the atoms and ions, as a result of which lower amount of nitrogen and carbon is 
delivered to the surface. Lower concentration of nitrogen (20%) and increased content of 
carbon with nearly 20% is obtained in the combined zone of the carbonitrided layer in 
comparison with the nitrided one – [Fig.7]. 
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μm. The distribution of the nitrogen and carbon in depth of the carbonitrided zone changes 
gradually, staying almost the same up to 7.5 μm – [Fig.8]. 

 
Figure 8. Distribution of carbon (С) and nitrogen (N)in depth after carbonitriding of  25CrMnSiNiMo 
steel at:  t = 550 0C, P NH3 = 280 Pa, P 82% Ar + 18% CO2 = 120 Pa, τ = 4 h 
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can be seen from [Fig. 8], where it reaches the level of 0.52% and slightly decreases at the 
end of the carbonitrided zone, going to about 0.48 %. The distribution of the nitrogen in the 
carbonitrided zone changes gradually and its concentration at the end of the combined zone 
reaches the level of 7%, while at the beginning of the combined zone it is about 12.2 %. 
Under this mode of treatment the highest level of nitrogen concentration 12.2 % is achieved 
in the combined zone and the most gradual change of the content of nitrogen and carbon in 
the formed layer occurs in comparison to all the other modes of ion carbonitriding of 
25CrMnSiNiMo steel.  

3.4. Armco-iron 

In Armco-iron carbonitriding under the 4th mode of treatment  (50%HN3 + 41% Ar + 9 %CO2) 
from Table 2 a layer with surface micro-hardness of 370HV0.1, total thickness of 210 μm  and 
combined zone thickness of 6 μm is obtained and the distribution of nitrogen and carbon in 
depth of the carbonitrided zone is given in [Fig. 9]. 

From [Fig.9] it can be seen that at the end of the combined zone at 6μm depth slight increase 
of the carbon content to 0.24 % is observed, while at the beginning of the combined zone the 
carbon content reaches 1 %. The figure shows that the distribution of carbon in depth of the 
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With the increase in the carbon pressure [P 82% Ar + 18% CO2 = 200 Pa, Table2, modes 3 and 4] in 
the gas medium, after carbonitriding of 25CrMnSiNiMo steel, carbonitrided layers are 
formed, having lower micro-hardness (890 – 920 HV0,1), total thickness (150 – 240 μm) and 
combined zone thickness than under the rest of the modes of treatment. This is due to the 
increased activity of pulverization, as the amount of argon in the gas medium is higher – 
41%. The higher degree of pulverization leads to decreasing the probability for collisions 
between the atoms and ions, as a result of which lower amount of nitrogen and carbon is 
delivered to the surface. Lower concentration of nitrogen (20%) and increased content of 
carbon with nearly 20% is obtained in the combined zone of the carbonitrided layer in 
comparison with the nitrided one – [Fig.7]. 
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steel at: a) t = 550 0C,  P NH3 = 200 Pa, P 82% Ar + 18% CO2 = 200 Pa, τ = 2h, b) t = 550 0C: PNH3 = 200 Pa, P82% Ar + 18% 
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μm. The distribution of the nitrogen and carbon in depth of the carbonitrided zone changes 
gradually, staying almost the same up to 7.5 μm – [Fig.8]. 

 
Figure 8. Distribution of carbon (С) and nitrogen (N)in depth after carbonitriding of  25CrMnSiNiMo 
steel at:  t = 550 0C, P NH3 = 280 Pa, P 82% Ar + 18% CO2 = 120 Pa, τ = 4 h 

Significant increase in the concentration of carbon at the beginning of the combined zone 
can be seen from [Fig. 8], where it reaches the level of 0.52% and slightly decreases at the 
end of the carbonitrided zone, going to about 0.48 %. The distribution of the nitrogen in the 
carbonitrided zone changes gradually and its concentration at the end of the combined zone 
reaches the level of 7%, while at the beginning of the combined zone it is about 12.2 %. 
Under this mode of treatment the highest level of nitrogen concentration 12.2 % is achieved 
in the combined zone and the most gradual change of the content of nitrogen and carbon in 
the formed layer occurs in comparison to all the other modes of ion carbonitriding of 
25CrMnSiNiMo steel.  

3.4. Armco-iron 

In Armco-iron carbonitriding under the 4th mode of treatment  (50%HN3 + 41% Ar + 9 %CO2) 
from Table 2 a layer with surface micro-hardness of 370HV0.1, total thickness of 210 μm  and 
combined zone thickness of 6 μm is obtained and the distribution of nitrogen and carbon in 
depth of the carbonitrided zone is given in [Fig. 9]. 

From [Fig.9] it can be seen that at the end of the combined zone at 6μm depth slight increase 
of the carbon content to 0.24 % is observed, while at the beginning of the combined zone the 
carbon content reaches 1 %. The figure shows that the distribution of carbon in depth of the 
combined zone is sharp to 3μm depth with concentration of 0.20 %. At the end of the 
carbonitrided zone the carbon concentration increases to 0.24 %. The nitrogen distribution 
change in the carbonitrided layer goes gradually. At the end of the combined zone (6μm) its 
concentration reaches 3.4 %, while at its beginning the concentration is 8.3%.  
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Figure 9. Distribution of carbon (С) and nitrogen (N)in Armco-iron  after carbonitriding t = 550 0C, P NH3 

= 200 Pa, P 82% Ar + 18% CO2 = 200 Pa, τ = 2 

After ion carbonitriding of Armco-iron under the 5th mode (70%HN3 + 24.6% Ar + 5.4 %CO2), 
a layer with the highest surface micro-hardness 480HV0.1 is obtained, in comparison to all 
the other modes of treatment, which can be explained by the distribution of carbon and 
nitrogen in the carbonitrided zone – [Fig. 10a]. The figure illustrates that in depth of the 
combined zone increased carbon concentration of up to 0.68 % on the surface is observed, 
while it stays almost constant (0.65 %) at 3 μm depth. After that, at 6μm, sharp decrease of 
the carbon content is observed, together with its increase (0.25%) at the end of the 
carbonitride zone of the layer. The distribution of nitrogen in the carbonitride zone goes up 
gradually reaching 8.5 % on the surface, while at 3μm depth it is 5.1 %. It can be noted that 
under this mode of carbonitriding the nitrogen and carbon concentration changes more 
gradually and this concentration is higher in depth of the carbonitrided zone of the layer.  

 
Figure 10. Distribution of carbon (С) and nitrogen (N) in Armco-iron, after carbonitriding at: а) t = 550 0C, 
P NH3 = 280 Pa, P 82% Ar + 18% CO2 = 120 Pa, τ = 4 h, b) t = 550 0C, P NH3 = 360 Pa, P 82% Ar + 18% CO2 = 40 Pa, τ = 2 h 

[Fig.10.b] illustrates the distribution of carbon and nitrogen in Armco-iron after 
carbonitriding at:  t = 550 0C, P NH3 = 360 Pa, τ = 2 h, P 82% Ar + 18% CO2= 40 Pa. 
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Under this mode of treatment a layer with surface micro-hardness of 430HV0.1, total 
thickness of 260 μm and combined zone thickness of 6μm is obtained. The concentration of 
carbon in depth of the layer is relatively low and reaches 0.48 % on the surface, while at 4.3 
μm from the surface it has the lowest value (0.16 %). At the end of the combined zone the 
concentration slightly increases (0.21 %). The distribution of nitrogen in the carbonitrided 
zone goes up gradually, reaching on the surface the level of 8.1 % and decreasing to 3.9 % at 
4.3μm from the surface. Under this mode of carbonitriding the carbon and nitrogen 
concentration changes gradually; however, their concentration is lower in depth of the 
combined zone than it is under the 5th mode of treatment [Table 2].  

It can be noted that when in the process of carbonitriding the saturating medium contains 
bigger amount of СО2 (9%), on the surface of Armco-iron combined zone with highest 
carbon concentration 1% is formed, while at (1.8 %) content of СО2 the concentration is the 
lowest -  0.48%. From the modes of carbonitriding of Armco-iron under consideration the 
most uniform distribution of nitrogen and carbon in depth of the layer is observed under the 
5th mode [Table 2]. The active role of argon for delivering carbon and nitrogen on the surface 
of the treated material is worth mentioning. As a result of its bigger atomic mass, argon has 
strong pulverizing action. With the high coefficient of pulverization the length of the free 
run of the pulverized atoms is bigger and the possibility for backward diffusion of carbon 
and nitrogen is lower. By changes in the pressure, as well as in the content of argon in the 
saturating medium, the backward diffusion of nitrogen and carbon can be regulated, thus 
making it possible to obtain layers with different features and properties.  

On the basis of the conducted glow discharge optical emission spectral analysis of samples 
from Armco-iron and 25CrMnSiNiMo steel it is necessary to note that under all modes of 
ion carbonitriding carried out in ammonia and carbon medium layers are formed with 
concentration of carbon in the combined zone, which, for the 25CrMnSiNiMo steel is within 
0.6 % - 1.4 %, while for Armco-iron it is between 0.45% and 1 %.  

3.5. Dissociation and ionization of carbon dioxide and ammonia 

It is necessary to note that two areas could be distinguished in the structure of the glow 
discharge: the zone of the discharge, where the processes of dissociation of the employed gases 
(СО2, NH3, Аr) occur, and the zone of the discharge, where reactions of recombination proceed.  

Carbon dioxide dissociation has been investigated by a great number of authors both 
theoretically and experimentally by using various sources of plasma such as a microwave 
discharge, a plasma reactive burner or radio frequency arc discharge. Despite the numerous 
works the kinetic mechanism of СО2 dissociation has not been studied very well yet [2.5]. 
Actually the mechanism of СО2 dissociation is determined mainly by the parameters of the 
glow discharge (average energy of the electrons in the plasma) and the properties of the 
plasma gas (pressure, velocity of flow, energy) [10.11]. 

In the cathode space of the glow discharge [Fig.11] the ordered motion of electrons and the 
position of the positively charged ions is the predominant event, while in the anode section 
the chaotic motion of the electrically charged particles prevails. Electrons are detached from 
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After ion carbonitriding of Armco-iron under the 5th mode (70%HN3 + 24.6% Ar + 5.4 %CO2), 
a layer with the highest surface micro-hardness 480HV0.1 is obtained, in comparison to all 
the other modes of treatment, which can be explained by the distribution of carbon and 
nitrogen in the carbonitrided zone – [Fig. 10a]. The figure illustrates that in depth of the 
combined zone increased carbon concentration of up to 0.68 % on the surface is observed, 
while it stays almost constant (0.65 %) at 3 μm depth. After that, at 6μm, sharp decrease of 
the carbon content is observed, together with its increase (0.25%) at the end of the 
carbonitride zone of the layer. The distribution of nitrogen in the carbonitride zone goes up 
gradually reaching 8.5 % on the surface, while at 3μm depth it is 5.1 %. It can be noted that 
under this mode of carbonitriding the nitrogen and carbon concentration changes more 
gradually and this concentration is higher in depth of the carbonitrided zone of the layer.  

 
Figure 10. Distribution of carbon (С) and nitrogen (N) in Armco-iron, after carbonitriding at: а) t = 550 0C, 
P NH3 = 280 Pa, P 82% Ar + 18% CO2 = 120 Pa, τ = 4 h, b) t = 550 0C, P NH3 = 360 Pa, P 82% Ar + 18% CO2 = 40 Pa, τ = 2 h 

[Fig.10.b] illustrates the distribution of carbon and nitrogen in Armco-iron after 
carbonitriding at:  t = 550 0C, P NH3 = 360 Pa, τ = 2 h, P 82% Ar + 18% CO2= 40 Pa. 
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Under this mode of treatment a layer with surface micro-hardness of 430HV0.1, total 
thickness of 260 μm and combined zone thickness of 6μm is obtained. The concentration of 
carbon in depth of the layer is relatively low and reaches 0.48 % on the surface, while at 4.3 
μm from the surface it has the lowest value (0.16 %). At the end of the combined zone the 
concentration slightly increases (0.21 %). The distribution of nitrogen in the carbonitrided 
zone goes up gradually, reaching on the surface the level of 8.1 % and decreasing to 3.9 % at 
4.3μm from the surface. Under this mode of carbonitriding the carbon and nitrogen 
concentration changes gradually; however, their concentration is lower in depth of the 
combined zone than it is under the 5th mode of treatment [Table 2].  

It can be noted that when in the process of carbonitriding the saturating medium contains 
bigger amount of СО2 (9%), on the surface of Armco-iron combined zone with highest 
carbon concentration 1% is formed, while at (1.8 %) content of СО2 the concentration is the 
lowest -  0.48%. From the modes of carbonitriding of Armco-iron under consideration the 
most uniform distribution of nitrogen and carbon in depth of the layer is observed under the 
5th mode [Table 2]. The active role of argon for delivering carbon and nitrogen on the surface 
of the treated material is worth mentioning. As a result of its bigger atomic mass, argon has 
strong pulverizing action. With the high coefficient of pulverization the length of the free 
run of the pulverized atoms is bigger and the possibility for backward diffusion of carbon 
and nitrogen is lower. By changes in the pressure, as well as in the content of argon in the 
saturating medium, the backward diffusion of nitrogen and carbon can be regulated, thus 
making it possible to obtain layers with different features and properties.  

On the basis of the conducted glow discharge optical emission spectral analysis of samples 
from Armco-iron and 25CrMnSiNiMo steel it is necessary to note that under all modes of 
ion carbonitriding carried out in ammonia and carbon medium layers are formed with 
concentration of carbon in the combined zone, which, for the 25CrMnSiNiMo steel is within 
0.6 % - 1.4 %, while for Armco-iron it is between 0.45% and 1 %.  

3.5. Dissociation and ionization of carbon dioxide and ammonia 

It is necessary to note that two areas could be distinguished in the structure of the glow 
discharge: the zone of the discharge, where the processes of dissociation of the employed gases 
(СО2, NH3, Аr) occur, and the zone of the discharge, where reactions of recombination proceed.  

Carbon dioxide dissociation has been investigated by a great number of authors both 
theoretically and experimentally by using various sources of plasma such as a microwave 
discharge, a plasma reactive burner or radio frequency arc discharge. Despite the numerous 
works the kinetic mechanism of СО2 dissociation has not been studied very well yet [2.5]. 
Actually the mechanism of СО2 dissociation is determined mainly by the parameters of the 
glow discharge (average energy of the electrons in the plasma) and the properties of the 
plasma gas (pressure, velocity of flow, energy) [10.11]. 

In the cathode space of the glow discharge [Fig.11] the ordered motion of electrons and the 
position of the positively charged ions is the predominant event, while in the anode section 
the chaotic motion of the electrically charged particles prevails. Electrons are detached from 
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the cathode and they are accelerated in the direction towards the anode, acquiring energy, 
sufficient for dissociation and ionization of the atoms and molecules. The obtained positive 
ions are directed toward the cathode (C) and, colliding with its surface, they cause an 
emission of new electrons, while the secondary electrons, formed during the ionization, are 
accelerated by the field toward the anode (A).The cathode dark space in the structure of the 
glow discharge [Fig.11] includes the whole area of the cathode up to the next section of the 
negative glowing. This area is related to a big part of the voltage, called cathode fall of the 
potential. In this area the gas glowing is weak, as the energy of the electrons is higher than 
the maximum for excitation. This energy is sufficient for causing dissociation and ionization 
of the employed gases. The electrons, originated from the ionization of the atoms, are 
accelerated by the field and move toward the area of the negative glowing. 

The gases in this area are in ionized state (plasma). The plasma results from the accelerated 
electrons, coming from the cathode dark space. At the moment the accelerated electrons 
impact the СО2 molecule, it decomposes in result from the bond breakage, which leads to 
forming СО, С and O, expressed by the following reactions [12, 13]: 

a. Dissociation at direct electron impact:  

 СО2+ e-→ СО2*+ e-→ CO + O – 532 kJ/ mol (energy of dissociation - 7.3 eV)        (1) 

 СО↔ С + О – 1076 kJ/ mol (energy of dissociation - 11.1 eV) (2) 

 CO2 ↔ CO + 1/2O2 – 281 kJ/ mol (energy of dissociation – 2.9 eV)  (3) 

 О2	↔ 2О – 497 kJ/ mol (energy of dissociation – 5.12 eV) (4) 

The symbol * corresponds to the state of high excitation. The addition of inert gases (Не, Ar ) 
into the CO2, medium leads to increasing the average energy of the electron in the discharge. 
At sufficient concentration of CO2, considerable reduction in the energy used for 
dissociation of one molecule is achieved. 

It can be noted that with the increase in the vibration temperature the energy consumption for 
forming an atom reduces significantly since in these cases the decomposition of molecules is 
facilitated. However, the energy consumption for forming a carbon atom many times exceeds 
the energy for molecular dissociation. This is the case with СО. It can be explained first of all 
by the higher energy of dissociation of СО so that it considerably exceeds the average energy 
of the electron and the process of dissociation becomes a multiple-stage one.  

b. dissociation bonding 

 

*
2 2СО  е (СО ) СО О

С  2О

СО  О

− −

−

−

+ → → +

→ +

→ +

 (5) 

During the reaction the negative ions from СО2 are minority [12]. The last reaction could 
lead to forming vibration excited СО2 molecules by recombination of СО- and О, causing 
dissociation in СО + О after that.  
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Figure 11. Glow discharge structure 

c. ionization at electron collision 

 СО2  + е- → СО2+  + е-  + е-  (energy of ionization – 13.8 eV)` (6) 

For the initial process of ionization many different types of positive ions are obtained (СО+, 
0+, 02+), but the most important is СО2+ , the others are usually neglected [11,12]. Recently the 
following reactions have been identified [1,5]: 
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It can be noted that СО2+   molecules can be formed in two excited states and forming a 
stable СО2+ dominates. СО2 dissociation is mainly due to vibration excitation caused by 
electron collisions. It is clear in this case that by heating the employed gases in imbalanced 
conditions higher efficiency of dissociation can be achieved, since then the introduced 
energy is not used in all degrees of freedom. As the molecular dissociation goes due to 
vibration excitation, the effective dissociation could occur at imbalanced conditions, in 
which the increase in the vibration excited states is higher than it is at balanced conditions. 
Therefore it is assumed that molecular dissociation occurs in imbalanced plasma with high 
vibration temperature. With the imbalanced gas the efficiency of the dissociation increases 
for two reasons. The first reason is the comparatively smaller energy, used for excitation of 
translational and rotational degrees of freedom. The second reason is the inharmoniousness 
of the molecules, leading to an increase of the relative number of vibration excited 
molecules. Due to it the same extent of dissociation of the molecules is obtained at lower 
temperature of vibration, than the temperature at the lack of inharmoniousness. It can be 
noted that in the zone of the negative glowing of the glow discharge both processes of 
dissociation and ammonia ionization occur, leading to obtaining nitrogen and hydrogen by 
the following probable reactions: 

Aston dark  
space 

Dark anode  
space 

Negative 
glowing 

Positive glowing 
column Anode glow  Cathode 

glow

Potential

Faraday dark space Dark cathode space 

Anode Cathode 



 
Heat Treatment – Conventional and Novel Applications 130 

the cathode and they are accelerated in the direction towards the anode, acquiring energy, 
sufficient for dissociation and ionization of the atoms and molecules. The obtained positive 
ions are directed toward the cathode (C) and, colliding with its surface, they cause an 
emission of new electrons, while the secondary electrons, formed during the ionization, are 
accelerated by the field toward the anode (A).The cathode dark space in the structure of the 
glow discharge [Fig.11] includes the whole area of the cathode up to the next section of the 
negative glowing. This area is related to a big part of the voltage, called cathode fall of the 
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During the reaction the negative ions from СО2 are minority [12]. The last reaction could 
lead to forming vibration excited СО2 molecules by recombination of СО- and О, causing 
dissociation in СО + О after that.  
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Figure 11. Glow discharge structure 
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 NH3 → HN3 + + e-   – 164.65kJ/mol (energy of ionization - 1.69 eV)     (8)      

 NH3+ → N + + 3H – 2298.29kJ/mol (energy of ionization and dissociation-23.67 eV)   (9) 

 NH3+ = N + 2H +Н+ – 2216.96 kJ/mol (energy of ionization and dissociation - 22.83 eV) (10) 

 NH3 = NH2 + H+ + e- – 1656.08 kJ/mol (energy of ionization and dissociation - 17.05eV) (11) 

 NH2 = NH + H+ + e- – 1582.16 kJ/ mol (energy of ionization and dissociation – 16.29 eV) (12) 

 NH = NH+ + e- – 1242.47 kJ/ mol (energy of ionization and dissociation – 12.79eV) (13) 

 NH+ = N + H+ – 334.67 kJ/ mol (energy of ionization and dissociation – 3.44 eV)  (14) 

 N = N+ + e- – 1381.51 kJ/ mol (energy of ionization and dissociation – 14.22 eV) (15) 

 H2↔2H – 434.95 kJ/ mol (energy of dissociation – 4.48 eV) (16) 

 N2↔2N – 948.54 kJ/ mol (energy of dissociation – 9.77 eV) (17) 

 
Figure 12. Reactions, going in close proximity of the cathode space in a medium of ammonia, carbon 
dioxide and argon 

On the basis of the above exposed data the following probable mechanism of carbonitriding 
in a saturating medium of ammonia and corgon could be suggested:  

As the energy of dissociation and ionization of ammonia and carbon dioxide is higher, in the 
area of the cathode fall of the glow discharge probably atomic carbon should form initially 
by the reaction СО2+ + е-→ С + О2  and atomic nitrogen by the reaction NH3+ = N + 3H. The 
dissociation of the ammonia molecule and the breakage of the carbon-oxygen bonds go close 
to the cathode in the zone of the negative glowing. Consequently, processes of ionization of 
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the carbon (reaction СО2 + е- → СО2+ → С+ + 2О) and nitrogen (reaction NH3+ = N+ + 3H) 
atoms occur; these atoms impact the surface and diffuse at a certain distance into the 
material – [Fig.12]. The process of saturation of the metal surface depends only on the 
concentration of the atomic carbon and nitrogen in the plasma, as well as on the 
temperature of the article, while the electron or ion impact plays role for ensuring the 
necessary temperature of the details. 

The availability of argon in the saturating medium in combination with CO2, leads to 
increasing the average energy in the discharge, which, at sufficient concentration of CO2, 
results in considerable reduction of the energy spent on the dissociation of a molecule.  

In the process of carbonitriding part of the nitrogen atoms are replaced by the bigger carbon 
atoms, which causes forming the ε-phase in the carbonitrided layer. It is possible for two 
reasons: approximately the same ion radius of the nitrogen [rion = 13(5+1) pm, rion = 16(3+1) pm] 
and the carbon [rion = 16(4+1) pm]; the possibility for the carbon atoms to take up the vacant 
junctions.  

4. Conclusion          
1. It is established that, after ion carbonitriding of 25GrMnSiNiMo steel at the same 

temperature of treatment and time of saturation but different composition of the two 
gases in the vacuum camera  (ammonia – 50, 70, 90, 100% and corgon - 50, 30 , 10%), the 
layers obtained have smaller thickness and micro hardness than after ion nitriding. 

2. It is established that, the gases corgon and ammonia can be used in different percentage 
ratio in the role of saturating medium during the process of carbonitriding in glow 
discharge plasma. 

3. It has been established that the glow discharge optical emission spectroscopy can be 
used for investigating carbonitrided layers formed in low-temperature plasma in 
ammonia and corgon medium.  

4. It has been proved that after carbonitriding of the investigated materials at t=550 0C, 
PNH3 = 280 Pa, P 82% Ar + 18% CO2 = 120 Pa, τ = 4 h the most gradual change of the carbon and 
nitrogen content in the carbonitrided zone of the layer occurs.  

5. Increased amount of carbon has been found both in the combined and in the diffusion 
zone of the carbonitrided layer. 

6. After carbonitriding in low temperature plasma, difference between the values of the 
residual compressive stresses, obtained by the three ways of defining diffraction angles 
(the method of maximum intensity - σφs, the cord method - σφc , and the method of the 
body centre - σφb) has been established.  

7. It has been established that, after the process of ion carbonitriding, the residual 
compressive stresses formed on the surface of the alloyed steel 25CrMnSiNiMo have a 
considerably higher value, than the value of these stresses in Armco-Fe. 

8. It has been proved that in the process of ion carbonitriding of the investigated materials, 
the increase in the ammonia and carbon pressure in the vacuum chamber leads to a 
decrease in the value of the residual compressive stresses.  

9. A probable mechanism of glow discharge carbonintriding in a medium of ammonia, 
carbon dioxide and argon is suggested. As a consequence of the dissociation and 
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9. A probable mechanism of glow discharge carbonintriding in a medium of ammonia, 
carbon dioxide and argon is suggested. As a consequence of the dissociation and 
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ionization of the ammonia molecules and the carbon dioxide molecules, close to the 
cathode in the zone of the negative glowing diffusion capable nitrogen and carbon are 
obtained, which impact the surface and diffuse at a certain distance into the material. 
The process of saturation of the metal surface depends only on the concentration of the 
atomic carbon and nitrogen in the plasma and the temperature of the article, while the 
electron/ion impact plays role for ensuring the necessary temperature of the details. 
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1. Introduction 
The mechanism of nanostructural carbides synthesis, and chemical activity of nanoparticles 
in oxidizing environments, even occurring in trace amounts in high-purity gases, require 
application of precise methods and performing investigations for a wide range of 
parameters. The methodology of investigation and the way of determination of selected 
synthesis conditions have been described in this work. Appropriate selection of 
investigation methodology enables understanding of process mechanisms, performing 
quantitative analysis and then correct determination of their conditions.  

Good basis for analysis of the processes proceeding with participation of solids are kinetic 
studies. Kinetic studies can be carried out under isothermal or non-isothermal conditions. 
The transitions with participation of solid reagents usually proceed in many stages. Each 
step should be treated as an independent process. The measurements indispensable for 
identification of process stages and reagents are usually carried out by methods of thermal 
analysis. There are elaborated different methods of kinetic studies. They are the subject of 
ongoing discussion [1]. 

Methods of process kinetics are of great significance for materials engineering. In work [2], 
for example, kinetics of carbothermal synthesis of β-SiC was investigated; in work [3,4] 
kinetics and mechanism of carbothermal reduction of MoO3 to Mo2C; in work [5] kinetics of 
thermal decomposition of NH4VO3; in work [6] kinetics of nanometric ceramic materials 
synthesis in argon and their oxidation in dry air were investigated. 

Kinetic studies of manufacturing process of carbides of the metals, e.g. titanium, vanadium, 
niobium, tantalum or silicon, are of particular significance. These metal carbides belong to 
the group of ceramic materials known as conventionally hard materials, high wear and 
oxidation resistance. This results from the character of chemical bound and crystallographic 
structure. The fabrication of ultrafine-grain ceramics by powder- metallurgical processes 
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ionization of the ammonia molecules and the carbon dioxide molecules, close to the 
cathode in the zone of the negative glowing diffusion capable nitrogen and carbon are 
obtained, which impact the surface and diffuse at a certain distance into the material. 
The process of saturation of the metal surface depends only on the concentration of the 
atomic carbon and nitrogen in the plasma and the temperature of the article, while the 
electron/ion impact plays role for ensuring the necessary temperature of the details. 
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involves a number of serious difficulties. In particular, it is necessary to use ultrafine 
powders and to optimize sintering conditions so as to prevent grain growth. Due to their 
high reactivity of such powders, the process must be run in an inert atmosphere. The 
composites containing nanostructural carbides show higher strengthening in comparison to 
their microstructural equivalents [7].  

Synthesis of these materials is most often carried out by carbothermal reduction of oxides or 
precursors containing metal-oxygen-carbon conjugation [1,2,8,9,10]. Other attractive 
synthesis routes are processes of decomposition of organometallic precursors or synthesis 
carried out with participation of hydrocarbons, eg. CH4 or C6H6, and salts of transition 
metals [11,12]. Carbothermal synthesis of the carbides proceeds through stages of oxides 
formation and than oxycarbides formation being the intermediate products of the syntheses. 
In the latter case the intermediate products are low-stoichiometry carbides of high vacancies 
concentration resulting from stability range of these phases in equilibrium metal-carbide 
system. 

Presence of oxygen atoms in MCxO1-x lattice or high concentration of carbon vacancies in 
MC1-x lattice cause reduction in hardness and wear and oxidation resistance [12,13]. 

The synthesis stages leading to elimination of above mentioned lattice defects and 
obtainment of high-stoichiometry, oxygen stripped carbides, characterized by best 
properties, proceeds in temperature range above 1000ºC. 

At the example of decomposition processes investigations process kinetics of the 
decomposition of NH4VO3 has been analysed. The issues concerning kinetics of those 
processes have been presented at the example of thermal decomposition of NH4VO3 to V2O5 
in dry air. Vanadium carbides, carbonitrides and borides are known ceramic materials [14-
16]. NH4VO3 could be used in these processes as a precursor. The results of investigations on 
thermal decomposition of NH4VO3 in dry air have been presented. The base of kinetic 
description of these processes were termoanalytical TG-DSC measurements. They allowed 
identifying of intermediate and final products, distinguishing stages of the process, 
determination of their temperature ranges and acquisition the quantitative description. 
Process kinetics of the stages were described by Kissinger’s method, isoconversional method 
and applying Coats- Redfern equation.  

Obtaining the carbides of high carbonization degree, remaining the right grains size and 
properties, is essential. Selection of parameters meeting these requirements is difficult. 
Kinetic studies have significance during investigations of conversions proceeding with use 
of nanomaterials [17]. In the process of TiC synthesis by sol-gel method, described in work 
[6], the intermediate product is low stoichiometric MC1-x (x≤ 0.3). Carbides nucleate and 
grow in the carbon matrix. The process is carried out in argon. Describing kinetics, Coats-
Redfern’s equation was applied. Kinetic models of stages were identified basing on 
statistical evaluation and compliance to a large extent of conversion degrees of stages 
calculated and determined from termoanalytical measurements. While building the kinetic 
models of the processes, the results of measurements were treated as statistic values. A 
system of a complex analysis of measurements results was developed with the use of 
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artificial neuron networks. Kinetics and by the same, the mechanism of the process of 
oxidation of nanocrystalline carbides in form of powder were tested, and they were 
subjected to evaluation based on the comparison of the oxidation rate values.  

The possibility to remove the carbon matrix in reaction with oxygen was considered during 
analysis of the kinetics of the process of TiCx/C nanocomposite oxidation in dry air. It was 
proved that it was not possible to purify the obtained nc-TiC by burning in the air the 
carbon matrix, contained in the system. 

2. Thermal decomposition of NH4VO3 

2.1. Methods kinetic analysis 

It is assumed that the rate of non-catalytic, heterophase reactions depends on temperature, 
conversion degree and pressure  

 ( ), ,dr T P
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α φ α= =   (1) 

After separation of variables we obtain 

 ( ) ( ) ( )d k T f h P
dt
α α=   (2)  

Under thermogravimetric measurements conditions ( ) 1h P ≈  [18]. Then 

 ( ) ( )d k T f
dt
α α=   (3)  

Separation of variables means that k(T) function should not depend on conversion degree, 
and function f(α) should not depend on temperature. Function k(T) is described by 
Arrhenius equation 

 ( ) exp Ek T A
RT

 = − 
 

  (4) 

k(T) function maintains its exponential character in relatively narrow range of temperature. 
Assuming T=0 as integration limit this range is exceeded since k (T) tends asymptotically to 
the limit values (at T o→ and T → ∞ ). 

By combining (3) and (4) we obtain 

 ( )expd EA f
dt RT
α α = − 

 
  (5) 

Thus, for isothermal conditions we have 
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involves a number of serious difficulties. In particular, it is necessary to use ultrafine 
powders and to optimize sintering conditions so as to prevent grain growth. Due to their 
high reactivity of such powders, the process must be run in an inert atmosphere. The 
composites containing nanostructural carbides show higher strengthening in comparison to 
their microstructural equivalents [7].  

Synthesis of these materials is most often carried out by carbothermal reduction of oxides or 
precursors containing metal-oxygen-carbon conjugation [1,2,8,9,10]. Other attractive 
synthesis routes are processes of decomposition of organometallic precursors or synthesis 
carried out with participation of hydrocarbons, eg. CH4 or C6H6, and salts of transition 
metals [11,12]. Carbothermal synthesis of the carbides proceeds through stages of oxides 
formation and than oxycarbides formation being the intermediate products of the syntheses. 
In the latter case the intermediate products are low-stoichiometry carbides of high vacancies 
concentration resulting from stability range of these phases in equilibrium metal-carbide 
system. 

Presence of oxygen atoms in MCxO1-x lattice or high concentration of carbon vacancies in 
MC1-x lattice cause reduction in hardness and wear and oxidation resistance [12,13]. 

The synthesis stages leading to elimination of above mentioned lattice defects and 
obtainment of high-stoichiometry, oxygen stripped carbides, characterized by best 
properties, proceeds in temperature range above 1000ºC. 

At the example of decomposition processes investigations process kinetics of the 
decomposition of NH4VO3 has been analysed. The issues concerning kinetics of those 
processes have been presented at the example of thermal decomposition of NH4VO3 to V2O5 
in dry air. Vanadium carbides, carbonitrides and borides are known ceramic materials [14-
16]. NH4VO3 could be used in these processes as a precursor. The results of investigations on 
thermal decomposition of NH4VO3 in dry air have been presented. The base of kinetic 
description of these processes were termoanalytical TG-DSC measurements. They allowed 
identifying of intermediate and final products, distinguishing stages of the process, 
determination of their temperature ranges and acquisition the quantitative description. 
Process kinetics of the stages were described by Kissinger’s method, isoconversional method 
and applying Coats- Redfern equation.  

Obtaining the carbides of high carbonization degree, remaining the right grains size and 
properties, is essential. Selection of parameters meeting these requirements is difficult. 
Kinetic studies have significance during investigations of conversions proceeding with use 
of nanomaterials [17]. In the process of TiC synthesis by sol-gel method, described in work 
[6], the intermediate product is low stoichiometric MC1-x (x≤ 0.3). Carbides nucleate and 
grow in the carbon matrix. The process is carried out in argon. Describing kinetics, Coats-
Redfern’s equation was applied. Kinetic models of stages were identified basing on 
statistical evaluation and compliance to a large extent of conversion degrees of stages 
calculated and determined from termoanalytical measurements. While building the kinetic 
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artificial neuron networks. Kinetics and by the same, the mechanism of the process of 
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o
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For non-isothermal conditions, at a linear heating rate of sample dT
dt

β=  we obtain 
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α
β
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=
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   (7)  

The integral has no analytical solution. An important approximate solution is the Coats-
Redfern equation [12] 
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  (8) 

Based on experimental data for each stage the form of the f(α) or g(α) function most 
consistent with the experimental data and the parameters of Arrhenius equation A and E 
should be determined. 

During standard thermogravimetric measurements the temperature of the sample, the TG, 
DTG and HF functions and the mass spectra of evolved gaseous products are recorded. 
Solid products are identified by XRD method. On this basis the division of the process into 
stages is made and α(T) dependencies are determined for the stages. The methods of 
measurement results elaboration and kinetic models recommended by ICTAC Kinetics 
Comittee are given in work [1]. These include in particular Kissinger’s method and 
isoconversional method. 

2.1.1. Kissinger’s method 

The basis of Kissinger's method are the parameters describing the process rate maxima (Tm, 
αm), determined at different heating rates of samples [14]. For maximum 
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differentiating equation (5) we obtain 

 ( )
2

'
2 2 exp 0m

m mm

d E E dAf
RT dtdt RT

α β αα
     = + − =   

      
  (9) 

Since 0
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, therefore 
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2 expm

mm
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β α
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  (10) 

There should be added that the formula (10) requires that ( )'
mf α <0. In this method 

therefore only kinetic models fulfilling this condition can be used. 
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By transforming (10) and adapting the result to the measurements performed at different 
heating rates of samples the Kissinger equation (11) is obtained  
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α
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  (11) 

While performing calculations, 2
, ,

1000ln i
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 charts are prepared. Then the activation 

energy E and the value of expression ( )'ln m
AR f B
E

α − = 
 

 are calculated by linear 

regression method. 

Knowing B, ( )'
mAf α−  is calculated from equation (12) 

 ( ) ( )' expEAf B
R

α− =   (12) 

To calculate A one needs to know the kinetic model for a given stage (form of the function 
f(α)). The kinetic model most consistent with the experimental data, of the tested models, 
was established by analyzing the trajectories of Y(T) function depending on α(T). The 
conversion degrees α(T) for the stages were estimated on the basis of experimental data, 
whereas the Y(T) function was calculated from the formula 
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For the stage A ( )' .mf constα ≈  The integral was calculated numerically. There should be 

added that at constant activation energy, trajectories of 
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  functions 

depending on the conversion degree, for different βi, should be the same. The ranges 

0 1T Tα α= =÷  for given βi must be determined experimentally. At higher heating rates of the 
samples there should be wider temperature range 0 1T Tα α= =÷ . This is consistent with DTG 

and HF charts. After determining the form of the function f(α) the derivative ( )'
mf α  is 

calculated. Knowing ( )'
mAf α  and ( )'

mf α  Arrhenius coefficient A is calculated. 

2.1.2. Isoconversional method 

In the the isoconversional method equation (5), obtained after separation of variables, is also 
used. Differentiating (5) with respect to 1T−∂  we obtain 
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Integrating (15), taking into account that dT
dt

β= , and generalizing the result for different βi 

we obtain 
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Integration constant, according to equation (5), is equal ( )ln f Aαα   . Equation (16) 
therefore takes the form  
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It should be added that the introduction of the coefficients Aα and Eα depending on 
conversion degree does not comply with the principle of separation of variables. Equation 
(17) is used in the differential isoconversional method. The basis of the reaction rate 

calculations are reaction rates 
,i

d
dt α

α 
 
 

determined for selected conversion degrees and 

different βi and the corresponding to them temperature values Tα,i. 

In the case of the integral isoconversional method the basis for calculations, for isothermal 
conditions, is equation 
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Activation energy, in this case, is calculated from the formula 
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The time of obtaining the assumed conversion degree at different temperatures was 

designated by tα,i. The charts of ,
1000ln i

i
t

Tα ÷  are constructed. The parameters of equation 

(19) are calculated by linear regression method. For non-isothermal conditions there is no 
analytical solution. During the calculations of activation energy there are used approximate 
equations of general form  
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 (20) 

In this work the Kissinger’s-Akoshira-Sunose equation was used 
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In this case the charts of 2
,
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i TT αα
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 are constructed. The parameters of this equation 

are calculated by linear regression method.  

2.2. Experimental 

NH4VO3 from Fluka was used as a substrate. Decomposition process was carried out in dry 
air (Messer, Germany) containing 20,5% vol. O2 rest N2. Impurities occurred in amounts: 
H2O < 10 vpm, CO2 < 0,5 vpm, NOx < 0,1 vpm, hydrocarbons < 0,1 vpm. Thermogravimetric 
measurements were carried out on TG–DSC Q600 (TA Instruments) apparatus. Gaseous 
products of proceeding transitions were identified by mass spectrometry method. Pfeifer 
Vacuum ThermoStar GDS 301 apparatus was used. Solid products were identified by  
XRD method. X’Pert Pro apparatus from PANalytical with a copper X-ray tube with  
current voltage 35 kV and intensity 40 mA was used. Spectra processing and analysis  
was performed using X’Pert HighScore 1.0 software with incorporated ICDD spectra  
library. 

2.3. Results 

During the TG-DSC measurements weighed amounts of the sample in the order of 20 mg 
were used. The temperature of the sample, TG, DTG and HF functions, and mass spectra of 
gaseous products were registered in time. In all series the temperature of samples changed 
linearly in time. It was found that thermal decomposition of NH4VO3 in dry air proceeds in 
the three endothermic stages according to 

 ( ) ( )4 3 4 6 16 4 6 16 2 53 2
6 NH VO NH V O NH V O V O→ → →  (22)  



 
Heat Treatment – Conventional and Novel Applications 

 

140 

 
( ) ( )

1 1 1

ln ln
d

k T fdt
T T Tα α

α

α
α

− − −

  ∂      ∂ ∂   = +   
 ∂ ∂ ∂       
 

 (14)  

For α = const we have 

 1

ln d
Edt
RT
α

α

α

−

  ∂  
   = −

 ∂
 
 

 (15)  

Integrating (15), taking into account that dT
dt

β= , and generalizing the result for different βi 

we obtain 

 
.,

ln i
ii

Ed const
dt RT

α

αα

αβ
   = −  
   

 (16) 

Integration constant, according to equation (5), is equal ( )ln f Aαα   . Equation (16) 
therefore takes the form  

 ( )
,,

ln lni
ii

Ed f A
dt RT

α
α

αα

αβ α
    = −       

 (17) 

It should be added that the introduction of the coefficients Aα and Eα depending on 
conversion degree does not comply with the principle of separation of variables. Equation 
(17) is used in the differential isoconversional method. The basis of the reaction rate 

calculations are reaction rates 
,i

d
dt α

α 
 
 

determined for selected conversion degrees and 

different βi and the corresponding to them temperature values Tα,i. 

In the case of the integral isoconversional method the basis for calculations, for isothermal 
conditions, is equation 

 ( ) exp Eg A t
RT

α  = − 
 

  (18)  

Activation energy, in this case, is calculated from the formula 

 
( )

,ln lni
g E

t
A RT

α
α

α α

α 
= + 

  
 (19) 

 
Methodology of Thermal Research in Materials Engineering 

 

141 

The time of obtaining the assumed conversion degree at different temperatures was 

designated by tα,i. The charts of ,
1000ln i

i
t

Tα ÷  are constructed. The parameters of equation 

(19) are calculated by linear regression method. For non-isothermal conditions there is no 
analytical solution. During the calculations of activation energy there are used approximate 
equations of general form  

 
,

ln i
B

i

E
const C

RTT
α

αα

β 
  = −
 
 

 (20) 

In this work the Kissinger’s-Akoshira-Sunose equation was used 

 2
,

ln i

i

E
const

RTT
α

αα

β 
  = −
 
 

 (21) 

In this case the charts of 2
,

1000ln i

i TT αα

β 
  ÷
 
 

 are constructed. The parameters of this equation 

are calculated by linear regression method.  

2.2. Experimental 

NH4VO3 from Fluka was used as a substrate. Decomposition process was carried out in dry 
air (Messer, Germany) containing 20,5% vol. O2 rest N2. Impurities occurred in amounts: 
H2O < 10 vpm, CO2 < 0,5 vpm, NOx < 0,1 vpm, hydrocarbons < 0,1 vpm. Thermogravimetric 
measurements were carried out on TG–DSC Q600 (TA Instruments) apparatus. Gaseous 
products of proceeding transitions were identified by mass spectrometry method. Pfeifer 
Vacuum ThermoStar GDS 301 apparatus was used. Solid products were identified by  
XRD method. X’Pert Pro apparatus from PANalytical with a copper X-ray tube with  
current voltage 35 kV and intensity 40 mA was used. Spectra processing and analysis  
was performed using X’Pert HighScore 1.0 software with incorporated ICDD spectra  
library. 

2.3. Results 

During the TG-DSC measurements weighed amounts of the sample in the order of 20 mg 
were used. The temperature of the sample, TG, DTG and HF functions, and mass spectra of 
gaseous products were registered in time. In all series the temperature of samples changed 
linearly in time. It was found that thermal decomposition of NH4VO3 in dry air proceeds in 
the three endothermic stages according to 
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6 NH VO NH V O NH V O V O→ → →  (22)  
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The theoretical, total mass loss of the sample equals 22,29 wt%. The mass losses in the 
stages, referred to the initial mass of the sample, equal: 11,48 wt% in stage I, 4,404 wt% in 
stage II, and 6,66 wt% in stage III. The intermediate products (for control also the final 
product) were obtained under isothermal conditions, in the temperature ranges of their 
occurrence. As the final product V2O5 (ICDD card 85-0601), and as the second intermediate 
product (NH4)2V6O16 (ICDD card 79-205) were obtained. The intermediate product formed 
in step I was identified on the basis of the mass balance (there is no pattern of this 
compound in ICDD directory). In all the stages and at different heating rates of the samples 
evolved: NH3, H2O, NO and N2O resulting from oxidation of NH3. In the gas phase NO2 did 
not occur. The results of this step of research are given in [19]. 

2.3.1. Analysis of influence of sample heating rate on the course of the process  

The influence of sample heating rate on the course of the process was examined on the basis 
of the TGu , DTG and HF functions. The measurements were carried out at sample heating 
rates of: 1; 1,5; 2; 2,5; 3; 3,5; 4; 4,5; 5; 6; 7 ; 8 and 10 K min-1. The isothermal measurements 
were carried out at the sample heating rate equal to 2 K min-1. Basing on the TG-DSC 
measurements the division of the process into stages was made and the conversion degrees 
for the stages were determined. There should be added that the data sets concerning 
conversion degrees, determined for the stages, are the basis for the description of process 
kinetics as in [1,17,20-23].  

2.3.2. Analysis of TGu, DTG and HF charts 

The trajectories of TGu, DTG and HF plots are presented in separate figures. In Figure 1 TGu 
functions in temperature registered during the measurements are presented. 
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Figure 1. TGu functions in temperature. Decomposition of NH4VO3 in dry air [19]. 
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The linear segments correspond to the isothermal conditions. The samples were heated 
isothermally until the stable mass has been reached (about 30 min). 

In case of the investigated process, under isothermal conditions, the results for the stage 
could by obtained only at a few temperatures, while at higher temperatures the results were 
obtained at high conversion degrees. For these reasons, the course of investigated process 
was not further examined under isothermal conditions. 

 
Figure 2. Plot of TGu functions in temperature. Decomposition of NH4VO3 in dry air [19]. 

In Figure 2 the plots of TGu function in temperature obtained under non-isothermal 
conditions are presented. The single curve is formed of about 20 thousand points. The 
determined TGu values should depend only on temperature and heating rate of the samples. 
This was confirmed by neural networks method in reference [24]. All the series were 
considered simultaneously. The computer software Statistica Neural Network was used. 
Figure 3 shows an example of DTG plots for selected heating rates of the samples. 

It follows that at higher βi the temperature range 0 1.T Tα α= =÷  increases (Fig.3). The 
temperature range of the process in stage is an important parameter. 

Along with the increase of sample heating rates the DTG function plots are shifted into the 
higher temperature range. It is also visible that at the higher sample heating rates stages I and 
II are overlapped to a larger extent, and the final segments of plots, corresponding to the stage 
III, are not monotonic. As mentioned before, this was attributed to the oxidation of formed 
earlier V2O5-x to V2O5. The Tm temperatures corresponding to peaks of DTG function plots 
(necessary for Kissinger’s method) have been determined. The results are listed in Table 1. 

The values of αm, for Tm temperatures given in Table1 were retrieved from data sets of α(T). 
There are also given the temperature ranges, determined basing on DTG plots, for the 
stages.  
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isothermally until the stable mass has been reached (about 30 min). 

In case of the investigated process, under isothermal conditions, the results for the stage 
could by obtained only at a few temperatures, while at higher temperatures the results were 
obtained at high conversion degrees. For these reasons, the course of investigated process 
was not further examined under isothermal conditions. 

 
Figure 2. Plot of TGu functions in temperature. Decomposition of NH4VO3 in dry air [19]. 

In Figure 2 the plots of TGu function in temperature obtained under non-isothermal 
conditions are presented. The single curve is formed of about 20 thousand points. The 
determined TGu values should depend only on temperature and heating rate of the samples. 
This was confirmed by neural networks method in reference [24]. All the series were 
considered simultaneously. The computer software Statistica Neural Network was used. 
Figure 3 shows an example of DTG plots for selected heating rates of the samples. 

It follows that at higher βi the temperature range 0 1.T Tα α= =÷  increases (Fig.3). The 
temperature range of the process in stage is an important parameter. 

Along with the increase of sample heating rates the DTG function plots are shifted into the 
higher temperature range. It is also visible that at the higher sample heating rates stages I and 
II are overlapped to a larger extent, and the final segments of plots, corresponding to the stage 
III, are not monotonic. As mentioned before, this was attributed to the oxidation of formed 
earlier V2O5-x to V2O5. The Tm temperatures corresponding to peaks of DTG function plots 
(necessary for Kissinger’s method) have been determined. The results are listed in Table 1. 

The values of αm, for Tm temperatures given in Table1 were retrieved from data sets of α(T). 
There are also given the temperature ranges, determined basing on DTG plots, for the 
stages.  
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Figure 3. Plots of DTG function in temperature. Decomposition of NH4VO3 in dry air [19]. 

β 
Kmin-1 

Stage I Stage II Stage III 
Tm /K αm ∆T /K Tm /K αm ∆T /K Tm /K αm ∆T /K 

1 447,83 0,721 410,75-
457,95 465,65 0,384 457,95-

490,65 543,93 0,617 509,25-
566,15 

1,5 452,62 0,742 405,55-
462,85 469,87 0,415 462,85-

489,45 550,38 0,653 513,25-
572,15 

2 457,48 0,761 413,15-
467,55 473,58 0,476 467,55-

491,35 558,2 0,705 516,25-
580,45 

2,5 458,06 0,698 412,85-
469,65 475,6 0,443 469,65-

494,65 560,65 0,701 518,15-
583,45 

3 460,18 0,683 415,65-
472,15 477,16 0,495 472,15-

496,15 565,44 0,729 522,95-
590,75 

3,5 462,25 0,703 415,65-
474,15 479,51 0,474 474,15-

497,15 567,21 0,737 523,75-
590,75 

4 465,12 0,689 413,25-
476,15 481,41 0,517 476,15-

503,15 572,81 0,744 526,55-
596,75 

4,5 465,32 0,689 417,25-
476,95 481,9 0,38 476,95-

500,35 572,17 0,743 526,15-
595,15 

5 467,29 0,714 418,45-
479,35    574,3 0,736 530,45-

597,95 

6 471,44 0,698 416,45-
481,85    580,7 0,719 533,45-

609,25 

7 475,68 0,741 417,15-
485,25    588,2 0,83 537,85-

614,15 

8 476,22 0,71 421,65-
485,25    587,06 0,723 536,25-

620,75 

10 480,09 0,716 423,15-
490,15    591,89 0,73 538,85-

625,35 

Table 1. List of data for Kissinger’s method. Thermal decomposition of NH4VO3 in dry air. 
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In Figure 4 the HF function in temperature has been presented for selected example values 
of β.  

 
Figure 4. Plots of HF functions in temperature. Decomposition of NH4VO3 in dry air. 

It is visible from the course of HF plots that in the case there are three endothermic stages 
referred to the NH4VO3 decomposition. The HF plots end with the exothermic transition 
attributed to the oxidation of small amount of V2O5-x to V2O5. Along with the increase of 
sample heating rate stages I and II overlap. Peaks of HF function are shifted, with respect to 
the DTG peaks, by a few degrees into the range of higher temperature. There should be 
added that NH3, H2O, NO and N2O evolved in all the stages, also at higher simple heating 
rates.  

2.3.3. Analysis of α(T) plots for determined stages 

The conversion degrees for stages were calculated from the following formula 

 0

0

( )
k

m m
T

m m
α −

=
−

 (23) 

The data concerning the TGu function were the basis for calculations. During the division of 
the process into stages also DTG and HF plots were taken into account [22-24]. 

In Figure 5 the results obtained for the stages are presented. One curve was formed of a few 
thousand points. 
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In Figure 4 the HF function in temperature has been presented for selected example values 
of β.  

 
Figure 4. Plots of HF functions in temperature. Decomposition of NH4VO3 in dry air. 
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referred to the NH4VO3 decomposition. The HF plots end with the exothermic transition 
attributed to the oxidation of small amount of V2O5-x to V2O5. Along with the increase of 
sample heating rate stages I and II overlap. Peaks of HF function are shifted, with respect to 
the DTG peaks, by a few degrees into the range of higher temperature. There should be 
added that NH3, H2O, NO and N2O evolved in all the stages, also at higher simple heating 
rates.  

2.3.3. Analysis of α(T) plots for determined stages 

The conversion degrees for stages were calculated from the following formula 
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The data concerning the TGu function were the basis for calculations. During the division of 
the process into stages also DTG and HF plots were taken into account [22-24]. 

In Figure 5 the results obtained for the stages are presented. One curve was formed of a few 
thousand points. 
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Figure 5. Plots of α(T) depending on temperature for the stages. Thermal decomposition of NH4VO3 in 
dry air. 

2.4. Result analysis 

2.4.1. Kissinger’s method 

In Figure 6 the plots of 2
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 for the stages, obtained on the basis of the data from 
Table 1, are presented.  

The parameters for Kissinger’s equation (11) were calculated by linear regression method. 
The computer software Statistica 6.0 was used. The results are listed in Table 2.  

Stage E kJ mol-1 B* Af’(αm) 1 min-1 rp model -f ’(αm) A 1 min-1 
I 117,66 19,496 4,133 E12 0,979 A2 2,476 1,669 E12 
II 164,48 30,178 2,37 E17 0,989 A4 6,762 3,504 E16 
III 113,75 12,623 4,137 E9 0,985 A2 2,596 1,594 E9 

Table 2. List of the results calculated by Kissinger’s method. Thermal decomposition of NH4VO3 in dry 
air. * constant in Kissinger’s equation (11) 
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 for the stages. Thermal decomposition of NH4VO3 in dry air. 

The kinetic models for the stages were determined analyzing the courses of the function  

Y(T) = 
( ) 0.99

0 ,01

'

exp .
T

m

i T

Af E dT
RT

α

α

α
β

=

=

 − 
 

   

There should be added, that the values of αm determined for the stage, changed marginally 
for different β. Therefore, there could be assumed that ( )'

mf constα ≈ . In figure 7 plots of 
Y(T) function for the stages depending on α(T), for β = 3K min-1, are presented as an 
example.  

 
Figure 7. Plots of Y(T) function for the stages depending on α(T) for β = 3K min-1. Thermal 
decomposition of NH4VO3 in dry air. 
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For the stages I, III the most consistent with experimental data, of the tested models, was the 
A2 model.  

 ( ) ( )
1
2ln 1g α α = − −    (24) 

 ( ) ( ) ( )
1
22 1 ln 1f α α α = − − −    (25)  

 ( ) ( )
( )

1
' 2

1
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1
2 ln 1
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α α

−
 = − − − − 

 − − 
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Whereas for stage II this was the A4 model  

 ( ) ( )
1
4ln 1g α α = − −    (27) 

 ( ) ( ) ( )
3
44 1 ln 1f α α α = − − −    (28) 
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3
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  (29) 

The selection of the model was confirmed making calculations by Coats – Redfern method. 
The selected models and calculated values of ( )'

mf α  are given in Table 2.  

2.4.2. Isoconversional method 

The basis for calculations by this method were dependencies α(T) determined for the stages 
at different heating rates of the samples (Fig. 5). First, the activation energies were calculated 
for αm,i corresponding to the inflection points of α(T) curves (average values of αm given in 
Table 1). In this case, formula (21) should take the form of equation (11). In Figure 8 the 

obtained plots of 
''

2
,,

1000ln
mm

i

ii
TT αα

β 
  ÷  
 

 are presented. 

The results of calculations are given in Table 3. This method is less accurate than the 
Kissinger’s method 

Stage αm E /kJmol-1 B* rp

I 0,713 117,3 19,401 0,989
II 0,460 148,2 26,05 0,987
III 0,721 122,3 14,426 0,988

Table 3. List of the results of activation energies calculations by isoconversional method for the 
inflection points of α(T) curves. *) constant in equation (21). 
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 for the stages. Isoconversional method. Conversion degrees equal 

to αm,i.  

The calculations for other values of conversion degree were also performed. Should be 
noted that α(T) tend asymptotically to the limit values. In these ranges ,iTα  could not be 
determined with sufficient accuracy. Therefore, the calculation was performed 0,1<α < 0,90.  

The plots of 2
,,

1000ln i

ii TT αα

β 
  ÷
 
 

 for the stages are shown in Figure 9. 

The values of activation energies calculated by the isokinetic method are given in Table 4.  

αi 
Stage I Stage II Stage III 

E 
kJ mol-1 

B* rp 
E 

kJ mol-1 B* rp 
E 

kJ mol-1 B* rp 

0,1 140,45 27,00 0,986 163,02 30,083 0,996 147,58 21,299 0,991 
0,2 131,69 24,303 0,988 161,22 29,493 0,998 137,71 18,709 0,990 
0,3 128,45 23,06 0,991 158,71 28,788 0,992 126,45 16,012 0,991 
0,4 125,65 22,099 0,995 155,72 27,987 0,994 130,05 16,577 0,989 
0,5 123,13 21,256 0,999 156,50 28,187 0,994 127,46 15,849 0,986 
0,6 120,29 20,351 0,989 154,54 27,58 0,989 125,48 15,276 0,987 
0,7 117,56 19,489 0,988 156,70 28,065 0,985 122,94 14,597 0,985 
0,8 114,75 18,61 0,988 158,2 28,365 0,982 121,83 14,227 0,987 
0,9 112,38 17,826 0,989    119,92 13,679 0,983 

Table 4. The activation energies calculated for the stages by the isoconversional method. Thermal 
decomposition of NH4VO3 in dry air.* constant in equation (21) 
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In the case of investigated process, the E for the stages I and III (asymmetric plots of DTG 
and HF), changed continuously along with the change of conversion degree. In the case of 
stage II (symmetric plots of DTG and HF) E was practically constant, similar to that 
determined by Kissinger’s method. That is the isokinetic method compensates the impact 
of βi on the course of the process by changing the activation energy. Theoretically [25] 
much more interesting is the possibility to compensate the impact of βi, at a constant 
activation energy, with use of temperature ranges 0 1T Tα α= =÷ , the values determined 
experimentally. 
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for the stages. Thermal decomposition of NH4VO3 in dry air. 
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2.4.3. Coats – Redfern method 

During the calculations by this method the sets of α(T) presented in Figure 5 were also used. 

The activation energies E, determined for the stages by Kissinger’s method (for αm values 

belonging to the sets of α(T)), were taken as the base values. The plots of 
( )

2ln
g E

RTT

α 
÷ 

  
 

were constructed. Among the known kinetic models the ones the most consistent with the 
experimental data were selected; for stages I and III model A2, and for stage II model A4. 
For the selected model and different βi the values of the coefficient A were calculated for the 
stage in the following manner. First Z(T) was calculated from the formula 

 ( ) ( )
2

2
ln 1 lnm gRTAR EZ T

E E RTT

α
β

   
= − = +   

       
  (30) 

Then lnA was calculated according to 

 ( )ln ln
2

1 m

EA Z T
RT

R
E

β
 
 
 = +   

−  
   

  (31) 

The calculations of Z(T) were performed for the range 0,01 0,99α≤ ≤ . The values of Tm and 
the temperature ranges for the stages are given in Table 1. However the calculated values of 
A are given in Table 5. For all the stages the obtained values of coefficient A were higher 
than the values determined by Kissinger’s method. There should be added that the 
proportion between the values was remained.  

Using average values of A the activation energies were tested. The criterion was the best 
conformity of trajectories of α(T) plots, calculated and determined experimentally, in the 
whole range. The conversion degrees were calculated as follows. First g(α) was calculated 
from the formula 

 ( ) ( )2 expg T F Tα  =     (32)  

Formula (32) is suitable for different models. Whereas the method of calculating conversion 
degrees depends on the form of kinetic model. For example, for model A2  

 ( ) ( )
1
2ln 1g α α = − −     (33) 

thus 

 ( ){ }2
1 exp gα α = − −      (34) 
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In the case of investigated process, the E for the stages I and III (asymmetric plots of DTG 
and HF), changed continuously along with the change of conversion degree. In the case of 
stage II (symmetric plots of DTG and HF) E was practically constant, similar to that 
determined by Kissinger’s method. That is the isokinetic method compensates the impact 
of βi on the course of the process by changing the activation energy. Theoretically [25] 
much more interesting is the possibility to compensate the impact of βi, at a constant 
activation energy, with use of temperature ranges 0 1T Tα α= =÷ , the values determined 
experimentally. 
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2.4.3. Coats – Redfern method 

During the calculations by this method the sets of α(T) presented in Figure 5 were also used. 

The activation energies E, determined for the stages by Kissinger’s method (for αm values 

belonging to the sets of α(T)), were taken as the base values. The plots of 
( )

2ln
g E

RTT

α 
÷ 

  
 

were constructed. Among the known kinetic models the ones the most consistent with the 
experimental data were selected; for stages I and III model A2, and for stage II model A4. 
For the selected model and different βi the values of the coefficient A were calculated for the 
stage in the following manner. First Z(T) was calculated from the formula 
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Then lnA was calculated according to 
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The calculations of Z(T) were performed for the range 0,01 0,99α≤ ≤ . The values of Tm and 
the temperature ranges for the stages are given in Table 1. However the calculated values of 
A are given in Table 5. For all the stages the obtained values of coefficient A were higher 
than the values determined by Kissinger’s method. There should be added that the 
proportion between the values was remained.  

Using average values of A the activation energies were tested. The criterion was the best 
conformity of trajectories of α(T) plots, calculated and determined experimentally, in the 
whole range. The conversion degrees were calculated as follows. First g(α) was calculated 
from the formula 

 ( ) ( )2 expg T F Tα  =     (32)  

Formula (32) is suitable for different models. Whereas the method of calculating conversion 
degrees depends on the form of kinetic model. For example, for model A2  

 ( ) ( )
1
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The values of activation energy calculated in this way are given in Table 5. 

 

β  
K min-1 

Stage I; A2; E=117,66 Stage II; A4; E=164,48 Stage III; A2; E=113,75 

∆Z(T) 
A E12 
min-1 

E*  
kJ mol-1

∆Z(T) 
A E17 
min-1 

E* 
 kJ mol-1

∆Z(T) 
A E9 
min-1 

E*  
kJ mol-1 

1 19,81 5,91 114,10 29,98 1,468 157,48 12,72 4,97 110,2 
1,5 19,58 7,23 114,36 29,34 1,721 157,85 12,46 5,73 110,5 
2 19,22 6,71 114,56 29,31 2,227 - - - - 
2,5 19,12 7,61 114,60 28,85 1,436 157,00 12,06 6,52 110,6 
3 19,11 9,02 115,06 28,87 2,150 158,20 12,05 7,54 111,1 
3,5 18,82 7,85 114,56 28,57 1,860 157,90 11,76 6,70 110,5 
4 18,83 9,15 115,26 28,51 1,908 158,50 11,76 7,59 111,5 
4,5 18,61 8,27 114,56 28,31 1,845 157,88 11,57 7,10 110,5 
5 18,57 8,84 114,76 28,34 2,113 158,80 11,50 7,31 110,6 
6 18,41 8,99 115,16 27,98 1,770 158,10 11,33 7,48 111,1 
7 18,24 8,85 115,36 27,81 1,742 158,90 11,19 7,56 111,3 

Table 5. The kinetic parameters obtained by Coats–Redfern method. Thermal decomposition of 
NH4VO3 in dry air. 

The parameters A and E determined by this method for different βi remain nearly  
constant.  

The corrected activation energies are slightly lower than the ones determined by 
Kissinger’s method; in the case of stage II they are practically equal to the values 
calculated by isokinetic method. The result is interesting because it shows that the 
activation energy determined by Kissinger’s method can be regarded as representative for 
the whole set of α(T) related to the stage. It should also be emphasized that determining 
the triad of g(α), A and E directly from the Coats-Redfern equation, usually the good 
results are not obtained [1,21,24]. That is it is a matter of calculation methods, and not of 
the Coats-Redfern equation. 

Using the kinetic parameters given in table 5 the verifying calculations were performed. For 
the selected βi the trajectories of α(T) and r(α,T) functions were determined. The process rate 
was calculated from the formula 

 ( ) ( ), exp Er T A f
RT

α α = − 
 

  (35) 

While calculating f(α) the values of α(T) obtained from the Coats-Redfern equation 
(formulas (32)–(34)) were used. In Figure 10 the results obtained for stage I and II ( β= 2, 4 
and 6 K min-1) are presented as an example.  
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Figure 10. Plots of α(T) and r(T, α) for the stage I and III. Thermal decomposition of NH4VO3 in dry air. 
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The produced carbon changes the state of the surface of TiC particles. A low oxygen content 
is the most important prerequisite for high sintering activity of the nanocrystalline TiC 
powders, especially in the sintering processes, synthesis of the nanocomposites for example 
nc-TiC in metallic matrices. 
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The values of activation energy calculated in this way are given in Table 5. 
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(formulas (32)–(34)) were used. In Figure 10 the results obtained for stage I and II ( β= 2, 4 
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In the manufacturing of nanomaterials by sol-gel method the second, high temperature, i.e. 
at temperatures above 1400 K, stage is essential. The first stage of this method is the sol-gel 
technique. This stage is carried out at lower temperature. The intermediate product of 
pyrolytic decomposition of PAN-DMF-TiCl3 is formed - the powder containing 
nanocrystalline TiCx in carbon matrix [6]. Nanocrystallites of titanium carbide are 
characterized by high fraction of lattice defects, i.e., vacant carbon sites, presence of oxygen 
and/or nitrogen. In the second stage carbonisation and purification of TiCx/C composite in 
argon takes place. It is essential to obtain the materials with high values of the C/Ti ratio, 
while maintaining the proper, nanometric grain size, in order to obtain the most favourable 
properties such as hardness and oxidation resistance. The selection of parameters meeting 
these requirements is difficult. 

There was assumed that the good basis are kinetic studies. They allow to determine the 
intermediate and final products, distinguish the stages of the process, determine the 
temperature ranges of their courses and obtain a quantitative description.  

The kinetic measurements were carried out using TG-DSC-MS technique. Nanoparticles 
size, lattice parameter, chemical and phase composition before and after heat-treatment 
were determined with the following techniques: XRD (Philips PW3040/x0 X’Pert Pro), 
HRTEM (JEM 3010), SEM (JEOL JSM 6100), EDX (Oxford Instruments, ISIS 300), XPS 
(SIA 100 Cameca), total carbon measurement (MULTI EA2000, AnalyticJena), and the 
presence of free carbon was estimated by Raman Spectroscopy. The measurements were 
carried out under non-isothermal and isothermal conditions. The advantage of this 
method is the possibility of continuous registration of measured values and use of small 
weighed amounts of samples during measurements. The procedure is illustrated at the 
example of heat treatment in argon of the nanocomposite powder containing nc-TiCx 
(x≤0.7) in carbon matrix obtained by sol-gel method. The method ensures maintaining 
the small size of crystallites, by physically limiting the volume available for their growth, 
and the matrix prevents agglomeration of particles and oxidation during storage and 
transport. 

At a certain temperature range, and under certain conditions, the reaction of carbonisation is 
possible  

 x x yTiC  yC TiC ++ →  (38) 

Heating of the samples in an argon atmosphere can lead to the growth of crystallites. The 
aim of this study was to develop conditions for annealing of the composite, under which, as 
a result of carbonisation, TiCx reaches a high stoichiometric composition, i.e. x> 0.8, at the 
minimal growth of crystallites. Obtaining such optimal material properties can be controlled 
by selecting the appropriate temperature and rate of the process. 

The thermogravimetric measurements were carried out at sample heating rates of 10, 20, 
and 50 Kmin-1. The mass of the samples were ca. 40 mg. During the measurements the 
samples were heated up to 1473, 1573, 1673 and 1773 K. These temperature values 
correspond to the isothermal conditions. The samples were heated under isothermal 
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conditions for 6 h. High-purity argon ‘Alphagaz 2 Ar’ from Air Liquide (H2O\ppm/mol, 
O2\0.1 ppm/mol, CnHm\0.1 ppm/ mol, CO\0.1 ppm/mol, CO2\0.1 ppm/mol, H2\0.1 
ppm/mol) was used during experiments. With regard to reactivity of O2 the special attention 
during measurements was given to possibility of oxidation of components of the system 
during the process run. Argon purge flow rate during measurements was set at 100 
cm3/min. The part of the results in works [17,32] were presented. Below the complete 
analysis description were introduced. 

3.1. Kinetic analysis 

The kinetic description of the process was based of thermogravimetric measurements. The 
results of the measurements are presented on the plots of sample temperature, TG, DTG and 
HF function dependencies on time (Fig. 11).  

Initially the measurements were carried out under non-isothermal conditions at a linear 
change in sample temperature, then at the transitional regime, and finally under isothermal 
conditions (Fig.11a). It should be added that these results were the basis of the description of 
the process. The theory of kinetics under non-isothermal conditions require that this 
function depends only on the sample heating rate and temperature. The results were 
evaluated by neural networks method. Neural networks, used to analyze the non-isothermal 
measurements, were previously described in [20-23]. The TGu function was the described 
(dependent) variable, and the sample heating rate and temperature were the describing 
(indepedent) variables. All the measurement series were examined simultaneously. The 
received network was GRNN 2/11310. Statistical analysis of this network is given in Table 6. 

 
Parameter Tr Ve Te 
S.D. Ratio 0.01716 0.01926 0.01734 
Correlation 0.999874 0.999845 0.99987 

Table 6. Statistical estimation of GRNN 2/11310 network 

In columns 2, 3, 4 the statistical evaluation of training (Tr), verification (Ve) and testing (Te) 
subset is listed.  

A high accuracy was obtained. The TG dependencies determined experimentally could have 
been used in kinetic calculations.  

The essential operation is the division of the process into stages. Basing on the presented 
measurement results four stages of the process were identified (Fig. 12). In the endothermic 
stage I, proceeding with a weight loss, the release and desorption of volatile products, 
contained in the samples after the first stage, occurred. In the exothermic, second stage, 
marked with the symbol II, proceeding with a samples weight gain, the oxidation of non-
carbonised nc-TiCx/C by oxygen present in trace amounts in argon occurred. In the 
endothermic third stage, labeled by III, simultaneously proceeded the pyrolysis of organic 
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admixtures and carbonisation of nc-TiCx/C. The pyrolysis and carbonisation were treated as 
concurrent reactions. Stage IV (exothermic) proceeded with sample weight gain. It concerns 
the oxidation of carbonised nc-TiC with oxygen contained in argon. The process proceeded 
at temperature above 1573 K. 

 
Figure 11. Plots of T, normalized TG function and DTG and HF in time. Heat treatment of nc-TiC/C in 
argon. a) temperature, b) normalized TG, c) DTG, d) HF 

During the thermogravimetric measurements the evolved gaseous products were identified 
by mass spectrometry method. The compounds produced in the reaction with the oxygen 
present in trace amounts in argon, are described in detail, because these processes could 
affect the quality of the obtained, carbonised nc-TiC. CO2-m/e44, CO-m/e28 NO-m/e30 and 
NH3-m/e17 have been identified. NH3 formed as a result of pyrolytic decomposition of 
carbon compounds was the precursor of nitric oxide. CO2-m/e44 mass spectrum, is shown in 
Figure 13 as an example. To facilitate the analysis of the results the normalized TGu function 
is also plotted. 
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Figure 12. Plots of normalized TG functions in time for β=10 K/min and 6h at 1673 K recorded during 
the heating of nc- TiCx/C in argon.  

 
Figure 13. Mass spectra of CO2 and normalized TG function plots. Heat treatment of nc-TiC/C in argon 
at the heating rate 10 Kmin-1.  

The analysis of mass spectra allowed the more accurate characterisation of distinguished 
stages. In stage I volatile products were evolved. CO2, CO and NO were also formed. In this 
stage H2, NH3, HCN and CH3–CH3, CH2=CH2 and CH≡CH also evolved. In stage II oxidation 
of non-carbonised nc-TiCx/C occurred. During the course of stage III CO and CO2 were 
emitted. They were attributed to the oxidation of released hydrocarbons. HCN, CH3–CH3, 
CH2=CH2, and CH≡CH were also formed.  

The correct kinetic description was hindered by evolution of secondary products. Therefore 
the values of α(T) determined for each stage required an independent evaluation. 
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admixtures and carbonisation of nc-TiCx/C. The pyrolysis and carbonisation were treated as 
concurrent reactions. Stage IV (exothermic) proceeded with sample weight gain. It concerns 
the oxidation of carbonised nc-TiC with oxygen contained in argon. The process proceeded 
at temperature above 1573 K. 

 
Figure 11. Plots of T, normalized TG function and DTG and HF in time. Heat treatment of nc-TiC/C in 
argon. a) temperature, b) normalized TG, c) DTG, d) HF 

During the thermogravimetric measurements the evolved gaseous products were identified 
by mass spectrometry method. The compounds produced in the reaction with the oxygen 
present in trace amounts in argon, are described in detail, because these processes could 
affect the quality of the obtained, carbonised nc-TiC. CO2-m/e44, CO-m/e28 NO-m/e30 and 
NH3-m/e17 have been identified. NH3 formed as a result of pyrolytic decomposition of 
carbon compounds was the precursor of nitric oxide. CO2-m/e44 mass spectrum, is shown in 
Figure 13 as an example. To facilitate the analysis of the results the normalized TGu function 
is also plotted. 
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3.2. The results of calculations 

For distinguished stages, basing on the TG function, the conversion degree was calculated. 
The formula (23) was used. 

During the measurements weight changes of the samples were as follows: in stage I: 10 
Kmin-1 (1.6%), 20 Kmin-1 (1.7%) and 50 Kmin-1 (2%). In stage II, the sample weight changes 
equaled: 10 Kmin-1 (0.089%), 20 Kmin-1 (0.047%). Whereas in whole the range of the course of 
stage III weight changes were: 10 Kmin-1 (13.47%), 20 Kmin-1 (13.23%) and 50 Kmin-1 
(13.66%). The obtained relations of α(T) for stages I and II are shown in Figure 14. 

 
Figure 14. Temperature dependencies of α(T) function; a) stage I, b) stage II. 

In accordance with the theory of kinetics of heterogeneous processes the plots of α(T) are 
shifted into higher temperature range along with the increase in samples heating rate. 

Due to the measurements in different regimes the dependencies of α(T) determined for 
stage III required a more detailed discussion. The conversion degree in stage III was 
changing regularly in time (Fig. 15a). Irregular changes were observed in the trajectories of 
the curves of conversion degree dependencies on temperature (Fig. 15b). It was also found 
that in the transient area a significant increase in conversion degree took place. 

The results presented in Figure 16a were elaborated according to the rules of non-isothermal 
processes theory and in Figure 16b according to the isothermal processes theory.  

The plots of α(T) determined for non-isothermal conditions concern the pyrolysis  
process. 

At low temperatures, there is no carbonisation of nc-TiC, and at temperature above 1573 K 
pyrolysis proceeded much faster than carbonisation. Under the non-isothermal conditions, 
the transition from one temperature range to the other was short. As a result the influence of 
carbonisation on the recorded samples weight loss was not revealed. 
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Figure 15. Total conversion degree. Stage III; a) time dependency b) temperature dependency. 

 

 
Figure 16. Conversion degree dependencies on temperature and time. Purification and carbonization of 
nc-TiC/C in argon. Stage II. a) non-isothermal conditions b) isothermal conditions. 

The dependencies of α(T) determined for stages I, II and III under non-isothermal 
conditions, at a linear heating rate of the samples, were evaluated by neural networks 
method. The α(T) was the described variable and the sample heating rate and temperature 
were the describing variables. For each stage all the measurements series were analyzed 
simultaneously. The results are listed in Table 7 

According to the theory of non-isothermal processes kinetics, the α(T) dependencies, 
determined for the stages, describe with high accuracy two parameters: sample heating rate 
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The dependencies of α(T) determined for stages I, II and III under non-isothermal 
conditions, at a linear heating rate of the samples, were evaluated by neural networks 
method. The α(T) was the described variable and the sample heating rate and temperature 
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and sample temperature. These results could therefore be used in further calculations, i.e., 
during the identification of kinetic models (determination of the form of g(α) function) ) and 
during determination of Arrhenius parameters A and E. 

 

Parameter 
Stage I , MLP 2/2 Stage II Stage III, MLP 2/15 

Tr We Te Tr We Te Tr We Te 
S.D. Ratio 0.0361 0.0355 0.0364 0.0269 0.0274 0.0284 0.0728 0.0820 0.0784 
Correlation 0.999 0.999 0.999 0.999 0.999 0.999 0.997 0.997 0.997 

Table 7. Estimation of α(T) dependencies determined for stage I, II and III with use of artificial neural 
networks method. 

First, the values of these parameters were estimated by linear regression method. Each series 
were analysed separately. The obtained results for stage III are given, as an example, in 
Table 8. 

β 
[K/min] 

r* F 
E 

[kJ/ mol] 
A 

[1/min] 
Tm  
[K] 

Δα ΔT 

10 -0,988 50029,7 315,09 8,48 E09 1530 0.005-0.639 1321-1564 
20 -0,988 47245,7 327,77 3 E10 1559 0.005-0.508 1345-1560 
50 -0,989 20219,0 375,62 1,95 E12 1590 0.004-0.29 1370-1551 

Table 8. List of kinetic parameters. Stage III, model F1. 
r* - correlation coefficient, F – Snedecor statistic 

Using the determined values of A and E parameters, the values of α(T) were calculated from 
the Coats-Redfern equation. They were compared with the data determined from the 
measurements. The systematic error in the order of 4.5% has been noted. The accuracy was 
improved by correcting the value of E parameter. There was required that the error in the 
series, i.e. the mean square error between the values determined from the measurements 

and calculated 
( )

2ln
g

T

α 
 
  

, was close to zero. The calculations for the remaining stages were 

performed in the same way. The results are given in Table 9. 

The results have been verified. Using the kinetic parameters given in Table 9 the conversion 
degrees were calculated from the Coats-Redfern equation for the e stages and compared to 
the ones determined from measurements. As an example, in Figure 17 the results for stage I 
are shown. A good consistency was obtained.  

The kinetic parameters determined for the stages have been used for simulation 
calculations. The α(T) and r(α,T) dependencies on temperature and sample heating rate 
were investigated. The results are presented in Figure 18. 

The determined dependencies are in accordance with the theory. With the increase in 
sample heating rates the α(T) curves are shifted into the higher temperature range. The 
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process rate increases from zero for α(T) equal zero, reaches the maximum in temperature 
Tm, and then usually decreases to zero at α(T)→1. The temperature ranges for stages runs 
are consistent with the ones determined experimentally. The α(T), and r(α,T) plots for a 
stage do not come to an end, because at high conversion degrees process ran according to 
the different kinetic models.  

 

stage Model g(α) 
β 

[K/min] 
A 

[1/min]
E 

[kJ/mol]
Tm 
[K] 

Δα 
ΔT  
[K] 

I D3 ( )
21

3
3 1 1
2

α
 

− − 
  

10 2,2 E-6 15,8 487,4
0,03-

0.9989 
299-826 

20 1,2E-6 16,5 524,9
0,035-
0,9969 

299-937 

50 3,5E-7 16,3 539,5
0.005-
0.9995 

298-
1319 

II F2 ( ) 11 1α −
− −  

10 6,81 E4 125,25 1128
0.002-
0.999 

935-
1271 

20 7,74 E6 160,8 1156
0.002-
0.999 

1007-
1291 

III F1 ( )ln 1 α − −   

10 
8,48 
E09 

306,8 1530
0.005-
0.639 

1321-
1564 

20 3 E10 318,8 1559
0.005-
0.508 

1345-
1560 

50 
1,95 
E12 

364,5 1590 0.004-0.29 
1370-
1551 

Table 9. List of kinetic parameters for the stages.  

 
Figure 17. Comparison of α(T) calculated and determined from experiments. Stage I, model D3. 
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process rate increases from zero for α(T) equal zero, reaches the maximum in temperature 
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are consistent with the ones determined experimentally. The α(T), and r(α,T) plots for a 
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Figure 18. Plots of α(T) and r(α,T) functions; a) stage I, model D3; b) stage II, model F2; c) stage III, 
model F1. 

Under the isothermal conditions the last phase of stage III and whole the stage IV 
proceeded. The results presented earlier, obtained in the series up to 1573, 1673 and 1773 K, 
were not sufficient for description of the course of stage III under isothermal conditions. 
They have been complemented by additional measurements. During the investigations 
samples were heated up to 1343, 1503, 1543 and 1623 K using the following heating rates: 10, 
20 Kmin-1.  

While elaborating these results the calculations for stages I, II and III were also performed. 
There were obtained similar results as before (Table 9). These data are not provided. At the 
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high conversion degrees in stage III the change of kinetic model (form of g(α) function) took 
place. Under the isothermal conditions, at lower conversion degrees, the process first 
proceeded according to the F1 model (similarly as under the non-isothermal conditions), 
then at high conversion degrees (higher than 0.98) according to the D3 (three-dimensional 
diffusion Jander’s model). This concerns the removal of remaining products of pyrolysis. 

The charts of α (T) were obtained from about 25,000 measurement points for each case. The 
value of k(T) was calculated by linear regression method for the subsequent sets, each 
containing 1100 values of the g(α) function. The results were evaluated using several 
measures. The values of R2 measure were determined. The calculation results for all 
measurement series are given in Table 5. The temperature, the mean values of k(T) 
determined for the entire sets, the time of obtaining the isothermal conditions t1, counted 
from the beginning of the measurement, and the conversion degree α1 obtained for this time 
are given. 

series β [K/min] T [K] k*103 [1/min] t1 α1 R2 
1443 K 10 1440,9 13,61 158,4 0,7092 99,72 

 20 1440,9 14,41 99,98 0,69 99,92 
1503 K 10 1501,1 14,75 203,92 0,9553 99,68 

 20 1501 35,18 92,85 0,872 99,59 
1543 K 10 1541,4 9,39 201,72 0,9331 99,72 

 20 1541,3 12,48 142,69 0,9539 99,87 
1573 K 10 1568,5 6,94 199,19 0,9303 99,36 

 20 1568,2 8,3 131,15 0,938 99,85 
1623 K 10 1620,2 40,63 162,6 0,9653 99,91 

 20 1619,7 61,84 91,8 0,9615 99,95 
1673 K 10 1669,4 54,28 160,2 0,9699 99,69 

 20 1669,1 104,31 86 0,9883 99,39 
1773 K 10 1770,5 219,28 154,2 0,9831 99,72 

 20 1770 242,24 83,6 0,9831 99,52 

Table 10. The results of kinetic calculations for isothermal conditions. F1 model. 
R2 – statistical measure 

In the considered range of temperature two processes preceded simultaneously; pyrolysis of 
organic compounds, contained in the raw samples and proceeding with their participation 
carbonisation of nc-TiCx/C. The bounded carbon remains in the system. As a result the lesser 
sample mass losses were observed. In lower temperature proceeds also pyrolysis, as shown 
by the values of k(T) given in Table 10. Carbonisation starts at temperature of about 1541 K 
and becomes a dominating process at temperature of about 1570 K. At 1610 K pyrolysis 
becomes a dominating process again. With regard to carbonisation effectiveness, the process 
should be carried out at temperature of about 1570 K. The minimum on the curve k(T) has 
been observed in Figure 19. 
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Figure 19. Dependency of reaction rate constant on temperature for β = 20 K/min. F1 model (g(α) = [-
ln(1 - α)]); ♦– mean value of k(T)  

In the same manner were obtained the results presented in Table 11, concerning the 
desorption process of volatile products after the completion of carbonisation process.  

series β [K/min] T [K] k*103 [1/min] t2 α2 R2 
1543 K 10 1541,4 0,255 402,3 0,989 97,82 

 20 1541,3 0,354 326,2 0,9933 95,03 
1573 K 10 1568,5 1,47 221,76 0,9412 99,59 

 20 1568,2 2,34 150,98 0,9486 99,65 
1673 K 10 1669,4 9,5 160,2 0,9699 99,69 

 20 1669,1 16,07 87 0,9892 99,45 
1773 K 10 1770,5 41,08 154,18 0,9831 99,66 

 20 1770 49,36 84,1 0,9854 99,57 

Table 11. The results of kinetic calculations for isothermal conditions. D3 model 

In the third column the values of k(T) are given, and in the subsequent columns time t2 from 
which desorption becomes the dominant factor, and the corresponding conversion degree.  

Under the measurement conditions the oxidation of carbonised nc-TiC, by the oxygen 
contained in trace amounts in argon, occurred in series up to 1673 and 1773 K. This process 
proceeded according to the R2 model (reaction at the interface, cylindrical symmetry) or R3 
model (reaction at the interface, spherical symmetry). The weight gain of the sample was 
less than 1%. Inhibition of oxidation process of carbonised nc-TiC can be explained on the 
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basis of the mechanism of Shimada [26], the formation on the surface of nc-TiC particles of 
amorphous TiO2 layer, blocking access of oxygen to the reaction zone. The given values of 
k(T) indicate that the samples obtained at heating rates of 10 K/min oxidized slower than at 
the heating rates of 20 and 50 K/min. It is also visible that the final temperature of the 
process affects the properties of carbonised nc-TiC. Basing on the series up to 1673 and 1773 
K there was found that after the completion of carbonisation and purification process of nc-
TiC, at higher temperatures oxidation of the carbonised nc-TiC by oxygen present in argon 
in trace amounts takes place. 

The removal of carbon from the matrix and carbonisation of nc-TiCx proceeded most 
preferably in a series up to 1573 K, at the heating rate of 20 K/min. The results of 
investigations concerning this series are therefore given.  

 
Figure 20. Dependency of nc-TiC mean lattice parameters (a) and mean particles diameters (D) on 
temperature [32].  

Carbonisation resulted in an increase of lattice parameter of titanium carbide. The largest 
increase in lattice parameter was observed for the series up to 1573 K. Under these 
conditions, the average particle size was in the order of 40 nm. Mean values of lattice 
parameters of nc-TiC and the average particle size determined after the carbonisation 
processes are shown in Figure 20. The measurement of crystallites size by Scherrer method 
and on the basis of TEM images showed that the mean size of TiC crystallites after 
carbonisation was approximately 30% higher in relation to the size before the heat treatment 
process at temperature of 1573 K. The results of microscopic examination were confirmed by 
the results of the X-ray diffraction. The analysis of chemical composition and phase 
composition showed an increase in the fraction of carbon in titanium carbide from TiC~ .68 to 
TiC~ .8 ÷.85 and removal of carbon from the matrix. The results of this step of research are 
given in [6,32]. 
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Figure 19. Dependency of reaction rate constant on temperature for β = 20 K/min. F1 model (g(α) = [-
ln(1 - α)]); ♦– mean value of k(T)  

In the same manner were obtained the results presented in Table 11, concerning the 
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Table 11. The results of kinetic calculations for isothermal conditions. D3 model 

In the third column the values of k(T) are given, and in the subsequent columns time t2 from 
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proceeded according to the R2 model (reaction at the interface, cylindrical symmetry) or R3 
model (reaction at the interface, spherical symmetry). The weight gain of the sample was 
less than 1%. Inhibition of oxidation process of carbonised nc-TiC can be explained on the 
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basis of the mechanism of Shimada [26], the formation on the surface of nc-TiC particles of 
amorphous TiO2 layer, blocking access of oxygen to the reaction zone. The given values of 
k(T) indicate that the samples obtained at heating rates of 10 K/min oxidized slower than at 
the heating rates of 20 and 50 K/min. It is also visible that the final temperature of the 
process affects the properties of carbonised nc-TiC. Basing on the series up to 1673 and 1773 
K there was found that after the completion of carbonisation and purification process of nc-
TiC, at higher temperatures oxidation of the carbonised nc-TiC by oxygen present in argon 
in trace amounts takes place. 

The removal of carbon from the matrix and carbonisation of nc-TiCx proceeded most 
preferably in a series up to 1573 K, at the heating rate of 20 K/min. The results of 
investigations concerning this series are therefore given.  

 
Figure 20. Dependency of nc-TiC mean lattice parameters (a) and mean particles diameters (D) on 
temperature [32].  
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carbonisation was approximately 30% higher in relation to the size before the heat treatment 
process at temperature of 1573 K. The results of microscopic examination were confirmed by 
the results of the X-ray diffraction. The analysis of chemical composition and phase 
composition showed an increase in the fraction of carbon in titanium carbide from TiC~ .68 to 
TiC~ .8 ÷.85 and removal of carbon from the matrix. The results of this step of research are 
given in [6,32]. 
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4. Oxidation of the nc-TiCx/C and nc-TiCx 

The possibility of implementing purification of TiCx/C composites by burning out the 
elementary carbon, composing matrix, was considered. The results of oxidation of nc-TiCx/C 
system have been presented. Oxidation of the TiCx/C powders, being an intermediate 
product of sol-gel synthesis, and of the TiCx powders obtained by reduction with hydrogen 
was investigated. The reduction of TiCx/C powders with hydrogen aimed at removing from 
the system the carbon from the matrix. Purification with hydrogen according to the reaction 
C+H2→CH4 was carried out at temperature of 1173K, under pressure of 16MPa, for 4.5 h 
[6,32]. The measurements were carried out using thermogravimetric method, under non-
isothermal conditions. The samples unreduced with hydrogen were studied at the following 
heating rates: 5Kmin-1 (sample weight of 18.749 mg), 10 Kmin-1 (sample weight of 16.049 
mg), 15 Kmin-1 (sample weight of 13.322 mg), 20 Kmin-1 (sample weight of 15.908 mg). The 
powders after reduction with hydrogen instead were studied at 5 Kmin-1 (sample weight of 
17.768 mg), 10 Kmin-1 (sample weight of 17.174 mg), 15 Kmin-1 (sample weight of 17.544 
mg), 20 Kmin-1 (sample weight 17.544 mg). During the measurements temperature of 
samples, TG, DTG, and HF were recorded. In one series several dozen thousands of each 
variable values were recorded. During the measurements the linear change of sample 
temperature over time was maintained, as required by the theory of non-isothermal kinetics. 
The normalized TG curves of the samples unreduced and reduced with hydrogen are 
shown in Figure 21. 

 
Figure 21. Plots of TGu curves for TiCx/C samples and TiCx (after reduction with H2) samples, a) 5, b) 20 
Kmin-1 

The normalized TGu curves of the samples reduced with hydrogen are shifted upward to 
the same degree for different heating rates (ΔTG in the order of 0.03 mg), because in the TiCx 
powders (after reduction with hydrogen), the relative content of titanium increased as a 
result of removing elemental carbon by acting with hydrogen. This resulted in greater 
weight gain of TiCx during the oxidation in comparison with TiCx/C. In both cases the 
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weight gain of the sample started at temperature in the order of 600 K. This means that 
under these conditions the oxidation of nc-TiCx started. 

In the DTG curves, there are three peaks (Fig. 22). The first peak is associated with start of 
the oxidation of nc-TiCx. The subsequent weight loss is associated with the burning out of 
the elemental carbon, produced during the oxidation of the nc-TiCx. This process proceeds 
simultaneously with the further oxidation of nc-TiCx. The next peak concerns the oxidation 
of unreacted nc-TiCx. The elemental carbon, contained in nc-TiCx/C samples unreduced with 
hydrogen, burns out in the final stage of the process. 

 
Figure 22. Dependency of DTG curves on temperature, a) for TiCx/C, b) for TiCx  
(after reduction with H2) 

Two distinct maxima were observed in the HF plots (Fig. 23). The first one is associated with 
the beginning of oxidation process of nc-TiCx and the second one with burning out of the 
elemental carbon, produced during the oxidation of the nc-TiCx, and further course of the 
nc-TiCx oxidation. The apparent increase in the value of HF function, in the final stage of the 
process, is associated with the terminating oxidation of nc-TiCx. 

The results have been confirmed by the identification of CO2, formed in the system, by mass 
spectrometry. There was also found that while increasing sample heating rates the plots of 
mass spectra of CO2, originating from the nc-TiC oxidation process and from burning out of 
the formed carbon, overlapped. The carried out experiments have shown that the nc-TiC, 
obtained by sol-gel process, cannot be purified by burning out in the air the carbon 
admixtures contained in the system. 

The performed studies indicated also the possibility of occurring during the description of 
oxidation of ceramic nc-TiC/C powders in the air, some difficult issue related to the 
simultaneous proceeding, in a certain range of temperature, of metal carbide oxidation and 
burning out of the carbon. The following manner of kinetics description of the both 
concurrent reactions, based on thermogravimetric studies, has been proposed. 
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weight gain of the sample started at temperature in the order of 600 K. This means that 
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Figure 22. Dependency of DTG curves on temperature, a) for TiCx/C, b) for TiCx  
(after reduction with H2) 

Two distinct maxima were observed in the HF plots (Fig. 23). The first one is associated with 
the beginning of oxidation process of nc-TiCx and the second one with burning out of the 
elemental carbon, produced during the oxidation of the nc-TiCx, and further course of the 
nc-TiCx oxidation. The apparent increase in the value of HF function, in the final stage of the 
process, is associated with the terminating oxidation of nc-TiCx. 

The results have been confirmed by the identification of CO2, formed in the system, by mass 
spectrometry. There was also found that while increasing sample heating rates the plots of 
mass spectra of CO2, originating from the nc-TiC oxidation process and from burning out of 
the formed carbon, overlapped. The carried out experiments have shown that the nc-TiC, 
obtained by sol-gel process, cannot be purified by burning out in the air the carbon 
admixtures contained in the system. 

The performed studies indicated also the possibility of occurring during the description of 
oxidation of ceramic nc-TiC/C powders in the air, some difficult issue related to the 
simultaneous proceeding, in a certain range of temperature, of metal carbide oxidation and 
burning out of the carbon. The following manner of kinetics description of the both 
concurrent reactions, based on thermogravimetric studies, has been proposed. 
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Figure 23. Dependency of HF on temperature, a) for TiCx/C, b) for TiCx (after reduction with H2) 

To obtain the normalized TGu curve, corresponding to the oxidation process of TiCx in the 
whole range of temperature the neural networks method was applied. Basing on the results 
registered before burning out of the formed carbon and after the end of this process the 
network was fitted. Then the fitted network was used to generate the segment of normalized 
TGu curve for the temperature range in which both transformations proceeded 
simultaneously. The multi-layer MLP networks were used. The described variable was TGu 
function, and the describing variable was temperature. Each measurement series was 
analysed separately. Using these models sections of TG curves corresponding to the 
oxidation process of nc-TiC, in the temperature range in which this process proceeded 
simultaneously with the burning out of the carbon, were generated. The TGu plots generated 
by the network and determined experimentally are shown in Figure 24. 

 
Figure 24. Plots of TGu function, calculated and experimental. Oxidation of nc-TiCx/C samples, 
unreduced by hydrogen, in air, a) 5 Kmin-1, b) 20 Kmin-1 
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On the basis of TGu curves, complemented by the results of calculations, the α(T) 
dependencies for the oxidation process of nc-TiCx in the whole temperature range were 
determined. 

The conversion degree for the process of burning out the elemental carbon was determined 
as follows. By subtracting the experimental values from the calculated TGu values, ΔTG was 
determined, and then, integrating numerically, TGu curves for the process of burning out the 
carbon were determined. The α(T) dependencies obtained for both processes, are presented 
in the form of graphs in Figure 25. 

 
Figure 25. The α(T) dependencies. Oxidation of unreduced nc-TiCx/C in air, a) oxidation of nc-TiCx,  
b) burning out of elemental carbon  

According to the theory, along with the increase in sample heating rates, the plots of α(T) 
are shifted into the higher temperature range. 

The conversion degree for the process of burning out the carbon in the matrix (the second 
temperature range) was calculated in the same way. In the case of the oxidation process of 
nc-TiCx (after reduction with hydrogen) two stages occurred: nc-TiCx oxidation and burning 
out of the elemental carbon formed at the beginning of the oxidation process of nc-TiC. The 
α(T) dependence was determined for all the stages in the same way. The determined α(T) 
dependencies were the basis of kinetic studies. The Coats-Redfern equation was used. For 
all the stages kinetic models and Arrhenius parameters were determined (Table 12). 

These data contain the full information about the kinetics of analysed processes. There 
should be noted that the kinetic parameters (the forms of g(α) functions and the values of A 
and E) determined on the basis of experimental data, should correspond to their 
physicochemical meaning. In the analysed case, the F2 model [g(α) = (1-α)-1-1], having a 
theoretical justification, was used, and the determined activation energy values are similar 
to those found in many chemical reactions. 
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nc-TiCx (after reduction with hydrogen) two stages occurred: nc-TiCx oxidation and burning 
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These data contain the full information about the kinetics of analysed processes. There 
should be noted that the kinetic parameters (the forms of g(α) functions and the values of A 
and E) determined on the basis of experimental data, should correspond to their 
physicochemical meaning. In the analysed case, the F2 model [g(α) = (1-α)-1-1], having a 
theoretical justification, was used, and the determined activation energy values are similar 
to those found in many chemical reactions. 
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Sample Conversion Model
Β 

[K/min]
A [1/min]

E 
[kJ/mol]

Tm [K] Δα ΔT [K] 

TiCx/C 

TiC F2 

5 26343,35 88,31 810,45 0,01-0,99 648-1147 
10 291522,00 99,20 822,77 0,01-0,99 671-1141 
15 16689,12 86,70 903,79 0,02-0,99 691-1245 
20 22863,39 89,26 923,22 0,01-0,99 690-1295 

Celemental F2 

5 1,76E+10 185,04 902,35 0,02-0,99 803-1058 
10 8,27E+09 177,71 916,13 0,02-0,99 809-1085 
15 4,74E+12 222,13 932,37 0,02-0,98 827-1046 
20 7,1E+12 223,18 936,23 0,01-0,99 817-1042 

Cmatrix F2 
15 5,24E+16 391,91 1243,06 0,02-0,98 1142-1366 
20 7,22E+16 392,43 1246,63 0,02-0,99 1138-1373 

TiCx after 
reduction 

TiC F2 

5 1,01E+06 106,33 809,11 0,01-0,99 645-983 
10 1,37E+05 95,18 838,82 0,01-0,99 649-1134 
15 1,70E+05 98,51 892,95 0,01-0,99 673-1153 
20 3,19E+05 100,63 886,78 0,01-0,99 668-1144 

Celemental F2 

5 6,98E+09 178,41 902,90 0,02-0,99 803-1063 
10 6,44E+09 174,85 908,97 0,02-0,99 810-1078 
15 1,55E+12 214,49 933,09 0,02-0,99 832-1063 
20 5,19E+11 204,20 930,08 0,02-0,99 830-1071 

Table 12. List of kinetic data for the transformations in oxidation processes of titanium carbide samples 
before and after the reduction with H2.  

Basing on the obtained results an analysis of the process has been performed. The r(α,T) 
dependencies on sample heating rates and sample temperature for the stages were studied. 
The plots of r(α,T) obtained for the nc-TiCx/C not-reduced with hydrogen are shown in 
Figure 26. 

 

 
Figure 26. Plots of r(α,T). Oxidation of nc-TiCx/C unreduced with hydrogen; a) oxidation of nc-TiCx, b) 
burning out of the carbon formed during the oxidation process of nc-TiC, c) burning out of the carbon 
contained in the samples 
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According to the theory of kinetics of non-isothermal processes the reaction rate should 
increase along with the increase in sample heating rates. This condition is not well fulfilled 
for the oxidation process of nc-TiCx unreduced with hydrogen (Fig.26a). This means that the 
samples used in measurement series differed. For the both processes of burning out the 
carbon the results consistent with theory were obtained. There should be noted that 
according to the theory, in each stage the process rate increases from zero for α(T)=0, reaches 
the maximum in temperature Tm, and then decreases to zero at α(T)→1. The temperature 
ranges determined for the stages runs on the basis of calculations are consistent with the 
ones determined experimentally.  

The analogous plots obtained for the oxidation process in air of nc-TiCx reduced with 
hydrogen are shown in Figure 27. 

 
Figure 27. Plots of r(α,T). Oxidation in air of nc-TiC reduced with hydrogen; a) oxidation of nc-TiCx, b) 
burning out of elemental carbon formed during the oxidation of nc-TiCx 

In this case, full consistency with the theory was obtained. The plots in Figure 27a show that 
nc-TiCx after reduction with hydrogen was uniform, the process rate increased along with 
the increase in sample heating rate, and the maximum was shifted into the higher 
temperature range. In both cases, the process rate, according to the theory, increases from 
zero for α(T)=0, reaches its maximum at the temperature Tm, and then decreases to zero at 
α(T)→0. The temperature ranges determined for the stages runs in measurement series on 
the basis of calculations are consistent with the ones determined experimentally. 

The obtained results show that the proposed description method of the kinetics of two 
reactions proceeding simultaneously in a certain range of temperature, allows obtaining a 
satisfactory accuracy. This method was developed for the needs of processes of oxidation in 
air of nanocrystalline TiC and nanocomposites of TiC/C with varying carbon content in the 
matrix, for evaluating the protective qualities of carbon matrix, and also to evaluate and 
compare the resistance to oxidation of carbide ceramics [17]. In Figure 28 the use of the 
kinetics knowledge for comparative evaluation of the rate of TiC/C nanocomposite 
oxidation, depending on the carbon content in the matrix is shown as an example. 
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Figure 28. Dependence of conversion degree on time - α(t). T= 823 K. Oxidation of TiC commercial and 
TiC/C nano-composites (30 nm) in air. 50, 10, 3 % by wt. of the carbon contents in composites 
respectively [17]. 

5. Conclusions 
The results of thermal decomposition of NH4VO3 in dry air have been presented. The 
measurements were carried out by TG – DSC method. The gaseous products were determined 
by MS method. Solid products were identified by XRD method. On the basis of measurement 
results the division of the process into stages has been made and the temperature ranges for 
stage courses and changes of sample masses in stages were determined. There was 
demonstrated that decomposition of NH4VO3 proceeds according to the following equation 

( ) ( )4 3 4 6 16 4 6 16 2 53 2
6NH VO NH V O NH V O 3V O→ → →  

In all the stages at different sample heating rates NH3, H2O, NO and N2O were evolved, 
which were formed as a result of NH3 oxidation. NO2 did not occur among the evolved 
gases. There should be added that N2O was formed mainly during the stage II and III.  

While performing the measurements the emphasis was placed on the possibility of 
obtaining experimental data for description of kinetics of investigated process, in 
accordance with ICTAC Kinetics Committee recommendations. 

In the case of the investigated process, the necessary results for isothermal conditions were 
not obtained because the measurements for the stage could be performed only in a few 
temperatures, while at higher temperatures the results were obtained at high conversion 
degrees. 

For non-isothermal conditions the needed data have been obtained. Kinetic calculations 
were performed using Kissinger’s method, isoconversional method and Coats-Redfern 
method. Applying Kissinger's method the activation energies were determined and the 
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kinetic models were assigned for the stages. The stages I and III are well-described by model 
A2, and the stage II by model A4. It has been also shown that the influence of heating rate of 
the sample on the course of the process can be compensated, at constant activation energy, 
by temperature range 0 1T Tα α= =÷ , which is the value determined experimentally. The 
temperature ranges were given for the stages. 

In case of the investigated process applying the isoconversional method the following 
results were obtained. The E values for the stages I and III (assimetric plots of DTG and HF) 
changed constantly along with the change of conversion degree. However, in the case of 
stage II (symmetric plots of DTG and HF), E was practically constant. It seems probable that 
the isoconversional method compensates the influence of βi on the course of the process by 
changing the activation energy. Theoretically much more interesting is the possibility to 
compensate the βi, at constant activation energy, with temperature range 0 1T Tα α= =÷ . 

While carrying out the calculations using the Coats-Redfern method the activation energies 
determined by Kissinger’s method were used as the base values. Almost constant values of 
the A and E parameters were obtained for the stages for different heating rate of the 
samples. The verifying calculations were performed. The α(T) and r(α,T) dependencies were 
determined. The good consistency with experimental data was obtained. The obtained 
results show that the Coats-Redfern equation is of great importance for the studies of the 
kinetics of heterogeneous non-catalytic processes 

Describing kinetics of the TiCx carbonisation and their oxidation, Coats-Redfern’s equation 
was applied kinetic models of stages were identified based on statistical evaluation and 
compliance to a large extent, of degrees of transformation for stages calculated and 
determined from measurements. Building the kinetic models of processes, the results of 
measurements were treated as statistic values. A system of a complex analysis of 
measurements results was developed with the use of artificial neurone networks. Based on 
the TG curves four stages have been distinguished. The first, endothermic stage proceeding 
with mass loss, corresponded to desorption of volatile products, D3 model. The second, 
exothermic stage proceeding with mass growth, was assigned to oxidation of uncarbonized 
nc-TiCx/C by the oxygen present in argon at trace level, F2 model. The third endothermic 
stage, proceeding with mass loss, referred to carbonization of nc- TiCx/C and pyrolysis of 
organic compounds, contained in the raw samples. The pyrolysis of admixtures and 
carbonization of nc-TiCx/C proceeded simultaneously. After completing the carbonization 
process at the temperature above 1573 K, oxidation of carbonized TiCx/y by oxygen present 
in argon at trace level was observed, R2 model. 

The third, basic stage preceded in non-isothermal and isothermal conditions; at lower 
conversion degrees F1 model (first-order reaction) and at the higher conversion degrees 
(above 0.98) D3 model (three-dimensional diffusion, spherical symmetry, Jander equation) 
was applied.  

Adapting to the description of the processes which took place with the participation of nc-
TiCx/C the parameters for the process of purification were determined together with the 
simultaneous carbonization of nc-TiCx in argon, in conditions which make impossible their 
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Figure 28. Dependence of conversion degree on time - α(t). T= 823 K. Oxidation of TiC commercial and 
TiC/C nano-composites (30 nm) in air. 50, 10, 3 % by wt. of the carbon contents in composites 
respectively [17]. 
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( ) ( )4 3 4 6 16 4 6 16 2 53 2
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coalescence and growth to micron sizes. Kinetics and by the same, the mechanism of the 
processes of oxidation of nanocrystalline TiCx in form of powder were tested, and they were 
subjected to evaluation based on the comparison of the rate of oxidation. 

6. Nomenclature 
GRNN   - Generalized-Regresion Neural Network 
MLP   - Multilayer Perceptron  
MS   - Mass Spectrometry 
SEM   - Skanning Elektron Microscopy  
TEM   - Transmission Electron Microscopy 
TG – DSG  - Thermogravimtry and Differential Scanning Calorymetry 
XRD   - X-Ray Diffraction  
A  - pre-exponential Arrhenius factor (1min-1) 
B  - const 
C  - const 
E  - apparent activation energy (J mol-1, kJ mol-1) 
f(α)  - conversion function dependent on mechanism of reaction 
f ’(α m)  - derivative of f(α) function for maximal reaction rate 
φ (T, α,, P) ) - temperature, conversion degree and pressure function 
g(α)  - integral form of kinetic model 
h(P)  - pressure function 
k(T)  - reaction rate constant (1 min -1) 
m0   - initial sample mass for the stage (mg) 
m  - current sample mass for the stage (mg) 
mk  - final sample mass after for the stage (mg) 
r   - reaction rate (1 min-1) 
R   - gas constant (J mol-1 K) 
rp  - correlation coefficient 
t  - time (min) 
T  - temperature (K) 
T α =0, T  α =1 - initial and final temperature of the stage (K) 
Tm  - maximum conversion rate temperature for a stage (K) 

'
m

Tα   - temperature referring to '
mα  

ΔT  - temperature range (K) 
TGu, TGun - normalized TG  
α  - conversion degree 
α m  - conversion degree for maximum rate of a stage 

'
mα  - average conversion degree for rate maxima of a stage for different   

heating rate 
Δ α  - conversion degree range 
β  - heating rate (K min-1) 
Subscripts 
m  - maximum rate of a stage 
i, j  - order 
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1. Introduction 

Ionizing radiation dosimetry plays a very important role in several fields, useful in the 
ordinary life, such as radiotherapy, nuclear medicine diagnosis, nuclear medicine, 
radioisotope power systems, earth science, geological and archaeological dating methods, etc. 

The phenomenon of Thermoluminescence (TL) has been known since 1663, when 
Robert Boyle notified the "Royal Society" in London, which observed the emission of light 
by a diamond when it was heated in the dark [1]. Afterwards, a large number of scientists 
began to work with TL; as did Henri Becquerel, whose work described IR measurements 
spectra [2] and the effect of TL, too. Marie Curie, in 1904, noted that the TL properties of the 
crystals could be restored by exposing them to radiation from the radio element mentioned 
in her doctoral thesis. In the middle of the 1930’s and 1940’s, Urbach performed 
experimental and theoretical work with TL [1] and in 1945 Randall and Wilkins developed a 
first theoretical model [3] of thermoluminescent emission kinetics. 

The use of thermoluminescence in dosimetry  date from 1940, when the number of people 
working on places with radiation sources such as hospitals, nuclear reactors etc.  exposed to 
ionizing radiations (γ-rays, X rays, α and β-particles, UVA and UVB) increased and efforts to 
develop new types of dosimeters began [4]. Among the pioneers of TLD we have Daniels, 

© 2012 Tatumi et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction 

Ionizing radiation dosimetry plays a very important role in several fields, useful in the 
ordinary life, such as radiotherapy, nuclear medicine diagnosis, nuclear medicine, 
radioisotope power systems, earth science, geological and archaeological dating methods, etc. 

The phenomenon of Thermoluminescence (TL) has been known since 1663, when 
Robert Boyle notified the "Royal Society" in London, which observed the emission of light 
by a diamond when it was heated in the dark [1]. Afterwards, a large number of scientists 
began to work with TL; as did Henri Becquerel, whose work described IR measurements 
spectra [2] and the effect of TL, too. Marie Curie, in 1904, noted that the TL properties of the 
crystals could be restored by exposing them to radiation from the radio element mentioned 
in her doctoral thesis. In the middle of the 1930’s and 1940’s, Urbach performed 
experimental and theoretical work with TL [1] and in 1945 Randall and Wilkins developed a 
first theoretical model [3] of thermoluminescent emission kinetics. 

The use of thermoluminescence in dosimetry  date from 1940, when the number of people 
working on places with radiation sources such as hospitals, nuclear reactors etc.  exposed to 
ionizing radiations (γ-rays, X rays, α and β-particles, UVA and UVB) increased and efforts to 
develop new types of dosimeters began [4]. Among the pioneers of TLD we have Daniels, 
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1953, with LiF, Bjarngard, 1967 with CaSO4 and Ginther and Kirk (1957) with CaF2. After 
these works search in other materials such as natural fluorides or synthetic as, LiBO3:Mn, 
CaF2:Dy, CaSO4 and MgSiO4:Tb. They usually obtained as monocrystalline samples 
Czochralski, Bridgmann, etc. 

However, Cameron, 1961, with their research on the application of LiF: Mg and Ti obtained 
the first thermoluminescence dosimeter (TLD-100) [5], which is still one of most popular 
TLD phosphor, due to tissue equivalent Zeff = 8.04, which is an important characteristic for 
personal dosimetry. Akselrod et al., 1990 [6] carried out studies on TL properties of carbon 
doped Al2O3 (TLD-500), a very sensitive material to radiation exposure, showing few TL 
peaks, with dose interval of detection between 0.05 µ to 10 Gy and fading rate of 3% by year 
(when kept in the dark). This high sensitivity of the material is attributed to oxygen 
vacancies created during the crystal growth procedure; the electrons can be trapped at these 

vacancies creating F- and F+ centers, which act as recombination centers yielding a bright 
emission. 

In order to increase the luminescence emission response with dose of some 
thermoluminescence dosimeters (TLD), heat treatments procedures were frequently 
performed. Halperin et al., 1959, [7] noted that the thermal treatment enhanced the intensity 
of various TL glow peaks of NaCl by factors of a few thousands; on prolonged heat 
treatment. They observed that the intensity of TL peaks locate above RT decreased, while 
those at lower temperatures continued to grow even after 80 hours of heat treatment at 550 
°C. Mehendru, 1970 [8], studied the effects of heat treatment on the TL response of pure KCl; 
they associated the peaks at 95, 135, and 190 °C with the F centers, these last created due to 
the background divalent cation impurities, and with the first- and the second-stage 
F centers, respectively. Kitis et al., 1990 [9], studied the sensitization of LiF:Mg, Ti as a 
function of irradiation at elevated temperatures, pre-irradiation annealing, and post 
irradiation annealing between 150–400 °C; the results showed that the first and third 
conditions cause an enhancement of the sensitivity; after more two works about preheating 
and high temperature annealing on TL glow curves of LiF:Mg, Ti [10] and in LiF TLD100 
[11] were published. Holgate, 1994, [12] investigated TL and radioluminescence (RL) spectra 
of calcium fluoride samples doped with neodymium and variations of spectra with Nd 
concentrations and thermal treatments were observed. Nowadays, it is possible to find 
oxides, sulfates, sulfides and alkali haloids doped with rare-earths and transition metals as 
commercial dosimeters. 

The optically stimulated luminescence (OSL) was pioneered used to determine 
environmental radiation dose received by geological samples [13]. However, the idea of 
using OSL dosimetry was first suggested in 1956 [14]. The first experience was made using 
MgS, CaS, SrS and SrSe phosphors doped with different rare-earths [15,16]. Nanto et al., 
1993 [17], investigated the OSL properties of single crystals of KCl:Eu; after, Akselrod et al. 
1998 [18], proposed the use of Al2O3:C for OSL dosimetry, because the high sensitivity of the 
crystal to visible light. At the present time, the crystal is the principal OSL dosimeter [19-22]. 
Currently, there are various materials proposed for OSL dosimetry as KBr:Eu [23,24], 
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LiAlO2:Tb, Li2Al2O4:Tb, Mg2SiO4:Tb, Mg2SiO4:Tb, Co CaSiO3:Tb [25]. Some morphological 
studies was introduced in the science of OSL materials, using high-resolution microscope 
(TEM) coupled to punctual electron diffraction analysis in nanoscale, showed that dopants 
formed nanocrystalline structure located at surface of the matrix elements as Al2O3:Mg, 
Yb:Er, Nd and KAlSi3O8:Mn [26-30]. 

Nowadays, luminescent dosimetry materials can be used in personal dosimetry, 
radiotherapy, nuclear medicine and diagnostic and environmental dosimetry they are 
widely used due to high sensitivity, linear response to the dose, the response is independent 
with radiation energy (within a certain range), their reusability, etc. 

The aim of this chapter is to present a very comprehensive research about new materials 
consisting in aluminate crystals doped with rare-earths, for radiation dosimetry using TL 
and OSL.  

Some features on fabrication of aluminates dosimeters will be shown relating the 
luminescence response according to the relative concentration of several rare-earths and 
transition metals. A study in nanoscale effects, size, shape and surface morphology using 
TEM, SEM, EDS and electron diffraction measurements will be shown too. The 
physicochemical properties of the doped materials are strongly related to the fabrication 
process as well the experimental parameters as temperature of thermal treatments, 
calcination time, heating rates, etc. 

As materials science has developed down to nanoscale, the exceptional properties of 
nanoscaled rare-earth materials are only now being recognized and performed intentionally. 

2. Experimental part 

Polycrystalline powder samples of α-Al2O3:Er, Yb; Mg; Tb and Nd were obtained by sol-gel 
and Pechini process. In the sol-gel procedure stoichiometric amounts of tri-sec-butoxide of 
aluminum was dissolved in distilled water and hydrochloric acid. The dopants Er, Yb, Nd 
and Tb oxides were added during the sol stage, with different concentrations. Some portions 
of the resulting powder were calcinated at different temperature from 1200 to 1600 °C. 
Experimental parameters of the calcination process, as heating and cooling rates and set 
point values were varied, in order to verify the effect on the luminescence response. 

Pechini is a chemical routine that produces, at the end of the stage, an organic polymer with 
metallic ions, which will be responsible for the formation of the desired material. The 
polymer is obtained after low temperature reaction among ethylene glycol, citric acid and 
aluminum nitrate. Once the polymer is ready, a number of heat treatments are carried out in 
order to (1) collapse the polymeric structure and allow the gradual oxidation reaction of the 
metallic ions with atmospheric oxygen, and (2) obtain the desired structure of the material. 
This technique is known to obtain uniform composition and controlled grain size 
distribution, due to the slow oxidation reaction and the viscosity of the polymer, which 
avoid precipitation. 
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The morphological characteristics of the samples were analyzed using a Philips CM200 TEM 
equipped with EDS operating at 160 keV, some Cu contamination from the sample holder 
can be observed in the all the EDS results, the samples were located at 400 mm from the 
source. The X-ray powder diffractions were recorded with the MiniFlex II model 
diffractometer of Rigaku Corporation. 

TL and OSL measurements were performed in an oxygen-free nitrogen atmosphere using 
Daybreak Nuclear and Medical Systems Inc, model 1100-series TL/OSL reader and RISØ 
TL/OSL reader Model DA - 20.   

TL was detected using the BG-39 (340-610 nm) optical filter and heating rate of 10 °C/s. OSL 
measurements were made using an array of blue (470 nm) LEDs for sample stimulation and 
detected in the UV with a Schott U-340 optical filter.  

The irradiations were performed at RT in a 60Co source with dose rate of 28.7 Gy/h and with 
a beta source (90Sr/90Y) coupled to the RISØ TL/OSL reader, with dose rate of 0.08 Gy/s. 

3. Results and discussion 

3.1. XRD 

Figure 1a shows the XRD of pure alumina produced by sol –gel without any dopants. A 
very well agreement with standard α-Al2O3 pattern is observed (Figure1a). On the other 
hand, doped samples show additional peaks related with new structures formed by the 
dopants and the alumina matrix, for example, in the case of Tb doped samples it was 
verified the Tb3Al5O12 crystalline structure (Figure 1b), and for Nd doped sample the AlNd 
structure (Figure 1c). 

Sample doped with Er and Yb and calcinated at 1200 °C supplied a broad background, 
related to amorphous phase, and many other peaks associated to Yb2O3, Er2O3 and 
Yb3Al5O12. For the sample calcinated at 1600°C it was not observed the background, but the 
peaks of Yb2O3, Er2O3 with predominance of the Yb3Al5O12 (Figure 1d and e) were noted.  

Figure 2 shows XRD patterns of alumina powder obtained by Pechini process. Applying 
crescent calcinations temperatures, we can obtain alumina in gamma and alpha phase 
(Figure 2a and 2b). The Mg addition promoted the formations of MgAl2O4 crystals (Figure 
2c). When the doped sample is heated up to 1100 °C (Figure 2d), most of the material is 
converted to α-Al2O3, except for a few low intensity peaks related to the occurrence of 
magnesium spinel (MgAl2O4). This observation will be corroborated in the next section 
through TEM images. 

3.2. Thermoluminescence 

TL glow curves of samples obtained with different calcinations temperatures, and detected 
in UV and VIS regions are shown in Figure 3a and 3b, respectively. It can be seen that 
calcinations at 1600 °C favored the increase of 190 °C TL dosimetric peak and diminution on 
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intensity of high temperature peak simultaneously. The TL intensity in VIS region is higher 
than those found in the UV one.  

 
Figure 1. XRD pattern of the α-Al2O3 samples, a) undoped sample, b) doped with Tb, c) doped with 
Nd, d) Er and Yb (1 and 2 mol%) doped and calcinated at 1200 °C and (e) Er and Yb (1 and 2 mol%) and 
calcinated at 1600 °C. 
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intensity of high temperature peak simultaneously. The TL intensity in VIS region is higher 
than those found in the UV one.  
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Figure 2. XRD patterns from Al2O3 samples obtained from Pechini routine. a) shows undoped samples 
annealed at 600 and 900 °C and standard patterns found for γ-Al2O3 and α-Al2O3. b) shows XRD from 
undoped sample annealed at 1100 °C and the standard α-Al2O3. Magnesium doped sample annealed at 
900 °C is shown in (c) with the standard pattern of magnesium spinel (MgAl2O4). After annealing at 
1100 °C, magnesium doped sample produced the XRD shown in (d). 

Figure 3c and 3d show results of TL responses in UV and VIS regions with set point times 
varying of 30 min, 1, 2, 4 and 8 h. In the UV region, the thermal treatment of 4 h promoted a 
high increment of the 190 °C peak while in VIS region, the time was of 8 h. It is known from 
literature that the emission mechanism of these two luminescence regions is different. In the 
case of UV emission, the responsible is the F+ center according the mechanism: 

 F + h� → F�∗ → F� + hν�����������������������e��� ������� (1) 

Where the recombination of the F center with a hole (h+) generates an excited F+*, which 
decays into the ground state (transition 1B → 1A) emitting a photon at 325 nm. Therefore, 
the calcinations at 1600 °C stimulated an increase of F centers concentration. 

In the other case of VIS emission, it is believed that the luminescence occurs as follows [31, 
32]:  

 F → F� + e�������������������e��� (2) 

 F� + e� → F∗ → F + hν�����������he����������e��� ��� (3) 
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Figure 3. TL glow curves of pure alumina samples obtained by sol-gel process, study of effects of 
calcination temperatures and time on the TL response. a) UV emission with different calcinations 
temperatures; b) VIS emission with different calcinations temperatures; c) UV emission with different 
set-point times and d) VIS emission with different set-point times. 

Where F center loses an electron after absorption of high energy radiation and become F+ 
center. On thermal stimulation, the recombination of the electron and the F+ center produces 
an excited F center (F*), which decays into its ground state (3P transition state → 3S) with 
the emission of photons at 410-420 nm. 

Therefore, following our results the long set point time (~ 8 h) favored the electron traps 
formations, and in the case of UV emission we have the great rate of formation of hole traps 
after 4 hours of calcinations. 

Figure 4 shows TL glow curves of pure alumina obtained with different heating and cooling 
rates. In all cases the slow rate of 3 °C/min supplied the best result, confirming that longer 
calcinations time can promote a better diffusion of the defects and ions and also eliminates 
the internal tension forces in the crystalline lattice, which can homogenize the crystal. 

TL glow curves of the samples doped with Er and Yb are shown in the Figure 5a and 5b. 
Samples calcinated at 1200 °C supplied one peak at high temperature (Figure 5a), which did 
not increase proportionally to the dose and another peak at low temperature region with 
very low intensity. After calcinations at 1600 °C, two prominent peaks at 224 °C and 442 °C 



 
Heat Treatment – Conventional and Novel Applications 

 

182 

 
Figure 2. XRD patterns from Al2O3 samples obtained from Pechini routine. a) shows undoped samples 
annealed at 600 and 900 °C and standard patterns found for γ-Al2O3 and α-Al2O3. b) shows XRD from 
undoped sample annealed at 1100 °C and the standard α-Al2O3. Magnesium doped sample annealed at 
900 °C is shown in (c) with the standard pattern of magnesium spinel (MgAl2O4). After annealing at 
1100 °C, magnesium doped sample produced the XRD shown in (d). 

Figure 3c and 3d show results of TL responses in UV and VIS regions with set point times 
varying of 30 min, 1, 2, 4 and 8 h. In the UV region, the thermal treatment of 4 h promoted a 
high increment of the 190 °C peak while in VIS region, the time was of 8 h. It is known from 
literature that the emission mechanism of these two luminescence regions is different. In the 
case of UV emission, the responsible is the F+ center according the mechanism: 

 F + h� → F�∗ → F� + hν�����������������������e��� ������� (1) 

Where the recombination of the F center with a hole (h+) generates an excited F+*, which 
decays into the ground state (transition 1B → 1A) emitting a photon at 325 nm. Therefore, 
the calcinations at 1600 °C stimulated an increase of F centers concentration. 

In the other case of VIS emission, it is believed that the luminescence occurs as follows [31, 
32]:  

 F → F� + e�������������������e��� (2) 

 F� + e� → F∗ → F + hν�����������he����������e��� ��� (3) 

Effects of Heat Treatments on the Thermoluminescence and Optically Stimulated  
Luminescence of Nanostructured Aluminate Doped with Rare-Earth and Semi-Metal Chemical Element 

 

183 

 
Figure 3. TL glow curves of pure alumina samples obtained by sol-gel process, study of effects of 
calcination temperatures and time on the TL response. a) UV emission with different calcinations 
temperatures; b) VIS emission with different calcinations temperatures; c) UV emission with different 
set-point times and d) VIS emission with different set-point times. 

Where F center loses an electron after absorption of high energy radiation and become F+ 
center. On thermal stimulation, the recombination of the electron and the F+ center produces 
an excited F center (F*), which decays into its ground state (3P transition state → 3S) with 
the emission of photons at 410-420 nm. 

Therefore, following our results the long set point time (~ 8 h) favored the electron traps 
formations, and in the case of UV emission we have the great rate of formation of hole traps 
after 4 hours of calcinations. 

Figure 4 shows TL glow curves of pure alumina obtained with different heating and cooling 
rates. In all cases the slow rate of 3 °C/min supplied the best result, confirming that longer 
calcinations time can promote a better diffusion of the defects and ions and also eliminates 
the internal tension forces in the crystalline lattice, which can homogenize the crystal. 

TL glow curves of the samples doped with Er and Yb are shown in the Figure 5a and 5b. 
Samples calcinated at 1200 °C supplied one peak at high temperature (Figure 5a), which did 
not increase proportionally to the dose and another peak at low temperature region with 
very low intensity. After calcinations at 1600 °C, two prominent peaks at 224 °C and 442 °C 



 
Heat Treatment – Conventional and Novel Applications 

 

184 

were observed (Figure 5b). For the sample doped with Er (1 mol %) and Yb (2 mol %), the 
peak temperature changed to 203 °C and an increment about 1.4 time in the TL intensity was 
observed. In all the samples, the TL response of the high temperature peak is not 
proportional to the dose. For samples doped with Tb (2.5 mol%) and Nd (2.5 mol%) an 
increased in UV intensity of the 190 °C peak was also noted, the first one increased 3.5 times 
and for Nd was 2.5 times, when compared to undoped one (Figure 5c). 

 
Figure 4. TL glow curve of pure alumina samples obtained by sol-gel process a) UV emission with 
different heating rates b) VIS emission with different heating rates; c) UV emission with different 
cooling rates d) VIS emission with  

Figure 6 shows TL glow curves of pure and Mg doped samples obtained by Pechini process, 
the curves are slightly different from those obtained by sol-gel. High intensities for 190 °C 
TL peak from pure samples were obtained at 1100 oC for VIS region (Figure 6a) and at 1350 
°C for UV one (Figure 6b). On sample doped with Mg high intensities were detected in both 
cases UV and VIS with calcinations at 1600 °C, the same value found in sol-gel samples. 

Figure 6 shows TL glow curves for samples produced via Pechini method. As the calcination 
temperature increases, different observations can be made, depending on the composition 
and the measurement spectra. In Figure 6a, showing TL emission of undoped sample in the 
visible region, all the peaks intensities decrease for higher temperatures, but mainly low 
temperature (90 °C) and high temperature (410 °C) peaks. In this case, the best sample 
would be the one calcinated at 1350 °C, due to its high intensity and low competition among 
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the trapping centers (more stable TL signal). High temperature treatments can destroy as 
well as create trapping and recombination centers, and that explains why some TL peaks 
may disappear, whilst others may rise or increase. 

 
Figure 5. TL glow curve of α-Al2O3 obtained by sol gel: a) doped with Er, Yb (1, 2 mol%), calcinated at 
1200 °C and irradiated with γ-rays, b) doped with Er, Yb (1, 2 mol%), calcinated at 1600 °C and 
irradiated with γ-rays and c) TL glow curve UV emission of sample doped with Nd (2.5 %) (black open 
circle) and Tb (2.5 %) (red triangle), both calcinated at 1600 °C and irradiated with 10 Gy. 

 
Figure 6. TL glow curves from Al2O3 (a and b) and Al2O3:Mg (c and d) samples obtained from Pechini 
routine and annealed at 1100, 1350 and 1600 °C. Measurements were taken in both visible (a and c) and 
UV (b and d) spectra. 
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were observed (Figure 5b). For the sample doped with Er (1 mol %) and Yb (2 mol %), the 
peak temperature changed to 203 °C and an increment about 1.4 time in the TL intensity was 
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and for Nd was 2.5 times, when compared to undoped one (Figure 5c). 
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Figure 6b is the TL emission of undoped sample in the UV region, which indicates that high 
temperature peaks tend to fade when the sample is calcinated at higher temperatures. Once 
again, the sample calcinated at 1350 °C showed the best glow curve. For the undoped 
sample, calcination at 1600 °C seems to increase the competition, which decreases the overall 
intensity. It is not likely that the high temperature is damaging the material, since the 
melting point is still too far away (around 2050 °C). Also, the high temperature may be 
causing the crystallites to grow, decreasing the surface area exposed to the incoming 
radiation, thus changing the trapping dynamics at some level. 

The incorporation of magnesium atoms in the crystalline lattice made a great deal on the TL 
response of the samples. In the first place, both visible and UV emissions (Figures 6c and 6d, 
respectively) increased with the increasing of the calcination temperature, which was not 
observed for undoped samples. Secondly, the high temperature peak (355 °C) of the visible 
emission had its intensity increased by a factor of 3; a minor difference on the relation 
between the main dosimetric peak and the high temperature one was also observed for the 
UV emission. 

It is important to observe that only samples calcinated above 1100 °C exhibited some 
appreciable TL emission; this means that α-Al2O3 acts as a better ionizing radiation sensor 
than other phases (δ and γ). For samples calcinated below that temperature (600 and 900 °C), 
most of the trapping and recombination centers may not yet be active. 

One reason for the high luminescence of α-Al2O3:C comes from the theory of point defects. It 
is known that the synthesis of carbon doped alumina is done in a highly reductive 
atmosphere of carbon ions, resulting into a great production of oxygen vacancies in the 
crystalline lattice. If these vacancies are occupied by two electrons we have the formation of 
the neutral F center. Otherwise, if the vacancy is occupied by only one electron, we have the 
formation of F+ center. In the latter situation, the presence of charge compensation is 
demanded for the F+ center formation; in the case of the α-Al2O3:C it is C2+ impurity, which 
replaces Al3+ ion in the crystalline lattice. In our case we suppose that the Mg is acting as C 
impurity. 

3.3. Thermoluminescence spectra 

TL spectra of pure and doped with Tb, Er-Yb, and Nd alumina are shown in Figures 7a) to 
7d) respectively. On visible region from 360 to 600 nm luminescence bands due to rare-earth 
elements are observed on doped samples. However all the samples pure and doped showed 
an intense luminescence band between 650 and 800 nm not identified yet in the literature. 
However, from fluorescence results, this band is usually associated to Cr3+ impurity 
incorporated in raw materials used for alumina production [33].  

When the dopant are incorporated, other bands are detected related to the rare-earth 
elements (Figure 7b, 7c, and 7d). The Tb doped sample shows, in addition for the first at 694 
nm, another broad band at 428 nm, with 187 nm of width, due to the transitions of Tb3+. The 
results are in agreements with the transitions of 5D3 and 5D47Fj (j=1-6). 
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Figure 7. TL spectra of Alumina, a) undoped sample, b) Tb doped sample, c) Er and Yb doped sample, 
d) Nd doped sample. 

In the case of Al2O3:Er:Yb sample, the band is centered at 528 nm (448-589 nm) and the 
emission mechanism can be related to these rare-earth elements. It is well known that Er3+ 
has high efficiency for the infrared to visible light conversion and cooperative sensitization 
properties. The 4I11/2 (Er3+) level and 2F5/2 (Yb3+) state are very closely matched in energy, thus 
the exposition from the 0.9 to 1.1 µm range will excite both Er3+ and Yb3+ ions. The visible 
emission can occurs because the Yb3+ transfers the excitation energy to Er3+ and the final 
state of this process is the population of the 4F7/2 state and nonradiative relaxation to the 4S3/2 
level, from which green photon (547 nm) is emitted. The excitation routes for red emission at 
660 nm are not clear yet; in this case the Yb3+ transfer energy to Er3+ and the red emission 
occurs in the 4F9/2→4I15/2 transition [34]. 

For Nd doped sample, it was noted emission at 396 nm (364-460 nm). It is known that Nd3+ 
can emit in UV region and the possible transitions related to these emissions are: 4D5/2 4D3/2 
4P3/2→ 4I9/2; 4D5/2 4D3/2 4P3/2→4I11/2 [35]. 

3.4. Optically stimulated luminescence  

As seen in TL emission curves showed previously, the response of OSL signal also increased 
for samples calcinated at high temperatures, for both samples obtained by sol-gel (Figure 8a) 
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and Pechini process (Figure 8b). Figure 8c and 8d show an example of OSL increment about 
3 times, after calcination at 1600 °C. 

OSL decays can be fitted by exponential functions [36], depending on the number of the 
traps involved in the process, for example for two traps we have: 

 I��� = 	 I���� �� �
��� � I���� �� �

��� (4) 

Where IOSL is the total OSL intensity, I1 and I2 are the initial intensities of exponentially 
decaying from faster and slower components of the shinedown curve; τ1 and τ2 the 
respective decay constants. 
 

Sample – 
Pechini Process 

Calcination 
temperature (°C) 

τ1 
(s-1) 

τ2 
(s-1) 

Al2O3 1100 3.05±0.03 13.4±0.3 
Al2O3 1350 2.415±0.005 11.11±0.04 
Al2O3 1600 2.27±0.05 11.5 ± 0.2 

Al2O3: Mg 1100 2.49±0.09 13.8±0.6 
Al2O3: Mg 1350 2.6±0.1 12.6±0.9 
Al2O3: Mg 1600 2.22±0.05 11.3±0.3 

Sample 
Sol Gel Process 

   

Al2O3 1600 9.0±2.0 41±11 
Al2O3 :Yb:Er 1600 22.5±1.0 -0- 
Al2O3: Nd 1600 13.3±0.8 54±11 
Al2O3:Tb 1600 8.7±2.2 45±6.0 

Table 1. Values for decay constants obtained from theoretical fitting of the OSL curves of alumina 
(equation 4). 

Table 1 shows the decay constants obtained for the studied samples. All the OSL decay 
curves can be fitted by second order exponential function, except for Er and Yb doped 
sample, which followed first order decay. For samples obtained by Pechini process the high 
temperatures calcinations diminished the constants values, the fast component value for 
both pure and Mg doped samples heated at 1600 °C supplied almost same constants decays. 
In the case of samples made by sol-gel, the Tb doped sample has constants similar to those 
determined by pure alumina. However, the incorporation of Nd, Er and Yb changed the 
constants values. The OSL curves of the samples obtained by sol-gel supplied greatest decay 
constants.   Yang et al. [37] showed some OSL fitting results of α-Al2O3: C excited by green 
light and detected in the UV, and they found that τ1 vary from 4.6 to 11.3 s-1 and τ2 from 24.1 
to 30.1 s-1. They attributed the variations to different concentrations of F and F+ centers in the 
sample. Nevertheless, our results indicated that τ values are constant and do not depend of 
dose values delivered to the samples, the results for τ1 are similar to those found in the 
literature, however τ2 are relatively higher. 
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Figure 8. OSL curves of alumina, a) undoped samples obtained by sol-gel with different calcinations 
temperatures, b) undoped samples obtained by Pechini process with different calcinations 
temperatures, c) Er, Yb doped samples calcinated at 1200 °C and irradiated with gamma-radiations, d) 
Er, Yb doped samples calcinated at 1600 °C and irradiated with gamma-radiations and e) Nd and Tb 
doped samples calcinated at 1600°C. 

3.5. TEM 

According to TEM images, it was verified that all the doped samples present nanocrystals 
formations on the surface of alumina grains (Figure 9a). In Tb doped sample, it was verified 
the presence of Tb3Al5O12, the chemical structure was determined by electron diffraction and 
EDS results (Figure 9b). Nanocrystals of AlNd are easily observed with its well developed 
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Figure 8. OSL curves of alumina, a) undoped samples obtained by sol-gel with different calcinations 
temperatures, b) undoped samples obtained by Pechini process with different calcinations 
temperatures, c) Er, Yb doped samples calcinated at 1200 °C and irradiated with gamma-radiations, d) 
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doped samples calcinated at 1600°C. 

3.5. TEM 

According to TEM images, it was verified that all the doped samples present nanocrystals 
formations on the surface of alumina grains (Figure 9a). In Tb doped sample, it was verified 
the presence of Tb3Al5O12, the chemical structure was determined by electron diffraction and 
EDS results (Figure 9b). Nanocrystals of AlNd are easily observed with its well developed 
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faces (Figure 10a), in most of the case, the nanocrystals average size is about 200 nm, these 
aluminates composition was also verified by the EDS (Figure 10b). 

 
Figure 9. TEM image from Tb doped Al2O3 and electron diffraction showing the presence of 
nanocrystals of Tb3Al5O12. b) EDS results with Tb peak. 

 
Figure 10. a) TEM image from Nd doped Al2O3, b) EDS results with Nd peak. 
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Figure 11a) shows an example of TEM images obtained for α-Al2O3 doped with 1mol% of Er 
and 2mol% of Yb, and calcinated at 1200 °C. EDS analysis show the presence of Er and Yb 
dopants in the α-Al2O3. Electron diffraction analysis identified the crystal as Yb2O3, however 
by XRD analysis showed plus two new composition in the samples doped and attributed to 
Er2O3 and Yb3Al5O12 (Figure 1e). The results of TEM analysis give the following average 
nanocrystals diameters D = (36±2) nm for the sample calcinated at 1200 °C and D=(182±8) 
nm for sample calcinated at 1600 °C (Figures 9 d), these results and the homogeneity in the 
crystalline size suggests that the nanocrystal powder growth is depending on thermal 
treatment temperature. The growth and cluster formations of the nanocrystals are the 
consequence of the reduction of grain boundary area and therefore the total energy of the 
system.  

In the case of Mg doped alumina there is a formation of Mg spinel (magnesium aluminate) 
nanocrystals dispersed on the surface of alumina grains, with size about 40 nm (Figure 12). 
It is considered that the high temperature calcination makes magnesium atoms to diffuse to 
the surface of the clusters, creating a thin layer of magnesium spinel, due to the high local 
concentration of the dopant. 

 
 
 

 

 
 
 
 

Figure 11. Results of TEM, EDS and Electron diffraction analysis obtained for for α-Al2O3 doped with 1 
mol% of Er and 2 mol% of Yb, and calcinated at 1200oC and 1600°C, (a) TEM images sample calcinated 
at 1200oC, (b) TEM images sample calcinated at 1600°C. 
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Figure 12. TEM image from magnesium doped Al2O3. It is considered that the high temperature 
annealing makes magnesium atoms to diffuse to the surface of the clusters, creating a thin layer of 
magnesium spinel. 

4. Conclusions 

Polycrystalline powder of α-Al2O3 was successfully obtained using sol-gel and Pechini 
process. A second phase was found in doped samples, forming nanocrystals of aluminates 
and lanthanides oxides on the surface of alumina grains. We did not observe the 
incorporations of the dopants inside the alumina structure. Strongly dependent of 
temperature calcinations, the nanocrystallinity of the sample was retained after calcinations 
at higher temperatures, and an increase in the crystallite size was already perceptible. 

The average diameter of nanocrystals depended on the dopant specie: for Yb and Er doped 
samples, it was D = (36 ± 2) nm for the sample calcinated at 1200 °C and D= (182 ± 8) nm for 
one calcinated at 1600 °C, therefore increased by 5 times. The approximately size of the 
AlNd is 200 nm for sample calcinated at 1600 °C during 4 h and for Tb3Al5O12 crystals the 
size is about 300 nm in the same calcination conditions. 

The TL emission mechanism in the visible region can be related to F center and to the 
lanthanide (Ln) relaxation. During the irradiation the Ln3+ ion is reduced to Ln2+. It is not 
completely known if the reduction is due to the transfer of an electron or a hole; however, 
the process of reduction of trivalent lanthanide ions by irradiation was previously verified 
in literature [18, 19]. During thermal stimulation an electron can recombine with the Ln2+ 
forming Ln3+* in excited state, which emits a photons returning on this way to the ground 
state. In the case of Mg spinel, probably the Mg ions promoted the oxygen vacancies 
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stabilization, improving the luminescence response in the visible spectra, causing the main 
peak to increase 5 times in comparison with the undoped sample. It is believed that the 
occurrence of the nanometric spinel layer created an interface between both materials 
(Al2O3/MgAl2O4) with high concentration of defects. 

OSL shinedown curves, supplied by undoped samples calcinated to 1200 and 1600 °C, 
could be fitted by second for all the samples except to α-Al2O3:Yb, Er, which was fitted by 
first order exponential decay. TL intensity of 190 °C peak and OSL responses with the 
dose increased linear for low doses region, from 80 to 1000 mGy, and the minimum dose 
detected value was 5 mGy obtained for TL (UV) and 350 µGy for OSL α-Al2O3 + Tb3Al5O12. 

In summary, calcination conditions are of great importance for materials production that are 
being used as radiation sensors, once it greatly influences the stabilization of intrinsic 
defects, diffusion of dopants and the occurrence of new phases, due to the incorporation of  
dopants alongside the matrix, and others. These new phases also seem to play an important 
role in the luminescence emissions, due to the creation of new trapping and recombination 
centers, producing materials with unique properties that can be exploited to obtain better 
dosimeters. 
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Figure 12. TEM image from magnesium doped Al2O3. It is considered that the high temperature 
annealing makes magnesium atoms to diffuse to the surface of the clusters, creating a thin layer of 
magnesium spinel. 

4. Conclusions 

Polycrystalline powder of α-Al2O3 was successfully obtained using sol-gel and Pechini 
process. A second phase was found in doped samples, forming nanocrystals of aluminates 
and lanthanides oxides on the surface of alumina grains. We did not observe the 
incorporations of the dopants inside the alumina structure. Strongly dependent of 
temperature calcinations, the nanocrystallinity of the sample was retained after calcinations 
at higher temperatures, and an increase in the crystallite size was already perceptible. 

The average diameter of nanocrystals depended on the dopant specie: for Yb and Er doped 
samples, it was D = (36 ± 2) nm for the sample calcinated at 1200 °C and D= (182 ± 8) nm for 
one calcinated at 1600 °C, therefore increased by 5 times. The approximately size of the 
AlNd is 200 nm for sample calcinated at 1600 °C during 4 h and for Tb3Al5O12 crystals the 
size is about 300 nm in the same calcination conditions. 

The TL emission mechanism in the visible region can be related to F center and to the 
lanthanide (Ln) relaxation. During the irradiation the Ln3+ ion is reduced to Ln2+. It is not 
completely known if the reduction is due to the transfer of an electron or a hole; however, 
the process of reduction of trivalent lanthanide ions by irradiation was previously verified 
in literature [18, 19]. During thermal stimulation an electron can recombine with the Ln2+ 
forming Ln3+* in excited state, which emits a photons returning on this way to the ground 
state. In the case of Mg spinel, probably the Mg ions promoted the oxygen vacancies 
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stabilization, improving the luminescence response in the visible spectra, causing the main 
peak to increase 5 times in comparison with the undoped sample. It is believed that the 
occurrence of the nanometric spinel layer created an interface between both materials 
(Al2O3/MgAl2O4) with high concentration of defects. 

OSL shinedown curves, supplied by undoped samples calcinated to 1200 and 1600 °C, 
could be fitted by second for all the samples except to α-Al2O3:Yb, Er, which was fitted by 
first order exponential decay. TL intensity of 190 °C peak and OSL responses with the 
dose increased linear for low doses region, from 80 to 1000 mGy, and the minimum dose 
detected value was 5 mGy obtained for TL (UV) and 350 µGy for OSL α-Al2O3 + Tb3Al5O12. 

In summary, calcination conditions are of great importance for materials production that are 
being used as radiation sensors, once it greatly influences the stabilization of intrinsic 
defects, diffusion of dopants and the occurrence of new phases, due to the incorporation of  
dopants alongside the matrix, and others. These new phases also seem to play an important 
role in the luminescence emissions, due to the creation of new trapping and recombination 
centers, producing materials with unique properties that can be exploited to obtain better 
dosimeters. 
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1. Introduction

Pulsed laser deposition (PLD) has become a potential method in fabricating highly quality
superconducting thin films suitable for electronic applications such as in Josephson junction-
based electronics and in second generation coated conductors [11, 12, 14, 20, 23]. PLD of
high Tc superconductors generally utilize excimer lasers in the ultraviolet (UV) range [6, 11] .
However, excimer lasers use toxic gases such as Cl and F for excitation. In contrast, flash lamp
pumped Nd:YAG laser can provide stable power and better beam profile [14, 20]. Nd: YAG
lasers are also easy to operate and have low maintenance costs [2, 14, 20]. To date, the third
harmonic (355 nm) and fourth harmonic (266 nm) of the Nd:YAG has been used to grow high
quality high-Tc superconducting films [12, 14, 20].

In UV PLD of Bi-Sr-Ca-Cu-O films, the substrates are usually heated to 8000C followed by
in-situ and ex-situ post heat treatments in gas atmospheres [1, 13, 22, 29]. Reports have shown
that Bi- content of the film is greatly influenced by the substrate temperature and can be highly
deficient at higher temperatures [1, 29]. In some cases, heat treatment during deposition
results in the contamination of the film especially on Si substrates [6]. PLD of YBa2Cu3O7−δ

using UV lasers produce films with Tc of 90 K require substrate heating ranging from 700-
8000C in a background O2 gas (pressure of ranging from 100 to 200 mTorr) [6, 7, 32]. This is
usually done since Y-Ba-Cu-O is highly dependent on oxygen content. This process is either
performed in-situ or ex-situ and part of the post heat treatment [4, 18]. These results implies
that post heat treatment is necessary to homogenize the composition of the film and improve
the critical temperarure Tc [1, 4, 19]

Recently, we reported the fabrication of micron thick Bi2Sr2CaCu2O8+δ (Bi-2212) and Yttrium
doped Bi-22Y2 through PLD with a 1064 nm Nd:YAG laser [9, 10]. The films underwent
heat treatment outside the PLD growth chamber to produce flat and highly c-axis oriented
films with stoichiometries identical to the targets. In the case of Bi-2212, the measured Tc is
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only about 58 K and for Bi-22Y2, the highest Tc is 90.5 K at 25% Y concentration [9, 10]. Y
substituted Bi-2212 films grown by IR PLD show drop in magnetoresistance and improved
critical current density Jc [3].

The primary motivation of these previous works is to use the existing Nd:YAG laser in PLD
experiments to avoid the complicated optics and gas systems of an excimer laser based PLD.
Also, when fundamental wavelength of the Nd-YAG laser is used for deposition, films with
the same chemical composition as the starting material can be fabricated, and therefore it
is versatile in the deposition of multicomponent films. The film properties can be adjusted
through heat treatment steps after deposition.

In this chapter, we examine effect of post heat treatment on the the morphology, composition,
crystallinty of the Bi2Sr2CaCu2O8+δ and YBa2Cu3O7−δ prepared by IR Nd:YAG PLD.

2. Infrared Nd:YAG laser ablation and post heat treatment

The laser system used in this study is a Q-switched Nd:YAG (Spectra Physics GCR 230)
operating at 1064 nm at 10 Hz repetition rate with 8 ns pulsed duration. The deposition
was performed in a stainless steel vacuum chamber continuously evacuated to maintain a
pressure of 10−2 mbar. The solid state sintered target is placed 30 mm from the substrate and
was rotated for uniform laser ablation. The Bi-Sr-Ca-Cu-O films were grown on (100) MgO
substrate with laser fluence of 5.5 J/cm2 , while Y-123 films on (100) SrTiO3 single crystal
substrates with laser fluence of 2.0 J/cm2.These values of fluences are typical for PLD of
Bi-Sr-Ca-Cu-O and Y-Ba-Cu-O [5, 8, 23, 33].The deposition was performed without substrate
heating and no other gasses from external sources were introduced in the chamber during
deposition.

For Bi-Sr-Ca-Cu-O films, two heat profiles in ambient air was performed. Some were partial
melted at 880 ◦C and some were heated at 940 ◦C for 15 minutes and rapidly quenched to
room temperature. Both of the heat profiles are seconded with annealing at 850 ◦C for 2 hour.
In the case of Y-123, three heat treatment steps were performed, first the films were re-sintered
at 900 ◦C for 12 hrs followed by heating at 1000 ◦C for 15 minutes and rapid thermal quenched
to room temperature. The last heat treatment involves, heating on a tube furnace with oxygen
at 930 ◦C for 12 hours, and annealed at 450 ◦C for 2 hours in ambient air.

Scanning electron microscopy (SEM) were used to examine the surface morphological features
and composition of the films. Film thickness was determined by SEM cross- sectional imaging.
X-ray Diffraction (XRD) were used to investigate the composition and crystal properties of
the film. To verify superconducting property of the films, linear four point probe resistance
measurement were performed.

3. Post deposition heat treatment effects

3.1. Bi-Sr-Ca-Cu-O films

SEM surface micrographs of partial melted and rapidly quenched Bi-2212 films grown with
5.2 J/cm2 energy fluence at 10−2 mbar chamber pressure for 180 minutes is shown in Figure 1.
Relatively smooth and flat films were obtained using partial melting and annealing treatment
as can be seen in figure 1a. At higher magnification (film 1c), layering inherent to the
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Bi-Sr-Ca-Cu-O is observed. The average thicknesses of the films are 9 μm. In figure 1b, films
heated at 940 ◦C for 15 min and the rapidly quenched films show pronounced layering and
terraces of Bi-Sr-Ca-Cu-O. This makes the film rougher compared to partially melted Bi-2212
films. The rapidly quenched films is thinner compared to partial melted films with an average
thickness of about 2 μm. Both films show small amount of spheroidal particulates after heat
treatment [10].

Figure 1. SEM surface micrographs of Bi-2212 films subjected to (a, c) partial melting and (b,d) rapid
quenching. Both films were subquently annealed.

XRD measurements on the partial melted and rapidly quenched Bi-2212 films is shown in
figure 2. The peaks are indexed using the card file no. 41-0317. Both films are highly c-axis
oriented with minimal Bi-2201 impurity. However, sharper XRD peaks are observed for films
subjected to partial melting indicating higher crystalline quality.

The rough morphology of films subjected to rapid quenching at very high temperature is due
to very fast cooling of the Bi-2212 material. It has been observed that IR PLD Bi-2212 films
require partial melting and annealing to allow uniform diffusion and migration of Bi-2212
materials on MgO substrate forming smoother film [10]. This attributed to the micron- size
spheroidal grains trasferred on the substrate by the IR laser during deposition [10]. Hence,
heat treatment is required to facilitate growth, flatten and densify the material producing
much thinner films.

Figure 3 shows the resistance vs temperature measurement on the partial melted Bi-2212 films
with transition temperature, Tc of about 79 K. In our previos report, partial melting with
subsequent annealing for 10 hours results into Tc of only about 58 K. The shorter annealing
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only about 58 K and for Bi-22Y2, the highest Tc is 90.5 K at 25% Y concentration [9, 10]. Y
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Relatively smooth and flat films were obtained using partial melting and annealing treatment
as can be seen in figure 1a. At higher magnification (film 1c), layering inherent to the
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films. The rapidly quenched films is thinner compared to partial melted films with an average
thickness of about 2 μm. Both films show small amount of spheroidal particulates after heat
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quenching. Both films were subquently annealed.

XRD measurements on the partial melted and rapidly quenched Bi-2212 films is shown in
figure 2. The peaks are indexed using the card file no. 41-0317. Both films are highly c-axis
oriented with minimal Bi-2201 impurity. However, sharper XRD peaks are observed for films
subjected to partial melting indicating higher crystalline quality.

The rough morphology of films subjected to rapid quenching at very high temperature is due
to very fast cooling of the Bi-2212 material. It has been observed that IR PLD Bi-2212 films
require partial melting and annealing to allow uniform diffusion and migration of Bi-2212
materials on MgO substrate forming smoother film [10]. This attributed to the micron- size
spheroidal grains trasferred on the substrate by the IR laser during deposition [10]. Hence,
heat treatment is required to facilitate growth, flatten and densify the material producing
much thinner films.

Figure 3 shows the resistance vs temperature measurement on the partial melted Bi-2212 films
with transition temperature, Tc of about 79 K. In our previos report, partial melting with
subsequent annealing for 10 hours results into Tc of only about 58 K. The shorter annealing

199
Post Deposition Heat Treatment Eff ects 

on Ceramic Superconducting Films Produced by Infrared Nd:YAG Pulsed Laser Deposition



4 Will-be-set-by-IN-TECH

Figure 2. XRD pattern of Bi-2212 film grown by IR- PLD Nd:YAG subjected to post heat treatment. Both
films are highly c-axis oriented films are achieved with post heat treatment. Sharper peaks were
observed for partially melted films.

time improved the transition temperature. It has been reported that longer annealing time
reduces oxygen content in the films [23]. In the case of rapidly quenched films, the measured
Tc show almost similar value. Although rapid quenching produce rougher films it still posses
Tc comparable with the partial melted films.

3.2. Y-Ba-Cu-O

Figure 4 shows the SEM micrographs of (a) a representative as- deposited films grown using
2.0J/cm2 laser energy fluence at 10−2 mbar deposition pressure for 180 minutes, and rapidly
quenching films in ambient air at 1000 ◦C for 15 minutes, (b)without, and (c,d) with oxygen
annealing. The as-deposited films show spheroidal grain with an average size of about 0.6 μm.
The surface of the film also contain micro-cracks extending to about 10 μm in length. The
surface of both rapidly quenched Y-123 films were covered with rectangular grains of different
sizes. In fig. 4b, the rectangular grains have an average size of about 1.4 μm ±0.3 x 1.3 μ
±0.3, while film subjected to oxygen annealing (fig. 4c) have an average size of 1.7 μm ±0.4
x 1.8 μm ±0.2. The rectangular particles also grow on top of another particle (indicated by
circle). Some of the rectangular particles also have different orientation including growth
perpendicular to the basal plane (arrow) and parallel to the substrate surface (dashed arrow).
In most UV PLD of Y-123, these rectangular shaped grains are presumed to be a- axis oriented
[16, 17, 21, 28]. This is observed especially when a solid- state sintered target is used for the
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Figure 3. Resistance as a function of temperature of Bi-2212 film prepared by 1064 nm Nd:YAG pulsed
laser deposition with post heat treatment.

deposition.However, the sizes which are comparably smaller compared to IR Nd:YAG Y-123
films [16].

At a higher magnification (fig. 4d), the surface of the oxygen annealed Y-123 film show that
the grains interconnect laterally forming larger particulates with extended grain boundaries
(indicated by squares). This is a common feature of Y-123 films especially when solid state
sintered targets are used as the material source for the deposition [15, 21]. While the heat
treatment helps in densifying the grains, it also aids in coalescence of grains and forming
an alignment of the material relative to the substrate orientation [10]. The appearance of
rectangular grains could be a result of incongruent melting of Y-123 at rapid thermal heating
at 1000 ◦C and the thickness of the films. The surface of the film also indicates that the film is
not fully melted at that temperature. This is partly due to micron-sized grains transferred by
IR laser pulses that needs higher temperature to completely melt. This also attributed to the
high melting temperature of Y-123 of about 1200 ◦C. Hence, we can infer from the SEM image
that film is at the initial stage of growth.

The observed morphology of the Y-123 film is due to the micron sized particulates generated
by IR PLD. It has been reported that large YBCO particulate are difficult to merged into YBCO
films completely especially in the surface of a thick film where the mobility and heat exchange
rate are lower than that in the substrate surface, hence they will hinder the c-axis growth of
surrounding film [34]. Larger YBCO grains in the as-deposited films could provide sites for
the nucleation of a-axis grains [25, 34]. Since large chunks of the target are able to arrive on
the substrate surface forming inherently thick films, preferential a-axis formation is observed
when you subject to heat treatment. In contrast, UV PLD generates ultrafine particles that
lands on heated substrate forming thinner film with c-axis orientation. We are also unable
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observed for partially melted films.
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Tc show almost similar value. Although rapid quenching produce rougher films it still posses
Tc comparable with the partial melted films.
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Figure 4 shows the SEM micrographs of (a) a representative as- deposited films grown using
2.0J/cm2 laser energy fluence at 10−2 mbar deposition pressure for 180 minutes, and rapidly
quenching films in ambient air at 1000 ◦C for 15 minutes, (b)without, and (c,d) with oxygen
annealing. The as-deposited films show spheroidal grain with an average size of about 0.6 μm.
The surface of the film also contain micro-cracks extending to about 10 μm in length. The
surface of both rapidly quenched Y-123 films were covered with rectangular grains of different
sizes. In fig. 4b, the rectangular grains have an average size of about 1.4 μm ±0.3 x 1.3 μ
±0.3, while film subjected to oxygen annealing (fig. 4c) have an average size of 1.7 μm ±0.4
x 1.8 μm ±0.2. The rectangular particles also grow on top of another particle (indicated by
circle). Some of the rectangular particles also have different orientation including growth
perpendicular to the basal plane (arrow) and parallel to the substrate surface (dashed arrow).
In most UV PLD of Y-123, these rectangular shaped grains are presumed to be a- axis oriented
[16, 17, 21, 28]. This is observed especially when a solid- state sintered target is used for the
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deposition.However, the sizes which are comparably smaller compared to IR Nd:YAG Y-123
films [16].

At a higher magnification (fig. 4d), the surface of the oxygen annealed Y-123 film show that
the grains interconnect laterally forming larger particulates with extended grain boundaries
(indicated by squares). This is a common feature of Y-123 films especially when solid state
sintered targets are used as the material source for the deposition [15, 21]. While the heat
treatment helps in densifying the grains, it also aids in coalescence of grains and forming
an alignment of the material relative to the substrate orientation [10]. The appearance of
rectangular grains could be a result of incongruent melting of Y-123 at rapid thermal heating
at 1000 ◦C and the thickness of the films. The surface of the film also indicates that the film is
not fully melted at that temperature. This is partly due to micron-sized grains transferred by
IR laser pulses that needs higher temperature to completely melt. This also attributed to the
high melting temperature of Y-123 of about 1200 ◦C. Hence, we can infer from the SEM image
that film is at the initial stage of growth.

The observed morphology of the Y-123 film is due to the micron sized particulates generated
by IR PLD. It has been reported that large YBCO particulate are difficult to merged into YBCO
films completely especially in the surface of a thick film where the mobility and heat exchange
rate are lower than that in the substrate surface, hence they will hinder the c-axis growth of
surrounding film [34]. Larger YBCO grains in the as-deposited films could provide sites for
the nucleation of a-axis grains [25, 34]. Since large chunks of the target are able to arrive on
the substrate surface forming inherently thick films, preferential a-axis formation is observed
when you subject to heat treatment. In contrast, UV PLD generates ultrafine particles that
lands on heated substrate forming thinner film with c-axis orientation. We are also unable
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Figure 4. SEM micrograph of Y-123 film deposited by IR Nd: YAG PLD (a) as- deposited, and rapidly
quenched at 1000 ◦C for 15 minutes to room temperature in ambient air (b) without and (c) with oxygen
annealing. The window in (c), magnified by a factor of 2 at 2 μm scale, is shown in (d).

to see micro-cracks initially observed in the as-deposited films. This is due to annealing that
result to removal of pores and enlargement of grains [9, 10]. The growth of a-axis grains also
contribute to dispersion of micro-cracks [15].

Figure 5 shows the XRD spectra of Y-123 films without and with oxygen annealing. The XRD
pattern for both films are composed of c-axis and a-axis oriented Y-123 grains. It contains
no other diffraction peaks from the precursors of the Y-123 material. This indicates high
phase purity of the film. The reflection corresponding to (006) and STO (200) is hard to
distinguish due to the small lattice mismatch of Y-123 with STO (about 2%). The value of
c-lattice parameters for film not subjected to oxygen annealing is about c= 11.77 while for
oxygen annealed film, c= 11.68 . The value of the c-lattice for oxygen annealed film is similar
to the oxygen rich Y-123 (c= 11.68 ) [30] . The variation in c-lattice can be attributed to the
decrease in the fraction of oxygen gas in YBCO material [25]. Hence, oxygen annealing is
necessary for the as-deposited films.

The mixture of a-axis and c-axis is due to the thickness of the film and partly due to
incongruent melting of Y-123 at 1000 ◦C . It has been reported that Y-123 films possess mixture
of a-axis and c-axis growth as a result of increasing film thickness [27]. In contrast to previous
reports that the critical thicknesses to obtain crack free Y-123 is about 2.2 μm [31], we do not
observed micro cracks on heated films [26]. This is due to granularity of the heated films
suggesting that a higher temperature is needed to fully melt the films. Future work must
be done by using higher melting temperature in oxygen atmosphere in order to improve the
surface morphology and Tc of the Y-123 films.
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Figure 5. XRD spectra of post heated Y-123 films. Both films were rapidly quenched in ambient air,
while (b) includes oxygen annealing

Figure 6 shows the resistance vs. temperature measurement on Y-123 films. Without oxygen
annealing the film shows semiconducting behavior (fig. 6a) [24]. This attributed to oxygen
deficiency in the film. In contrast, the oxygen annealed film (fig. 6b) shows superconducting
transition temperature Tc of about 70 K. This is comparably low with the observed transition
temperature with the bulk target of about 89 K.

The a-axis outgrowths are typically observed in the c-axis oriented thick films. The a-axis
outgrowth inhibits transport of the superconducting currents in the films resulting into a low
value of Tc [17]. The films are also granular introducing weak links at the grain boundaries
affecting Tc. This is the main reason of having low Tc values for the films. Although the
lattice parameters indicate fully oxygenated Y-123 lattice, the morphology of the films greatly
affects superconducting property of the film. Hence, micron thick YBCO films deposited
using IR laser needs ex-situ oxygen annealing to improve the Tc of films. Although the a-axis
oriented Y-123 films present always a lower critical temperature than that of a c-axis oriented
films (about 10 K lower), the study of the a-axis oriented films are useful for sandwich type
Josephson device applications [5].

In summary, the heat treament greatly influence the growth and surface morphology of IR
PLD films. Since the films are deposited on un-heated substrates, the habit of the material
upon heat treatment becomes an important parameter in choosing heat treatment profiles.
Layering and grain movement during high temperature melting can be reduced by exposing
the film at temperatures closer to the melting temperature and introduction of annealing steps
in an environment conducive for uniform coalesnce and intake of oxygen. The temperature
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Figure 4. SEM micrograph of Y-123 film deposited by IR Nd: YAG PLD (a) as- deposited, and rapidly
quenched at 1000 ◦C for 15 minutes to room temperature in ambient air (b) without and (c) with oxygen
annealing. The window in (c), magnified by a factor of 2 at 2 μm scale, is shown in (d).

to see micro-cracks initially observed in the as-deposited films. This is due to annealing that
result to removal of pores and enlargement of grains [9, 10]. The growth of a-axis grains also
contribute to dispersion of micro-cracks [15].

Figure 5 shows the XRD spectra of Y-123 films without and with oxygen annealing. The XRD
pattern for both films are composed of c-axis and a-axis oriented Y-123 grains. It contains
no other diffraction peaks from the precursors of the Y-123 material. This indicates high
phase purity of the film. The reflection corresponding to (006) and STO (200) is hard to
distinguish due to the small lattice mismatch of Y-123 with STO (about 2%). The value of
c-lattice parameters for film not subjected to oxygen annealing is about c= 11.77 while for
oxygen annealed film, c= 11.68 . The value of the c-lattice for oxygen annealed film is similar
to the oxygen rich Y-123 (c= 11.68 ) [30] . The variation in c-lattice can be attributed to the
decrease in the fraction of oxygen gas in YBCO material [25]. Hence, oxygen annealing is
necessary for the as-deposited films.

The mixture of a-axis and c-axis is due to the thickness of the film and partly due to
incongruent melting of Y-123 at 1000 ◦C . It has been reported that Y-123 films possess mixture
of a-axis and c-axis growth as a result of increasing film thickness [27]. In contrast to previous
reports that the critical thicknesses to obtain crack free Y-123 is about 2.2 μm [31], we do not
observed micro cracks on heated films [26]. This is due to granularity of the heated films
suggesting that a higher temperature is needed to fully melt the films. Future work must
be done by using higher melting temperature in oxygen atmosphere in order to improve the
surface morphology and Tc of the Y-123 films.
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Figure 6 shows the resistance vs. temperature measurement on Y-123 films. Without oxygen
annealing the film shows semiconducting behavior (fig. 6a) [24]. This attributed to oxygen
deficiency in the film. In contrast, the oxygen annealed film (fig. 6b) shows superconducting
transition temperature Tc of about 70 K. This is comparably low with the observed transition
temperature with the bulk target of about 89 K.

The a-axis outgrowths are typically observed in the c-axis oriented thick films. The a-axis
outgrowth inhibits transport of the superconducting currents in the films resulting into a low
value of Tc [17]. The films are also granular introducing weak links at the grain boundaries
affecting Tc. This is the main reason of having low Tc values for the films. Although the
lattice parameters indicate fully oxygenated Y-123 lattice, the morphology of the films greatly
affects superconducting property of the film. Hence, micron thick YBCO films deposited
using IR laser needs ex-situ oxygen annealing to improve the Tc of films. Although the a-axis
oriented Y-123 films present always a lower critical temperature than that of a c-axis oriented
films (about 10 K lower), the study of the a-axis oriented films are useful for sandwich type
Josephson device applications [5].

In summary, the heat treament greatly influence the growth and surface morphology of IR
PLD films. Since the films are deposited on un-heated substrates, the habit of the material
upon heat treatment becomes an important parameter in choosing heat treatment profiles.
Layering and grain movement during high temperature melting can be reduced by exposing
the film at temperatures closer to the melting temperature and introduction of annealing steps
in an environment conducive for uniform coalesnce and intake of oxygen. The temperature
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Figure 6. Resistance vs. temperature measurement on Y-123 films heated in (a) ambient air, (b) oxygen
ambient. The oxygen annealing helps in forming superconducting films. The low value of Tc is
attributed to granular surface morphology of the film and also to the oxygen annealing profile used.

used for Y-Ba-Cu-O is low enough to see the initial stage of growth and will allow us to
implement a heat profile that will melt and provide sufficient oxygen on the film.

4. Conclusion

The post heat treatment studies on IR Nd:YAG PLD films is an important stage in
developing the technique to be a competitive and alternative technique in producing
high Tc superconducting films for electronic applications. The use of non-toxic lasers to
deposit coupled with appropriate heat treatment profiles to grow the films is an efficient
tool in minimizing the complicated control of parameters in conventional PLD of high Tc
superconductor materials. It is envisioned that IR Nd:YAG PLD technique can grow high
quality materials with critical current densities useful in the production of films for second
generation coated conductors.
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Figure 6. Resistance vs. temperature measurement on Y-123 films heated in (a) ambient air, (b) oxygen
ambient. The oxygen annealing helps in forming superconducting films. The low value of Tc is
attributed to granular surface morphology of the film and also to the oxygen annealing profile used.

used for Y-Ba-Cu-O is low enough to see the initial stage of growth and will allow us to
implement a heat profile that will melt and provide sufficient oxygen on the film.

4. Conclusion

The post heat treatment studies on IR Nd:YAG PLD films is an important stage in
developing the technique to be a competitive and alternative technique in producing
high Tc superconducting films for electronic applications. The use of non-toxic lasers to
deposit coupled with appropriate heat treatment profiles to grow the films is an efficient
tool in minimizing the complicated control of parameters in conventional PLD of high Tc
superconductor materials. It is envisioned that IR Nd:YAG PLD technique can grow high
quality materials with critical current densities useful in the production of films for second
generation coated conductors.
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1. Introduction 

Sol–gel process [1-3] is an attractive alternative to other methods for synthesis of ceramics 
and glasses for many reasons: for example, low temperature synthesis, simple equipment’s 
to be used, thin film formability and so on. Particularly, sol–gel process is very useful for 
thin film deposition because of the capability to coat materials of various shapes and/or 
large area, to control the composition easily for obtaining solutions of homogeneity and 
controlled concentration without using expensive equipment.  

Historically, metal alkoxides have been employed in sol–gel process, which readily undergo 
catalyzed hydrolysis and condensation to form nanoscale oxide or hydroxide particles. Still 
in general, metal alkoxides are often used as raw materials in sol–gel process, but many of 
the alkoxides are very difficult to be obtained because of the high sensitivity to the 
atmospheric moisture [4-9]. In ordinary sol–gel processing, starting compositions as well as 
reaction conditions are selected so as to maintain the mixture in a homogeneous state 
throughout the processes including mixing of starting compounds, gelation, aging, drying 
and heat-treatment.  

Titanium and zirconium oxides are very promising candidates for future technology of thin 
layers because of their interesting mechanical, thermal and chemical properties. Titanium 
oxide (TiO2) is a cheap, non-toxic, and non-biodegradable material, besides their widely uses 
in various industries [10]. Moreover, it is a semiconductor under the form of thin films. Its 
insensitivity to visible light due to its band gap (3.2 eV) enables it to absorb in the near 
ultraviolet region [11], even though its low efficiency. Hence, it can be sensitized by a great 
number of dyes; some of them allow a conversion rate incident photon–electron 
approaching unity. Thus, these various applications arouse great interest in the study of 
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titanium oxide thin films. The significant uses of TiO2 thin films are in solar cells [12], photo-
catalytic [13] and electro-chromic systems [14], in other words, they are mainly found their 
use in optics. 

TiO2 thin films are extensively studied because of their interesting chemical, electrical and 
optical properties [15,16]. TiO2 film in anatase phase could accomplish the photocatalytic 
degradation of organic compounds under the radiation of UV. So, it has a variety of 
application prospects in the field of environmental protection [17,18]. TiO2 thin film in rutile 
phase is known as a good blood compatibility material and can be used as artificial heart 
valves [19]. In addition, TiO2 films are important optical films due to their high reflective 
index and transparency over a wide spectral range [16]. 

During the two last decades, several methods have been used for the TiO2 thin films 
preparation, such as chemical vapor deposition [20], chemical spray pyrolysis [21], pulsed 
laser deposition [22] and sol–gel method [23]. In comparison with other methods, the sol–gel 
method has some advantages such as controllability, reliability, reproducibility and can be 
selected for the preparation of nano-structured thin films [23,24]. Sol–gel coating has been 
classified as two different methods such as dip and spin coating.  

The dip-coating has considerably been used for preparation TiO2 nanostructured thin films 
[25–27]. Experimental results have shown that the preparation of high transparent TiO2 thin 
film by dip-coating method needs to control morphology, thickness of the film and the 
anatase-brookite-rutile phase transformation [26,28]. 

Additions of another semiconductor have been used to improve the properties of titanium 
dioxide. In principle, the coupling of different semiconductor oxides seems useful in order 
to achieve a higher photocatalytic activity [29]. Various composites formed by TiO2 and 
other inorganic oxides such as SiO2 [30], ZrO2 [31] SnO2 [32], Cu2O [33], MgO [34], WO3 [35], 
In2O3 [36], ZnO [37], MoO3 [38], CdS [39], PbS [40], and so on, have been reported. 

Zirconium oxide (ZrO2) has good dielectric and optical properties [41,42] it has a high 
refraction index [43]. Additionally, it has a very good transparency on a broad spectral field 
[44], a great chemical stability and a threshold of resistance to high laser flow. All these 
properties led to miscellaneous applications such as optical filters, laser mirrors [45] or 
barriers layers from the heat [46]. ZrO2 films are also employed as plug layer for super-
conducting ceramics [47,48], like biomaterial for prostheses [49,50], as gas sensor [51] or like 
component in combustible batteries [52]. Basically, ZrO2 itself is an insulating direct wide 
gap metal oxide, with an optical band gap in the range 5.0-5.85 eV [53]. 

The aim of the present work is to investigate the transformation behaviors and the effect; of 
a smaller ratio range of ZrO2; doping on the surface area of TiO2 thin films, light absorption, 
band gap energy, variations of crystal granularity, phase composition and especially on the 
evolution of the crystallite size and defects concentration with annealing treatments (heat 
treatments) and layers thickness of the samples produced. So that in this chapter, we report 
the study of structural, thermal and optical properties of ZrO2-doped TiO2 thin films 
deposited by the sol–gel process. Several experimental techniques were used to characterize 

Synthesis, Characterization and Properties of  
Zirconium Oxide (ZrO2)-Doped Titanium Oxide (TiO2) Thin Films Obtained via Sol-Gel Process 

 

209 

structural and optical properties resulting from different annealing treatments and different 
layer thicknesses: X-ray powder diffraction, Fourier transforms infrared (FTIR), Raman 
spectroscopy, Scanning electron microscopy (SEM), differential scanning calorimetric (DSC), 
Scanning electron microscopy (SEM), the energy dispersive X-ray spectrometry (EDX) and 
UV spectroscopy. 

To obtain nanomaterial’s with controlled properties, it is most often involves the use of 
mineral additives (dyes, semiconductors, metal particles, rare earth, etc.) in small quantities. 
These additions can promote densification or control the phenomenon of grain growth, or to 
change the structural, physical and optical properties. So the presence of impurities in a 
matrix can stabilize, improve or modify the various properties of a material. Generally, thin 
layers of doped TiO2 give hope of significant performance gains and new applications. 

2. Experiments 

Our 5% ZrO2-doped TiO2, thin lms were prepared by dip coating, in three steps. The rst 
step: the dissolution of 1 mol of butanol (C4H9OH) as solvent, 4 mol of acetic acid (C2H4O2), 
1mol of distilled water and 1 mol of tetrabutylorthotitanate (C4H9O)4Ti. In the second step, 
the solution of ZrO2 was prepared from the dissolution of 1 mol of zirconium oxychloride 
salt (ZrOCl2•8H2O) in distilled water and 2 mol of ethanol (95%) as catalyst. Finally, the 
solution of TiO2 was doped with ZrO2. Then, the resultant yellowish transparent solutions 
were ready for use. The substrates were dip-coated in the solutions at a constant rate of 6.25 
cm.s-1. After each dipping, thin lms were dried for 30 min at a distance of 40 cm from a 500 
W light source. The drying temperature of the light source is approximately equal to 100 °C. 
Subsequently, thin lms were heat treated in the temperature range 350–450 °C, with a 
temperature increase rate of 5°C.min-1, for 2 h in the furnace. The powders obtained from 
the xerogel were prepared in room temperature and under air atmosphere. 

After each dipping, the thin films were dried for 30 min, at a distance of 40 cm from a 500 
Wight source. The drying temperature of the light source is approximately equal to 100 °C. 
Subsequently, thin films were heat treated in the temperature range 350–450 °C, with a 
temperature increase rate of 5 °C min-1, for 2 h in the furnace. The powders obtained from 
the xerogel were prepared with an annealing till three months in room temperature and 
under air atmosphere. 

To investigate the transformation behaviors and the effect; of a smaller ratio range of ZrO2; 
doping on the surface area of TiO2 thin films, light absorption, band gap energy, variations 
of crystal granularity, phase composition and especially on the evolution of the crystallite 
size and defects concentration with annealing treatments (heat treatments) and layers 
thickness of the samples produced.  

So that in this chapter, we report the study of structural, thermal and optical properties of 
ZrO2-doped TiO2 thin films deposited by the sol–gel process.  

Several experimental techniques were used to characterize structural and optical properties 
resulting from different annealing treatments and different layer thicknesses: X-ray powder 
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Several experimental techniques were used to characterize structural and optical properties 
resulting from different annealing treatments and different layer thicknesses: X-ray powder 
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and films diffraction, Fourier transforms infrared (FTIR), Scanning electron microscopy 
(SEM), Raman spectroscopy, differential scanning calorimetric (DSC), Scanning electron 
microscopy (SEM), the energy dispersive X-ray spectrometry (EDX) and UV spectroscopy. 

To determine the transformation points, the obtained powdered xerogels were analyzed 
by Differential Scanning Calorimetry (DSC) using a SETARAM DSC–92 analyzer 
equipped with a processor and a measuring cell. The thermal cycle applied consists of 
heating from room temperature to 520°C, holding for 5min at this temperature and finally 
cooling back to room temperature with the same rate (5°C/min). X-ray powder diffraction 
was performed by Siemens D5005 diffractometer using a Cu Kα1 radiation. The patterns 
were scanned at room temperature, over the angular range 10-70° 2θ, with a step length of 
0.1° 2θ and counting time of 1 s.step-1. The UV absorption studies were carried out using 
UV-VIS double–beam spectrophotometer SHIMADZU (UV3101PC). Its useful range is 
between 190 and 3200 nm. The treatment of the spectra was performed using the UVPC 
software. A surface profiler DEKTAK 3ST AUTO1 (VEECO) was used to determine film 
thicknesses. Raman spectra were recorded in a back scattering configuration with a Jobbin 
Yvon micro Raman spectrometer coupled to a DX40 Olympus microscope. The samples of 
doped and undoped TiO2 thin films were excited with a 632.8 nm wavelength with an 
output of 20 mw. 

3. Results 

3.1. Solution properties  

3.1.1. Viscosity  

This part is devoted to study the effect of solution aging and its viscosity on the films 
thickness. To do this study, five samples are developed, successively on the day, the next 
day, after seven days, after 10 days, and after fourteen days of solution synthesis. The 
conservation of the sol during the 14 days is made at room temperature. 

Table 1 shows an important change of layers thickness with the increasing of the solution 
viscosity. After a repose period of 14 days of synthesis solution doped with ZrO2, the 
thickness of layer changes from 32 nm, with a viscosity 10 mPa.s, to 81 nm when the 
viscosity is 180 mPa.s. We notice that the ZrO2-doped TiO2 solution becomes more viscous 
over time (Figure 1). This reflects the rate of polycondensation reaction progress. 
 

solution age η (mPa.s) Measured thicknesses d (nm) 
0 day 10 32 
1 day 20 33 
7 days 60 39 
10 days 110 61 
14 days 180 81 

Table 1. Variation of lm thicknesses d (nm) with solution viscosity. 
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Figure 1. Variation of lm thicknesses d (nm) with solution viscosity η(mPas.s) 

3.2. Powder Properties (Xerogel) 

3.2.1. X-Ray Diffraction (XRD) 

Figure 2a and b shows the X-ray diffraction (XRD) patterns of TiO2 xerogels of undoped 
(Figure 2a) and 5% ZrO2-doped TiO2 (Figure 2b). The XRD pattern evolution of titanium 
xerogel obtained after the evaporation of the organic compounds during 3 months of aging 
at ambient temperature shows that it is an amorphous phase as reported in [54].  

It has been reported that the used acid catalyst, during sol–gel preparation, plays a crucial 
role for determining the TiO2 phase, in literature [54, 55], they found that powder is 
amorphous when they use acetic acid as catalyst. However, when using formic acid they 
found that, in addition to amorphous phase, there is an amount of the anatase nanoparticles. 
This analysis of the doped TiO2 xerogel exhibits that the addition of 5% ZrO2 (Figure 2b) 
would be largely sufficient to form nanoparticles of anatase which crystallizes with (101) 
plane. It is interesting to note that the addition of a minor amount of ZrO2 starts 
crystallization of anatase. Whereas, A. Kitiyanan et al. [56] B. Neppolian et al. [57] reported 
that addition of ZrO2 has no effect on TiO2 oxide morphology.. 
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3.2.2. Thermal analysis  

The differential scanning calorimetric (DSC) curves of undoped TiO2 and 5% ZrO2-doped 
TiO2 xerogels are shown in Figure 3 It is interesting to note that both doped and undoped 
xerogels showed a similar thermal behavior in the temperature range 20–250 °C. Generally, 
weight loss corresponds to the evaporation of water, thermal decomposition of butanol as 
well as carbonization or combustion of acetic acid and other organic compounds [58-60] 
which constitute metal alkoxides. Hence, the above thermal events were represented by an 
endothermic peak spreading from 50 to 250 °C. 

 
 
 

 
 
 

Figure 2. Evolution of XRD patterns of xerogels (a) undoped TiO2, and (b) 5% ZrO2-doped TiO2. 

A double exothermic peak in the 260–450 °C temperature range of TiO2 xerogel can be 
attributed to the crystallization of titanium oxide [61].  

The addition of 5% of zirconium oxide led to a shift of exothermic peak phase towards lower 
temperatures. This may be due to the speeding up of the crystallization of titanium oxide 
compared to the undoped one. 
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Figure 3. Differential scanning calorimetric curves of xerogels: (a) undoped TiO2 and (b) 5 % ZrO2-
doped TiO2. 

3.3. Thin films properties  

3.3.1. Structural Properties 

3.3.1.1. Thin films thickness  

The measured values of thin films thickness, given in Figure 4, were determined with a 
surface proler for various layers and at different annealing temperatures. It is clearly 
observed that the film thickness increases with the number of dipping and annealing 
temperatures.  
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Figure 4. Variation of lm thicknesses d (nm) for different annealing temperatures and different 
dipping 

3.3.1.2. Study of deposition rate  

A thin film deposited by dip-coating method has a thickness which can be controlled by the 
deposition rate. To simplify, d thickness depends on the speed according to the following 
relationship: 

 . a
dd k V=  

Where: 

Vd is the deposition rate, k is the empirical factor depending on the viscosity, surface tension 
and density of the solution used and a is the exponent with 2/3 value according to Landau 
and Levich [62], and 1/2 according to Michels et al. [63] or even proportionately at the speed 
of dipping Hewak et al. [64].  

We then set the objective of determining this factor to validate one of these different models. 
So, we have prepared six samples with different deposition rate from 0.6 cm.s-1 to 2 cm.s-1 in 
the same conditions (deposited in solution with a viscosity 40 mPa.s at 21°C and treated at 
400°C); we measured their thicknesses by profilometer and the results are grouped in table 2 
and represented in figure 5.  

This curve shows a linear increase in ln(d) versus ln(Vd). For the exponent a, values of 0,965 
have been obtained, which is in good agreement with the exponent obtained by Hewak et al. 
[64]. This simple comparison shows that the increase in the speed of dipping, results an 
increase in the thickness of doped thin films.  
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Deposition rate (cm.s-1) 0.6 0.8 1 1.4 1.8 2 
Thickness (± 0.1 nm) 38 56 74 93 116 143 

Table 2. Variation of lm thickness d (nm) for different deposition rate. 

 
 
 

 
 

 
Figure 5. Variation of thickness logarithm with deposition rate logarithm. 

3.3.1.3. X-Ray Diffraction (XRD) 

3.3.1.3.1. Crystallization  

a. Influence of annealing temperature 

Our samples were analyzed using X-ray diffraction (XRD) to investigate the transformation 
behaviors. We have studied the structural properties of undoped TiO2, and doped with 5% 
ZrO2 thin films and deposited by the sol–gel method. The dip-coated thin films have been 
examined at different annealing temperatures (350 to 450 °C). 

Figure 6 shows XRD patterns of 5% ZrO2-doped TiO2 thin film obtained after different dipping 
and treated at 450 °C. However, Figure 7 shows XRD patterns of 5% ZrO2-doped TiO2 thin film 
obtained after 2 dipping and treated at various annealing temperatures at 350 °C, 400 °C and 
450 °C. Clearly, titanium oxide starts to crystallize starting from annealing at 350 °C.  

This analysis of the doped TiO2 thin films exhibits that the addition of a minor amount of 
ZrO2 would be largely sufficient to form 4 sharp diffraction peaks at 25.35°, 35.51°, 50.90° 
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and 60.76°, these are assigned to (101), (112), (200), and (105) planes which are attributed to 
anatase nanoparticles (crystalline) phase of TiO2.  

Furthermore, all XRD patterns show a peak at 30.41° corresponding to (111) plane which is 
attributed to the brookite formation whatever the annealing temperature.  

Peak intensities corresponding to characteristic planes of anatase (101) and brookite (111) 
phases are obviously increased with the increase of annealing temperature and number of 
dipping. This latter is interpreted as due not only to increase in proportion of titanium oxide 
but also to the improvement of the crystalline quality.  

However, in the same conditions Kitiyanan et al. [56] B. Neppolian et al. [57] showed that 
titanium oxide, crystallizes in anatase phases and they found that addition of minor amount 
of ZrO2 has not contributed to any change in the TiO2 morphology. 

b. Influence of doping with ZrO2 

Comparison between XRD patterns (Figure 8) of both undoped and doped with 5% ZrO2 
thin lms obtained after 2 dippings and annealed at 400 °C temperature showed a similar 
behavior, so characteristic peaks correspond to the crystallization of anatase and brookite 
phases of the doped state is shifted to larger angles compared to the undoped one. 
 

 
Figure 6. Evolution of diffraction patterns of  5% ZrO2-doped TiO2 thin lms; obtained after various 
dipping (2, 4, 6, 8) annealed at 450°C. : substrat, : anatase, : brookite. 
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Figure 7. Evolution of diffraction patterns of  5% ZrO2-doped TiO2 thin lms; obtained at various 
annealing temperatures (350, 400, 450 °C) for the same thickness. 

 
Figure 8. Comparison between undoped and 5% ZrO2-doped TiO2 diffraction patterns. 

3.3.1.3.2. Surface morphology and grain size 

The crystallite size D of TiO2 doped with ZrO2 thin lms can be deduced from XRD line 
broadening using Scherrer equation [65]: 
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λ is the wavelength of X-ray beam (Cu Kα=1.5406 Å), Δhkl is the full width at half maximum 
(FWHM) of (hkl) diffraction peak, Δinstr is the FWHM corresponding to the instrumental 
limit, and θ is the Bragg angle. 

Using the size of the crystallites, the dislocation density (δ) [66], the number of crystallites 
per unit surface area (N) and strain in the lms (ε), which are newly introduced by Ray et al. 
[66], has been determined:  

2
1

D
δ =  

3
dN

D
=  

(2 ) cos
4

θ θε Δ ⋅=  

Where d is the lm thickness.  

The calculated structural parameters are presented in Table 3. 
 

 Annealed at Phase (hkl) L (nm) δ (10-4

traits/nm2) N (10-3 nm-2) ε (10-4) 

Undoped 
TiO2 Xerogel 3 months at

T ambient Amorphous - - - - - 

5
% 

Z
rO

2-d
op

ed
 T

iO
2 

Xerogel 3 months at
T ambient Anatase (101) 14,80 - - - 

Sa
m

e 
th

ic
kn

es
s 

350 °C 

Anatase (101) 8,58 135,84 99,74 3,11 
Brookite (111) 17,50 32,65 11,76 3,89 
Anatase (112) 16,66 36,03 13,62 4,52 
Anatase (200) 14,74 46,03 19,67 6,69 
Anatase (105) 16,33 37,50 14,47 7,53 

400 °C 

Anatase (101) 10,09 98,22 73,01 3,07 
Brookite (111) 17,61 32,25 13,73 3,82 
Anatase (112) 17,27 33,53 14,56 4,44 
Anatase (200) 15,57 41,25 19,87 6,37 
Anatase (105) 18,71 28,57 11,45 7,58 

450 °C 

Anatase (101) 13,92 51,61 29,29 2,98 
Brookite (111) 18,06 30,66 13,41 3,74 
Anatase (112) 19,09 27,44 11,36 4,38 
Anatase (200) 18,63 28,81 12,22 6,34 
Anatase (105) 20,56 23,66 9,09 7,47 

Table 3. Structural parameters of xerogels and thin lms, for different annealing temperatures and 
same thickness. 
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The computed values of grain sizes, given in Table 3, were calculated for different annealing 
temperatures with the same thickness. Thus, the obtained grain sizes of anatase and 
brookite increase from 8.58 nm to 20.56 nm and from 17.50 nm to 18.06 nm, respectively. In 
fact, as annealing temperature increases grain sizes also increases. 

It is interesting to note that the grain size improves and the defects like dislocation density 
and strain in the lms decrease with lm thickness. This may be due to the improvement in 
crystallinity in the lms with lm thickness. As we also note that the variation of the strain 
is perfectly correlated with that of the dislocation density δ. When these increase, they cause 
the decrease in grain size and leads to recrystallization of the nanoparticles. Furthermore, 
the stages of nucleation, growth and coalescence become stable, which causing the reduction 
of constraints in the film formed. 

The evolution of the grain size D according the annealing temperature can be interpreted by 
the Arrhenius law (figure 9): 

( )0  / ,a bD D exp E k T= −  

Where: 

• Ea is the energy activation of crystallization; 
• KB the Boltzmann constant; 
• D0 pre-exponential factor. 
• The size D tends towards the infinite for high temperatures [67].  

The values of activation energies of crystallization corresponding respectively to anatase 
and brookite phases are calculated from the curve showed in figure 9, we note that the 
activation energy of the anatase Ea=0,096 eV crystallization is lower than that of the brookite 
Ea=0,012 eV. This means that the formation of anatase requires more energy than that of 
brookite. 

3.3.1.4. RAMAN 

The Raman spectra of undoped and 5% ZrO2-doped TiO2 thin films annealed at 450°C for 
different dipping (figure 10) display various peaks related to titanium oxide as anatase and 
brookite phases. These spectra exhibit bands at around 138 (strong), 235 (weak), 514 (weak) 
and 632 cm-1 (medium)) for the thin layers of ZrO2-doped TiO2 corresponding to the Eg 
modes of vibration. The above bands can be assigned to anatase phase except the band 235 
cm-1 corresponding to the B1g modes of vibration, which is due to the crystallization of 
brookite phase. While bands of 144, 188 and 651 cm-1 can be assigned to both anatase and 
brookite phases [68,69]. 

A slight shift of the most intense peak, Eg, to smaller wavenumber is observed for all thin 
films doped with ZrO2 by comparison with anatase of undoped phase (figure 11). Similar 
displacements have been previously reported in XRD patterns and they can be correlated 
with the confinement effects in nano-structured anatase crystallites. 
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λ is the wavelength of X-ray beam (Cu Kα=1.5406 Å), Δhkl is the full width at half maximum 
(FWHM) of (hkl) diffraction peak, Δinstr is the FWHM corresponding to the instrumental 
limit, and θ is the Bragg angle. 
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Where d is the lm thickness.  

The calculated structural parameters are presented in Table 3. 
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350 °C 
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Anatase (112) 16,66 36,03 13,62 4,52 
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Table 3. Structural parameters of xerogels and thin lms, for different annealing temperatures and 
same thickness. 
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The computed values of grain sizes, given in Table 3, were calculated for different annealing 
temperatures with the same thickness. Thus, the obtained grain sizes of anatase and 
brookite increase from 8.58 nm to 20.56 nm and from 17.50 nm to 18.06 nm, respectively. In 
fact, as annealing temperature increases grain sizes also increases. 

It is interesting to note that the grain size improves and the defects like dislocation density 
and strain in the lms decrease with lm thickness. This may be due to the improvement in 
crystallinity in the lms with lm thickness. As we also note that the variation of the strain 
is perfectly correlated with that of the dislocation density δ. When these increase, they cause 
the decrease in grain size and leads to recrystallization of the nanoparticles. Furthermore, 
the stages of nucleation, growth and coalescence become stable, which causing the reduction 
of constraints in the film formed. 

The evolution of the grain size D according the annealing temperature can be interpreted by 
the Arrhenius law (figure 9): 

( )0  / ,a bD D exp E k T= −  
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Ea=0,012 eV. This means that the formation of anatase requires more energy than that of 
brookite. 

3.3.1.4. RAMAN 

The Raman spectra of undoped and 5% ZrO2-doped TiO2 thin films annealed at 450°C for 
different dipping (figure 10) display various peaks related to titanium oxide as anatase and 
brookite phases. These spectra exhibit bands at around 138 (strong), 235 (weak), 514 (weak) 
and 632 cm-1 (medium)) for the thin layers of ZrO2-doped TiO2 corresponding to the Eg 
modes of vibration. The above bands can be assigned to anatase phase except the band 235 
cm-1 corresponding to the B1g modes of vibration, which is due to the crystallization of 
brookite phase. While bands of 144, 188 and 651 cm-1 can be assigned to both anatase and 
brookite phases [68,69]. 

A slight shift of the most intense peak, Eg, to smaller wavenumber is observed for all thin 
films doped with ZrO2 by comparison with anatase of undoped phase (figure 11). Similar 
displacements have been previously reported in XRD patterns and they can be correlated 
with the confinement effects in nano-structured anatase crystallites. 
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Figure 9. Plot of log (D) versus (1000/T) for determination of activation energies of anatase and brookite 
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Figure 10. Raman spectrum of  5% ZrO2-doped TiO2 thin films annealed at 450°C for different dipping; 
=anatase, =brookite. 

 
Figure 11. Comparison between Raman spectrum of undoped and 5% ZrO2-doped TiO2 thin films; 
=anatase, =brookite. 
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3.3.1.5. FTIR 

Figure 12 shows the infrared absorption spectrum of the 5% ZrO2 -doped TiO2 lms 
annealed at different temperature. The peak at 2360 cm-1 resulted from the adsorbed H2O 
molecules, which were not removed completely after sol–gel coating. The peaks at 1242 cm-1, 
1111 cm-1, 1035 cm-1 and 860 cm-1 correspond to the vibration mode of Ti-OH [70, 71]. 

The band around 665 cm-1 was attributed to the vibration mode of Ti-O-Ti bond [72] and 
another bond appears around 455 cm-1, this is the O-Ti-O band corresponding to the 
crystalline titania in the anatase form [73-76]. 

We find that the vibration bands intensity located in the vicinity of 665 cm-1 and 455 cm-1 
increase when annealing temperature increases. This indicates that the number of Ti-O-Ti 
and O-Ti-O links of titanium dioxide crystallization is also growing. 

 
Figure 12. FTIR spectra of 5% ZrO2-doped TiO2 thin lms, obtained at various annealing temperatures 
(350, 400, 450 °C). 
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3.3.1.6. Scanning electron  microscopy (SEM) and EDX  

5% ZrO2-doped TiO2 thin films deposited on ITO substrates and obtained after various 
annealing temperature at 350°C and 450°C were coated and examined in a scanning electron 
microscope (SEM) to investigate their structure and surface characteristics. We observed 
that the coating was homogeneous without any visual cracking over a wide area. The 
increase in the treatment temperature, did not affect the uniformity of the film. 

The surface composition of films is further identied by EDX measurement. EDX result 
shown in Figure 13 demonstrates that the peaks of Ti, O and Zr can be clearly seen in the 
survey spectrum. While the other elements as Si, In, Ca, Na and Mg are the components of 
ITO substrate. 

The chemical compositions of thin film analyzed are given in table 4. 
 

 O Na Mg Si Ca In Zr Ti Total 
at.% 40,13 2,03 3,15 37,83 3,07 4,39 1,23 8,17 100 

Table 4. Elemental composition (at. %) of 5% ZrO2 -doped TiO2 thin films, treated at 450 ° C. 

 
Figure 13. EDX spectra of 5% ZrO2-doped TiO2 thin films annealed at 450°C. 

3.3.2. Optical properties 

3.3.2.1. UV absorption analysis  

Figure 14 display diffused scattering UV-VIS transmittance spectra of TiO2 thin lms 
undoped and 5% ZrO2-doped TiO2, for different annealing temperatures from 350°C to 
450°C and different numbers of dipping (3, 4, 6, 8 dipping) in the wavelength range 300–800 
nm, where the film due to interference phenomena between the wave fronts generated at  
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Figure 14. UV–VIS spectra of undoped TiO2 and 5% ZrO2-doped TiO2 thin films, for various dipping 
and at different annealing temperatures. 

the two interfaces (air and substrate) defines the sinusoidal behavior of the curves’ 
transmittance versus wavelength of light. The curves showed a similar behavior in the 
temperature range: 

• A region characterized by a strong absorption at λ< 380 nm, this absorption is due to 
the transition electronic inter-band. 

• High transmittance region, from 60 to 95% on a wide range of wavelength in the visible 
region (from 380 to 800 nm) has been observed which may be used in applications in 
solar cells. High transparency is one of the most important properties that explain the 
interest in undoped or doped TiO2 thin films. 

As can be seen, all the spectrums exhibit interference fringes, which are due to the multiple 
reflections at the two film edges, i.e. at the film/air and the film/substrate interfaces. This 
indicates that the top film surface is smooth and uniform and exhibits a good transparency in 
the visible region. So that the excellent surface quality and homogeneity of the film were 
confirmed from the appearance of interference fringes in the transmission spectra. This occurs 
when the film surface is reflecting without much scattering/absorption in the bulk of the film.  
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If the film surface is rough, the radiation in film/air interface undergo scattering in all 
directions instead of a reflection. Oh et al. [28], Kim et al. [77] show that the interference 
fringes are due the increase in thin films thickness. The occurrence of such fringes means 
that our lms are sufciently thick 

Analysis of UV– VIS transmission spectra shows that the 5% ZrO2-doped TiO2 thin lms are 
transparent in the visible range and opaque in the UV region, whatever are the annealing 
temperature and number of dipping 

The amplitude of interference spectra increased with increasing calcination temperature. 
These results show that the refractive index of TiO2 thin films is increased while the film 
thickness is decreased. This can be due to the formation stage of anatase and with the 
increase in the grain size [28].  

A slight shift of transmission curves to lower wavelengths is observed for curves of ZrO2-
doped thin lms in comparison with those undoped (figure 14) This shift is ascribed to the 
increase in band gap energy. 

3.3.2.2. Refractive index, density, thickness and porosity  

The refractive index of TiO2 thin lms was calculated from measured UV–VIS transmittance 
spectrum. The evaluation method used in this work is based on the analysis of UV–VIS 
transmittance spectrum of a weakly absorbing lm deposited on a non-absorbing substrate 
[78]. The refractive index n (λ) over the spectral range is calculated by using the envelopes 
that are tted to the measured extreme: 

2 2 2
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( )2 2 max min
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Where n0 is the refractive index of air, ns is the refractive index of the lm, Tmax is the 
maximum envelope, and Tmin is the minimum envelope. The thickness of the lms was 
adjusted to provide the best ts to the measured spectra. In this study, all the deposited 
lms are assumed to be homogeneous.  

The porosity of the thin lms is calculated using the following equation [79] 
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Where nd is refractive index of pore-free anatase (nd = 2.52) [80], and n is refractive index of 
porous thin films. 
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Where nd is refractive index of pore-free anatase (nd = 2.52) [80], and n is refractive index of 
porous thin films. 
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The relationship between density, and refractive index for the polymorphs was proposed by 
Gladstone-Dale [81]. This relationship is as follows: 

 1  0,4n ρ= +  

Where :  

n: mean index of refraction,  
d: density 
0,40: Gladstone-Dale constant for TiO2 
The thickness of the films was calculated using the equation: 

� � ���� 2	����� � �����⁄  

Where n1 and n2 are the refractive indices corresponding to the wavelengths λ1 and λ2, 
respectively [82].  

The results of the computed refractive index (n) (figure 15), density (ρ) and porosity (p) 
(figure 16) are shown in Table 5. It is noted that the refractive index and the density of thin 
lms of doped titanium oxide increases with increasing annealing temperature and number 
of dipping; due to phase transition (anatase, anatase–brookite), which increases grain sizes 
and/or the density of layers.  

This phenomenon is related to crystallization, pores destruction and densification of 
associated film, as well as the elimination of organic compounds.  

However, the porosity decreases with increasing annealing temperature and film thickness. 
 

 4 Dipping 6 Dipping 8 Dipping 

T (°C) Films of n ρ P(%) n ρ P(%) n ρ P(%) 

350°C 
TiO2 1,92 2,30 49,8 2,15 2,88 36,3 2,19 2,98 29,1 

TiO2 : ZrO2 1,62 1,55 69,3 2,13 2,83 33,9 2,18 2,95 29,7 

400°C 
TiO2 2,11 2,78 35,5 2,21 3,03 27,4 2,25 3,13 24,1 

TiO2 : ZrO2 1,91 2,28 50,3 2,18 2,95 29,9 2,21 3,03 27,4 

450°C 
TiO2 2,15 2,88 36,3 2,29 3,23 20,7 2,37 3,43 13,7 

TiO2 : ZrO2 2,17 2,93 30,7 2,23 3,08 25,7 2,29 3,23 20,7 

Table 5. Variation of refractive index (n), density (ρ), porosity (p) of undoped and 5% ZrO2-doped TiO2 
for different annealing temperatures and different thickness. 

The calculated values of thin films thickness are given in table 6. It is clearly observed that 
the film thickness increases with the number of dipping and annealing temperatures, which 
is in good agreement with results obtained previously of thickness determined with a 
surface proler. 
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Figure 15. Variation of refractive index (n) of 5% ZrO2-doped TiO2 for different annealing temperatures 
and different thickness 

 

 
Figure 16. Variation of porosity (p) of 5% ZrO2-doped TiO2 for different annealing temperatures and 
different thickness. 
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 Thickness d (nm) 
T (°C) 4 Dipping 6 Dipping 8 Dipping 
350°C 127 194 268 
400°C 139 216 274 
450°C 158 233 289 

Table 6. Variation of calculated lm thicknesses d (nm) for different annealing temperatures and 
different dipping. 

3.3.2.3. Optical band gap:  

The band gap is then found as the intercept of the linear portion of the plot. For a direct 
band gap semi-conductor, the absorption near the band edge can be estimated from the 
following equation known as the Tauc plot [83]: 

( )( )    
n

gah C h Eν ν= −  

Where C is a constant, Eg the optical band, α is the optical absorption coefcient, hν is the 
photon energy gap, h the Plank’s constant and the exponent n characterizes the nature of 
band transition; the values of n = 1/2 and 3/2 correspond to direct allowed and direct 
forbidden transitions, n = 2 and 3 are related to indirect allowed and indirect forbidden 
transitions [83] and in the cases for a direct band gap semi-conductor like TiO2 the relation 
become [84, 85]: 

( )2( )    gah C h Eν ν= −   

The energy band gap (Eg) of the lms can be estimated by plotting (αhν)2 versus hν (Figure 
17), then extrapolating the straight-line part of the plot to the photon energy axis. The 
energy band gap of 5% ZrO2-doped TiO2 lms, given in table 7, decrease owing to an 
increase in annealing temperatures and the number of dipping. The values are 3.65 and 3.54 
eV at 350°C and 450°C respectively. 

This decrease was correlated with grains size increases with temperature, when the latter 
increases the defects and impurities tend to disappear causing a reorganization of the 
structure. We find that doping with ZrO2 causes an increase in the band gap by contrast to 
that of undoped TiO2 (3.50 eV). 
 

 Band gap (eV) 
T (°C) 3 Dipping 4 Dipping 6 Dipping 8 Dipping 
350°C 3,79 3,74 3,71 3,65 
400°C 3,73 3,70 3,68 3,59 
450°C 3,67 3,63 3,61 3,54 

Table 7. Variation of band gap of 5% ZrO2-doped TiO2 thin films for different annealing temperatures 
and different thickness. 
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Figure 17. Plot of (αhν)2 versus (hν) for determination of band gap of undoped and 5% ZrO2-doped 
TiO2. 

4. Conclusion 

In this study, we investigated the transformation behaviors and the effect; of a smaller 
ratio range of ZrO2; doping on the surface area of TiO2 thin films, band gap energy, 
variations of crystal granularity, phase composition and especially on the evolution of  
the crystallite size and defects concentration with annealing treatments and layers 
thickness of the samples produced. So that in this chapter, we report the study of 
structural, thermal and optical properties of ZrO2-doped TiO2 thin films deposited by the 
sol–gel process 

Analyses of doped TiO2 xerogel show that addition of 5% ZrO2 would be largely sufficient 
to form nanoparticles of anatase (size of grain of 14.78 nm) by contrast to that of undoped 
TiO2. X-ray diffraction and Raman spectroscopy analyses exhibit that doped thin films 
obtained starting from annealing at 350°C crystallize in both anatase and brookite phases. 
Calculation of grain sizes by Scherrer's formula, gives sizes ranging from 8.58 to 20.56 nm 
and we note an increase in grain sizes by increasing the annealing temperature for all 
structures. Raman spectroscopy studies confirms the results found by XRD and reveal that 
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 Thickness d (nm) 
T (°C) 4 Dipping 6 Dipping 8 Dipping 
350°C 127 194 268 
400°C 139 216 274 
450°C 158 233 289 

Table 6. Variation of calculated lm thicknesses d (nm) for different annealing temperatures and 
different dipping. 

3.3.2.3. Optical band gap:  

The band gap is then found as the intercept of the linear portion of the plot. For a direct 
band gap semi-conductor, the absorption near the band edge can be estimated from the 
following equation known as the Tauc plot [83]: 

( )( )    
n

gah C h Eν ν= −  

Where C is a constant, Eg the optical band, α is the optical absorption coefcient, hν is the 
photon energy gap, h the Plank’s constant and the exponent n characterizes the nature of 
band transition; the values of n = 1/2 and 3/2 correspond to direct allowed and direct 
forbidden transitions, n = 2 and 3 are related to indirect allowed and indirect forbidden 
transitions [83] and in the cases for a direct band gap semi-conductor like TiO2 the relation 
become [84, 85]: 

( )2( )    gah C h Eν ν= −   

The energy band gap (Eg) of the lms can be estimated by plotting (αhν)2 versus hν (Figure 
17), then extrapolating the straight-line part of the plot to the photon energy axis. The 
energy band gap of 5% ZrO2-doped TiO2 lms, given in table 7, decrease owing to an 
increase in annealing temperatures and the number of dipping. The values are 3.65 and 3.54 
eV at 350°C and 450°C respectively. 

This decrease was correlated with grains size increases with temperature, when the latter 
increases the defects and impurities tend to disappear causing a reorganization of the 
structure. We find that doping with ZrO2 causes an increase in the band gap by contrast to 
that of undoped TiO2 (3.50 eV). 
 

 Band gap (eV) 
T (°C) 3 Dipping 4 Dipping 6 Dipping 8 Dipping 
350°C 3,79 3,74 3,71 3,65 
400°C 3,73 3,70 3,68 3,59 
450°C 3,67 3,63 3,61 3,54 

Table 7. Variation of band gap of 5% ZrO2-doped TiO2 thin films for different annealing temperatures 
and different thickness. 
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the films annealed from 350 to 450◦C crystallizes in anatase and brookite structure. From the 
DSC analysis, we have demonstrated that an annealing temperature equal or higher than 
340 °C for undoped and 260 ◦C for 5% ZrO2-doped would be sufficient to form titanium 
oxide. The addition of 5% of zirconium oxide led to a shift of exothermic peak phase 
towards lower temperatures, due to the speeding up of the crystallization of titanium oxide 
compared to the undoped one. 

Analysis of UV-VIS transmission spectra shows that the 5% ZrO2-doped TiO2 thin  
films are transparent in the visible range and opaque in the UV region, whatever the 
annealing temperature and the number of dipping. Refractive index of the thin films  
of titanium oxide increases with increasing annealing temperature and number of 
dipping, but the porosity decreases, due to phase transition (anatase, anatase–brookite), 
which increases grain sizes and/or density of layers. Energy band gap of 5% ZrO2-doped 
TiO2 lms decrease owing to an increase in annealing temperatures, also we find  
that doping with ZrO2 causes an increase in the band gap by contrast to that of undoped 
TiO2. 

The optical properties of the films are found to be closely related to the microstructure and 
crystallographic structure which depend on the annealing temperature. In summary, In this 
study, we successfully fabricated ZrO2-doped TiO2 thin films, with desired structural and 
optical properties by sol–gel dip coating using the titanium alkoxide (tetrabutyl-
orthotitanate) as a starting material.  
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1. Introduction 

Traditionally, Pt and Pd based catalysts are widely studied in the continuous developments 
of next fuel cells (FCs) with the critical issues of energy and environment technologies. So 
far, Pt and Pd based catalysts have been mainly used in the anodes and the cathodes in FCs 
by a electrode-membrane technology. In spite of the large advantages of Pt based catalysts 
in electro-catalysis for FCs, many problems of high cost remain. In addition, so far Pt and Pd 
catalysts have still exhibited very good catalytic activity and selectivity of hydrogen and 
oxygen adsorption as well as hydrogen evolution reaction (HER), hydrogen oxidation 
reaction (HOR) for the dissociation of hydrogen into protons (H+) and electrons (e-), and 
oxygen reduction reaction (ORR). At present, FC technologies and applications are polymer 
electrolyte fuel cell (PEFC) or also known as proton exchange membrane FC (PEMFC), 
phosphoric acid FC (PAFC), alkaline FC (AFC), molten carbonate FC (MCFC), solid oxide 
FC (SOFC). The typical features include operating temperature (°C) for low-temperature 
PEMFC and DMFC of about 50-80 °C, power density ~350 Mw/cm2, fuel efficiency ~40-65%, 
lifetime >40,000 hr, capital cost >200$/kW [5,49,52,173], and other practical applications. 
According to hydrogen and oxygen reaction, electro-oxidation of carbon monoxide (CO) is 
intensively studied in low temperature FCs. In DMFCs, methanol oxidation reaction (MOR) 
in catalytic activity of Pt catalyst is very crucial to improve the whole performance. 
Therefore, scientists have considerably focused on the various ways of improving HOR, 
ORR, and MOR in the catalyst layers of various FCs, PEMFCs, and DMFCs [1-3]. So far, 
ORR has become an important mechanism investigated in PEMFCs and DMFCs for their 
large-scale commercialization. Recently, U.S. Department of Energy Fuel Cell Technologies 
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Program (DOE Program), and New Energy and Industrial Technology Development 
Organization (NEDO Program) in Japan have supported large Research and Development 
programs (R&D) of FCs and FC systems for stationary, portable and transportation 
applications, such as FC vehicles. In addition, FCs become promising technology to address 
global environmental challenges in energy, science and nature issues [4-8]. Now, various 
DMFCs can work at low and intermediate temperatures up to 150 °C [9]. Thus, next fuel 
cells also can meet the urgent demands for green energy.  

 
Figure 1. Features of fuel cells and heat engine in the direct or indirect conversion processes from 
chemical energy into electric energy. Excellent advantage of fuel cells is direct energy conversion 

Today, the proton exchange membranes, typically such as perfluorosulfonic acid (PFSA) 
membranes or Nafion® for FC applications are presented [51-53]. Interestingly, charge 
carriers in FCs are various kinds of H+ (PEMFC), H+ (DMFC), OH- (AFC), H+ (PAFC), CO3= 
(MCFC), and O= (SOFC) [4-9,49,52,173]. Figure 1 shows various energy conversion processes 
from chemical energy into electric energy through both FCs and heat engine. The operation 
principle of simple low-temperature FCs mainly depends on the chemical reactions of 
hydrogen and oxygen with direct conversion into electricity without mediate conversions of 
thermal energy and mechanical energy.       
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Fuel cells Applications 
AFC, PAFC, MCFC, 

SOFC 
PEMFC, DMFC 

AFC: Space, mobile; PAFC: Distributed power; MCFC: 
Distributed power generation; SOFC: Power generation; 

PEMFC and DMFC: Portable, mobile, stationary 

PEMFC, DMFC 
Special use in compact mobile devices and handphones in 

future 

Table 1. Potential applications for various fuel cells [4-9,49,52,173] 

2. Pt and Pd based catalysts  

In recent years, novel Pt and Pd metals have been known as the best electrocatalysts to 
important chemical reactions for synthesis of new chemicals as well as the FC reactions. The 
electrocatalytic properties are typically characterized by hydrogen evolution 
reaction/hydrogen oxidation reaction (HER/HOR), ORR, and electro-oxidation of CO at the 
surfaces of Pt(hkl) facets of the as-prepared catalysts as well as the typical oxidations of 
methanol and formic acid on the surfaces of Pt (hkl) facets of the prepared catalysts. The (111), 
(100) and (110) low-index facets were proved in high stability and durability in catalysis, and 
good re-construction in the catalytic FC reactions [10,81,82]. The HER on the Pt catalyst is 
known by the important Volmer, Tafel, and Heyrovsky mechanisms. In addition, Volmer-
Tafel and Volmer-Heyrovsky mechanisms can occur in the complex combinations of the above 
basic mechanisms [10]. The surface kinetics and chemical activity occurring at the electrode 
surface containing Pt/support catalyst are characterized as follows [10-14,140].   

 Pt-Hads → Pt + H+ + e-   (1) 

 QDL (Charge) ↔ QDL (Discharge)  (2) 

 Pt + H2O → Pt-OH + H+ + e-  (3) 

 PtOH + H2O → Pt(OH)2 + H+ + e-   (4) 

 Pt-(OH)2 → PtO + H2O  (5) 

 2PtO + 4H+ + 4e- → Pt-Pt + 2H2O  (6) 

 Pt + H+ + e- → Pt-Hads  (7) 

To evaluate catalytic activity of the pure Pt catalysts or Pt based catalysts, the 
electrochemical active surface area (ECSA) is used as ECSA = QH/(0.21×LPt) [10-14,140]. 
Therefore, ECSA can be significantly enhanced by the use of a low LPt loading, and a low 
content of CO intermediates generated, and new discoveries of highly strong hydrogen 
reactions in the improvements of the Pt based catalysts. Clearly, the particle size of Pt NPs of 
10 nm is crucial in catalysis and FCs, PEMFCs, and DMFCs because the metal NPs showed 
very large quantum and size effects in the size range of around 10 nm. The ORR is observed 
in two main pathways in acidic electrolytes as follows [10-15].  
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 O2 + 4H+  + 4e- → 2H2O  (8) 

 O2 + 2H+  + 2e-  → H2O2 + 2H+  + 2e- →  2H2O  (9) 

For the ORR, the relationship between kinetic current (i) and potential (E) can be 
investigated as rate expression     

 i = nFkc(1 - θad)x exp(-βFE/RT)exp(-γΔGad/RT)  (10) 

Where n, F, K, c, x, β, and γ are constants. In addition, n, F, c, and θad indicated the mole (n), 
Faraday’s constant (F), the concentration of O2 (c), and coverage of adsorbed species (θad), 
respectively. Here, ΔGad indicated the weak or strong adsorption. We can choose x=1 and γ=1 
in the simplification. According to the adsorption degree, the rate may be changed. Thus, it 
may be change from positive (Weak adsorption) to negative (Strong adsorption). It means 
that the reaction rate declines when the coverage of intermediates (θad) rises [13,173]. 

At present, the phenomena of ORR kinetics and mechanisms occurring on the Pt catalysts are 
intensively investigated but a very high overpotential loss observed. Thus, the very high 
loadings of Pt must be supplied in the high requirements of the FCs operation with large 
current. It is known that the Pt catalyst has showed the highest activity to the ORR mechanism. 
Most of research has led to understand ORR on catalytic systems of Pt designed catalysts using 
the ultra-low Pt loading at minimal level. The issues of the low Pt-catalyst loading, high 
performance, durability and effective-cost design in FCs systems are very crucial for their 
large-scale commercialization. The CV results of various Pt NPs (sphere, cube, hexagonal and 
tetrahedral-octahedral morphology …) in H2SO4 showed the strong structural sensitivity of the 
as-prepared Pt NPs. The most basic (111), (100) and (110) planes were confirmed in the active 
sites of catalytic activity such as in the edges, corners, and terraces [15]. In particular, 
monolayer bimetallic surfaces were investigated in the experimental and theoretical studies of 
the surface monolayer, subsurface monolayer, and inter-mixed bimetallic structures, especially 
by DFT theoretical approaches [16,17]. So far, the characterization of size, structure, surface 
structure, internal structure, shape, and morphology has been discussed in various the as-
prepared metal NPs by various strategies of syntheses. The noble NPs (Pt, Pd, Ru, Ir, Os, Rh, 
Au, Ag), and their combinations with cheaper metals (Ni, Co, Cu, Fe …) as alloy and core-shell 
nanostructures can be used as potential Pt based catalysts for further studies of ORR and CO 
oxidation reaction in various FCs for long-term physical-chemical stability and durability, such 
as PEMFCs and DMFCs [18-21]. Besides, the investigations of both theory and applications of 
alloy clusters and nanoparticles showed potential applications in catalysis and FCs [22]. In 
various FCs, noble Pt metal is the key to large-scale commercialization of PEMFCs and DMFCs 
because of its unusually high catalytic properties. Therefore, scientists and researchers try to 
create highly active and stable catalysts with a low Pt loading. To enhance its catalytic activity, 
Pt catalyst NPs were supported on various high-surface-area carbon materials, such as carbon 
black (e.g. Vulcan XC-72) [23-27]. The Pt based catalysts of various nanostructures are 
discussed in the developments of PEMFCs and DMFCs. Interestingly, electricity is directly 
generated in PEMFCs by hydrogen oxidation and oxygen reduction reactions through 
membrane-electrode assembly (MEA) [1-14].    
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2.1. Preparation methods of Pt and Pd based nanoparticles  

Essentially, various top-down physical or bottom-up chemical methods, such as polyol 
method, and chemical-physical combined methods are widely used for making Pt and Pd 
based catalysts for homogeneous and heterogeneous catalysis, FCs, PEMFCs, and DMFCs 
involving in both theory and practice [28-33,173-188]. The core-shell nanostructures of 
bimetallic nanoparticles can be synthesized by phase-transfer protocol method [34]. The 
relatively facile method with microwave and ultrasound supports or sonochemical method 
in the synthesis of nanoparticles without focusing on much consideration of the basic issues 
of the homogeneity of typical size and morphology for catalysis and FCs has been very 
attractive to researchers and scientists [35,36]. In the methods, the nanosized ranges of the 
as-prepared nanoparticles are crucial to practical applications in catalysis, biology and 
medicine. So far, no comprehensive survey of the effects of heat treatments to achieve the 
significant enhancements of catalytic activity of Pt and Pd based catalysts has been 
presented in detail.  

2.2. Size, shape and morphology 

At present, it is known that the as-prepared Pt nanostructures show a variety of particle 
morphologies and shapes in homogeneous and heterogeneous characterizations. The main 
morphology and shape were prepared in the broad forms of cube, octahedra, cubo-
octahedra, tetrahedra, prisim, sphere, icosahedra, decahedra, rod, tube, wire, fiber, dendrite, 
flower, plate, twin, belt, disk etc… in the non-polyhedral and non-polyhedral or irregular 
shapes and morphologies in the near same size range. The spherical and non-spherical 
morphologies and shapes are observed in the near same range of particle size. The particle 
size is discovered in various nanosized ranges of from 10 nm, 20 nm, 30 nm, 40 nm, 50 nm, 
and 100 nm … to 1 μm, 10 μm, up to 100 μm …, especially particle size of around 10 nm for 
potential promising applications in catalysis, biology, and medicine. In our proposals, 
catalytic activity and selectivity of interesting homogeneous and heterogeneous 
morphologies and shapes of the Pt based nanoparticles in the nanosized ranges of 10 nm 
and 20 nm become important topics for scientific research because their structural 
transformations in that certain ranges of 1-30 nm are difficult to understand transparently 
unknown phenomena and properties [37,38]. When the size of Pt nanoparticles is decreased 
into the range of 10 nm, the total fraction of Pt atoms on the Pt catalyst surfaces is very large. 
This leads a very significant enhancement of electro-catalytic activity. Most of sizes, shapes, 
morphologies, nanostructures of the as-prepared Pt nanoparticles are significantly changed 
in normal conditions after the in situ TEM and HRTEM measurements. Clearly, the 
important effects of temperature on characterization of the pure Pt NPs and Pt/supports 
need to be studied at different temperatures for one optimum temperature range while 
keeping their good catalytic characterization. The new discoveries of surface-structure 
changes of polyhedral Pt shapes and morphologies are crucial in the further catalysis 
investigations [39-41]. The influence of hydrogen on the morphology of Pt or Pd 
nanoparticles was found in the structural transformations [42,43]. Therefore, alloy and core-
shell nanoparticles with various Pt metal compositions are crucial to practical applications 
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2.1. Preparation methods of Pt and Pd based nanoparticles  

Essentially, various top-down physical or bottom-up chemical methods, such as polyol 
method, and chemical-physical combined methods are widely used for making Pt and Pd 
based catalysts for homogeneous and heterogeneous catalysis, FCs, PEMFCs, and DMFCs 
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shell nanoparticles with various Pt metal compositions are crucial to practical applications 
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in catalysis and FCs. Nevertheless, most of the as-prepared metal nanoparticles possibly 
change their certain good shapes and morphologies (e.g. cube, tetrahedra, octahedra …) into 
hetero-shapes and hetero-morphologies. In fact, the issues of catalytic activity, durability, 
and stability of the as-prepared metal nanoparticles in various media have become very 
important to most of current scientific research. For example, non-platinum anode catalysts 
or without the use of Pt metal for DMFC and PEMFC applications were developed [44]. It 
has been known that they are transition metal carbides (e.g. WC and W2C ...) and the 
promoted transition metal oxides (e.g. TiO2, SiO2, CeO2, Zr2O3, CeO2-Zr2O3 ...) that have the 
advantages of low prices and strong resistance to poisonous substances such as carbon 
dioxide (CO) poisoning or CO adsorption on the catalysts.   

2.3. Structure and composition  

Among metal noble nanoparticles (Pt, Pd, Ru, Rh, Ir, Os, Au, and Ag NPs) as well as various 
cheap metal nanoparticles, metals show a face centered cubic (fcc) structure. The strong 
emphasis is that they can be used as metal catalysts for catalysis and FCs. Thus, Pt and Pd 
based alloy and core-shell nanoparticles can be engineered in a variety of composition using 
various metals (Co, Ni, Fe, Cu …) or oxides, ceramics, and glasses in the next significant 
efforts of researches according to the discoveries and improvements of catalytic activity, 
selectivity, durability, and stability in catalysis.      

3. Proton exchange membrane fuel cell  

At present, PEMFCs are used for mobile, portable, and automobile applications because of 
generated high power densities. For instance, they can operate at low and high temperatures 
of 60-100 oC or up to 200 oC [45-50]. In addition, the PEMFC is used for transportation 
applications when pure hydrogen as fuel can be used in PEMFCs for their operation. The 
conventional fuels are used as liquid, natural gas or gasoline. Therefore, the direct use of 
methanol can lead to develop PEMFCs into DMFCs. In particular, DMFCs proved that they 
can offer potential applications, such as cameras, notebook computers, and portable 
electronic applications [45-50]. The nanostructured membranes have been extensively 
reviewed in potential FC applications [50]. In addition, proton exchange membranes for 
PEMFCs operated at medium temperatures are discussed [51-53]. It is likely that the fast 
developments of new membrane technology can be realized in FCs, PEMFCs, and DMFCs.  

3.1. Operation principle  

A simple hydrogen and oxygen PEMFC includes the catalytic anode, membrane electrode 
assembly (MEA), and the catalytic cathode. Fuel is hydrogen fed to the anode that generates 
protons (H+). They travel through proton exchange membrane and combine with electrons 
(e-) and oxygen at the cathode to form water (H2O). Electrons travel through an external 
circuit. This leads to that electricity is generated by a FC. Figure 2 shows chemical reactions 
on the anode and the cathode of a PEMFC. The electrochemical reactions typically occur in a 
PEMFC as follows.   
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 At the anode: H2 → 2H+ + 2e-  (11) 

 At the cathode: ½ O2 + 2H+ + 2e- → H2O  (12) 

 The overall reaction is ½ O2 + H2 → H2O  (13) 

  
Figure 2. Basic configuration and chemical reaction of PEMFC 

3.2. Catalysts in proton exchange membrane fuel cell  

Of great interest is the study of the Pt nanoparticles with controlled size and shape around 
10 nm because of its importance in electro-catalysis. So far, the Pt and Pt catalysts have 
showed the best catalytic activities in the HOR and ORR mechanisms for PEMFCs 
comparable to other metal catalysts. Therefore, new Pt and Pd based catalysts are developed 
by using various metals combined in alloy nanostructures. Now, various kinds of Pt and Pd 
core-shell nanoparticles or nanostructures are prepared in the proofs of improving catalytic 
activities of HOR and ORR. The cost of Pt and Pd catalysts is very high for the large-scale 
commercialization of FCs. Therefore, cheaper metals such Cu, Co, Fe, Ni … can be studied 
in the uses in the alloy and core-shell catalysts with the Pt shells for reducing the Pt loading 
[54,55]. The thermal cathodic treatments on Pt/C and Pt-Ru/C catalysts were used to 
enhance methanol electro-oxidation in sulfuric acid solution in electrochemical activation 
[56-58]. Clearly, Pt/support catalysts are preferred in many applications. Bimetallic catalysts 
such as PtNi, PtCo, and PtCu have been very important to the ORR activity at cathode in 
PEMFC. The as-prepared nanoparticles were studied in the de-alloying phenomena of Pt 
binary alloys with the different nanostructures [59-62]. The nanostructured catalysts were 
reviewed in various FCs. The next catalysts with the Pt loadings for low-temperature 
PEMFCs and DMFCs will be proposed in various alloy, multi-composition, and core-shell 
structures. Here, Pt bimetallic catalysts were prepared by impregnating a commercial Pt/C 
with various transition metals (Pt/M = 3, M: V, Cr, Mn, Fe, Co, Ni, Cu, Zr, Ag and W), and 
sintering at 900 °C. An increase in electrode activity in ORR tests using a half cell in 
phosphoric acid solution at 190 °C at the initial stage was observed for PtCr, PtFe and PtAg 
catalysts due to the surface roughening effect [63]. So far, the Pt catalysts of high cost have 
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generated high power densities. For instance, they can operate at low and high temperatures 
of 60-100 oC or up to 200 oC [45-50]. In addition, the PEMFC is used for transportation 
applications when pure hydrogen as fuel can be used in PEMFCs for their operation. The 
conventional fuels are used as liquid, natural gas or gasoline. Therefore, the direct use of 
methanol can lead to develop PEMFCs into DMFCs. In particular, DMFCs proved that they 
can offer potential applications, such as cameras, notebook computers, and portable 
electronic applications [45-50]. The nanostructured membranes have been extensively 
reviewed in potential FC applications [50]. In addition, proton exchange membranes for 
PEMFCs operated at medium temperatures are discussed [51-53]. It is likely that the fast 
developments of new membrane technology can be realized in FCs, PEMFCs, and DMFCs.  

3.1. Operation principle  

A simple hydrogen and oxygen PEMFC includes the catalytic anode, membrane electrode 
assembly (MEA), and the catalytic cathode. Fuel is hydrogen fed to the anode that generates 
protons (H+). They travel through proton exchange membrane and combine with electrons 
(e-) and oxygen at the cathode to form water (H2O). Electrons travel through an external 
circuit. This leads to that electricity is generated by a FC. Figure 2 shows chemical reactions 
on the anode and the cathode of a PEMFC. The electrochemical reactions typically occur in a 
PEMFC as follows.   
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Heat Treatment – Conventional and Novel Applications 242 

been successfully used in both the anode and the cathode in PEMFCs with high cost. 
Therefore, binary alloy catalysts with Pt are developed for PEMFCs. Thus, Pt-Ni, Pt-Co or 
Pt-Cr bimetallic nanoparticles can be used as binary alloy catalysts for the significant 
enhancement of ORR. In particular, the Pt3Ni catalysts of the very high ORR activity are 
investigated [64-66]. A thin-film rotating disc electrode (TF-RDE) method was used for 
investigating the electrocatalytic activity of high surface area catalysts, and the highest 
catalytic activity on Pt/C catalysts towards ORR [67]. In PEMFCs, the catalytic activity and 
stability of the Pt based catalysts are very important. In the cathode of PEMFCs, Pt based 
alloy catalysts are developed for PEMFCs. Consequently, the issues of sizes, internal 
nanostructures, surface nanostructures, shapes and morphologies are also important to the 
stable operations of PEMFCs for the long periods. In addition, the pt based catalysts with 
the core-shell nanostructures of the thin Pt shell of around several nanometers have been 
developed for the next PEMFCs. In particular, the non-Pt catalysts without noble Pt metal 
are developed. Because noble Pt and Pd metals have the near same catalytic activity of HOR, 
the Pd based catalysts are studied for the improvements of ORR of PEMFCs [68]. The 
electro-active sites on carbon nanomaterials electro-catalyzed the reduction of peroxide 
intermediated from ORR on Pt [69]. The Pd based catalysts can be also used in a 
combination of Fe, Co, and Cu metals for the improvements of ORR, especially methanol 
tolerant ORR catalysts. It is clear that stability and durability of the catalysts in the cathodes 
have importance of the operations of PEMFCs. Therefore, PEMCs can be improved in high 
stability in the uses of the special supports such as various kinds of carbon supports (e.g. 
CNTs …). It is clearly admitted that Pt-Ru, Pt-Mo, Pt-Ni catalysts … are used as reformate-
tolerant catalysts or impure-hydrogen tolerant catalysts for good stability of next PEMFCs. 
In addition, Pt based ternary catalysts were discussed for the development of various low 
and high temperature FCs, PEMFCs, and DMFCs involving in their performance, durability 
and cost [70-73]. Now, an emergence of the hugely urgent demands of the Pt or Pd based 
catalysts after high heat treatment processes in both low and high temperatures less than 
1000 oC, or up to more than 2000 oC offering better characterizations of catalytic activity and 
stability can be predicted in future due to the catalysts exhibiting the pristine surfaces, 
shapes and morphologies in the electrode catalysts. The re-constructions, e.g. (111), (110), 
and (100) planes [10-12], or collapses of the Pt or Pd based nanoparticles and nanostructures 
with or without heat treatment in the preparation will be very attractive to research and 
development of new catalysts for PEMFCs and DMFCs [10-12,41]. There are little evidences 
of the size, structure and morphology of Pt or Pd based catalysts after high heat treatments 
in media of H2 or N2/H2. These are major challenges in catalysis science, and Pt or Pd based 
catalysts for FCs, PEMFCs, and DMFCs. Our catalyst preparation gave a better catalytic 
activity and stability of HER, ORR, and MOR in an environment of mixture H2/N2 avoiding 
the formation of PtO by heat treatment. In future, the Pt catalysts can be treated at high 
temperature but their size, nanostructure and morphology in the 10 nm range kept [128-
130]. Therefore, the pure Pt or Pd based catalysts used in the electrodes of FCs, PEMFCs, 
and DMFCs can give better catalytic activity, stability, and good performance of the whole 
FC systems.  
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4. Direct methanol fuel cell  

4.1. Operation principle    

In general, PEMFCs can be categorized into various kinds of hydrogen/oxygen FCs, DMFCs, 
and direct formic acid fuel cells (DFAFC) according to the use of liquid or gas fuels etc. [74-
76]. So far, the economic uses of Pt, Pt-Pd, and Pt-Ru based catalysts as well as catalyst 
supports have been very crucial to MOR at the anode in DMFCs. To date, methanol can be 
used in direct chemical-electrical energy conversion in a DMFC in figure 3. The 
electrochemical reactions occurring in a DMFC are:  

 Anode: CH3OH + H2O → CO2 + 6H+ + 6e-  (14) 

 Cathode: 32O2 + 6H+ + 6e- → 3H2O  (15) 

 Overall: CH3OH + 32O2 → CO2 +2H2O  (16) 

The DMFC is attractive because methanol, being a liquid fuel, is easy to transport and 
handle. In DMFCs, the MOR mechanism at the anode is crucial. Due to the low operating 
temperature ~60-150 oC, the Pt based catalysts are sensitive to poisoning. Since CO is formed 
during electro-oxidation of methanol, CO-tolerant catalysts are used for DMFCs. 
Nevertheless, these have a much lower power density despite the typically high noble metal 
loading of the electrodes. In addition, the energy efficiency of DMFCs suffers from high 
electrode over-potential (voltage losses), and from methanol losses by transfer (by 
permeation) through the membrane used in DMFCs [77-80].  

4.2. Catalysts in direct methanol fuel cell  

So far, Pt and Pd catalysts have been known as the most important catalysts for the direct 
methanol oxidation in electrodes, such as anodes and cathodes. The interesting hydrogen 
adsorption on Pt or Pd catalyst was studied [81-83]. In this context, PVP and TTAB polymer-
Pt nanoparticles were synthesized with the same cubic shape and similar particle size (8.1 
and 8.6 nm, respectively). They can be used as the potential Pt catalysts for chemical 
synthesis [84]. The PVP-Pt nanoparticles of good cubic, tetrahedral, and octahedral 
morphology in the size range of 10 nm were prepared by polyol method with the use of 
commercial chemicals for potential catalysts for FCs [85-87]. At such very small scale, the 
well-controlled synthesis of Pd nanoparticles by polyol synthesis routes using PVP polymer 
proved that the shapes of Pd NPs provide a good opportunity of investigating their catalytic 
property [88]. The catalytic reactions of Pt and Pd catalyst have been studied in the different 
combinations of various metals such as Ru, Rh, and Sn etc. with support materials such as 
carbon nanomaterials or oxides and glasses in both homogeneous and heterogeneous 
catalysis [89-97]. The new Pt-monolayer shell electrocatalysts of high stability were 
developed for the FC cathodes. The role of the Pt shell is to reduce the Pt loading 
significantly in PEMFCs and DMFCs but synergic effects for enhancing catalytic activity and 
stability. However, it is very difficult to make the Pt monolayers on the core nanoparticles. 
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Therefore, scientists and researchers have tries to study the easy-to-use chemical and 
physical methods for highly homogeneous core-shell nanosystems with the use of the thin 
Pt shells of several nanometers in the size range of 10 nm for PEMFCs and DMFCs. In 
addition, the good characterization of the engineered nanostructure of the Pt based core-
shell nanosystems need to be stabilized after the high heat treatments and preparation 
processes for obtaining the best catalysts for PEMFCs and DMFCs [98-103], leading to the 
FC durability up to 200,000 cycles with core-shell catalysts with the Pt-monolayers shells 
[99]. In all cases, the as-prepared Pt nanoparticles are supported on various carbon 
nanomaterials for catalytic  enhancement. The improvements of Pt catalyst can be 
performed  through by the use of the core-shell nanoparticles or core-shell catalysts that 
have been proposed. The systems of Pt based, binary, ternary, and quaternary catalysts are 
proposed in both homogeneous and heterogeneous catalysis [104,105]. Therefore, the Pt 
based multi-metal catalysts (PtRu or PtRuIr/C) exhibiting high catalytic activities are 
developed for the MOR [106,107]. A comparison of catalytic activity of Pt, Ru, and PtRu 
catalysts using Pt(NH3)2(NO2)2 and Ru(NO3)3 precursors for DMFCs was performed. The 
Pt50Ru50/C catalyst prepared at 200 °C has the maximum electrocatalytic activity toward 
MOR. The Pt-Ru catalysts have shown the excellent MOR in the stable operations of DMFCs 
but very high cost [108]. For methanol electro-oxidation, binary, ternary, and quaternary Pt 
alloy catalysts were prepared. As a result, quaternary alloy catalysts (Pt-Ru-Os-Ir) were 
considered to be far superior to Pt-Ru in DMFCs [109]. In particular, the successful process 
of Pt based cubic nanoparticles (Pt-Fe NPs, Pt-Fe-Co NPs), Pt-Fe-Co branched nano cubes, 
Pt-Fe-Co NPs of low and high Co content was presented. Overall, Pt-Fe-Co branched cubes 
were used as a good catalyst to show best activity and durability for electrocatalytic MOR 
[110]. In one study, the evidences of linear sweep voltammetry (LSV) tests indicated that the 
high peak current density on Pt2Rh/C is about 2.4 times higher than that of Pt/C in alkaline 
media direct methanol FCs [111]. So far, the Pt-Au catalysts engineering has become very 
important to the developments of PEMFCs and DMFCs [112]. For the continuous 
developments of DMFCs, the Pt-Ru alloy and core-shell electrocatalysts for FCs are 
discussed in a critical survey [113]. The as-prepared catalysts of PtRuMo NPs supported on 
graphene-carbon nanotubes (G-CNTs) nanocomposites were developed for DMFCs. The 
results showed that the catalytic activity and stability of the PtRuMo/G-CNTs catalyst are 
higher than those of PtRuMo/G and PtRuMo/CNTs catalysts. However, the new trends of 
using Pt based multi-component catalysts without considering the structural issues lead to 
the complexity of preparation and synthesis [114]. The Pd-Pt catalysts are recognized as 
potential candidates for PEMFCs and DMFCs operating at low temperatures [115]. 
Electrocatalytic activity for ORR and oxygen binding energy was intensively studied in the 
metal catalysts among the different combinations of W, Fe, Mo, Co, Ru, Ni, Rh, Cu, Ir, Pd, 
Pt, Ag, and Au. According to the oxygen binding energy by density functional theory (DFT), 
the volcano-type dependence of ORR was discovered in a high catalytic activity of Pt, Pt, Ir, 
and Ag metal, especially for the very thin Pt and Pd layers as the monolayers. The structural 
investigation of ORR and oxygen binding energy by the d-band model or calculation 
method of d-band center is very crucial to the issues of engineering a novel catalyst [116-
118]. In particular, a X-ray absorption spectroscopy (XAS) method was employed in the 
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characterization of a number of catalysts for low temperature FCs to determine the existent 
oxidation state of metal atoms in the catalyst, or in the case of Pt, the d-band vacancy per 
atom. It is a good tool for confirming the structures of the catalyst in situ [119]. There is an 
important discovery of a synergistic effect to being studied. In theory and practice, 
synergistic effect needs to be intensively investigated in quantum property in respective to 
the development of bimetallic catalysts of alloy and core-shell nanostructures. In this 
context, the synergistic effect of core-shell bimetallic nanoparticles gives an excellent 
catalytic enhancement. In catalytic activity, the shell provides strongly catalytic sites. The 
core element gives an electronic effect (a ligand effect) on the shell element because the 
surface atoms of the shell are coordinated to the core in their catalytic reactions. Therefore, 
the shell is an important factor to control the catalytic properties. In addition, the core-shell 
bimetallic structures cause better suppression of adsorbed poisonous species [120,140-143]. 
This effect is discussed in the metallic NPs of hetero-morphologies and hetero-structures 
that can be as new types of important catalyst [121]. Of all catalysts, the bimetallic 
nanoparticles have played important roles in promising applications of catalysis, and FCs 
[122]. The core-shell nanoparticles and nanostructures were intensively investigated [123-
124]. The Pt-Ni-graphene catalysts were prepared for the high MOR activity observed [125]. 
In particular, an important role on the MOR activity of Pt-Co and Pt-Ni alloy electrocatalysts 
for DMFCs has to be ascribed to the degree of alloying [126]. The interaction of Pd NPs and 
Pd(111) with CH3OH and CH3OH/O2 mixtures was examined from ultrahigh vacuum 
conditions up to ambient pressures [127]. Here, the particle size and structure dependent 
effects in methanol oxidation and decomposition are very crucial to the use of the supported 
Pd catalysts as well as the good incorporation of the pure Pt into various supports with high 
homogeneous distribution. In addition, we should find suitable heat treatment in good 
experimental conditions, and Pt based catalyst engineering to increase catalytic activity and 
durability.     
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5. Catalysts and heat treatment    

Of interest to scientists, at present the Pt catalysts are used in both the anode and the 
cathode in DMFCs. However, the Pt NPs showed a variety of sizes, shapes, and 
morphologies in the different size ranges. The shapes and morphologies of Pt NPs are 
synthesized in the forms of cube, octahedra, tetrahedra, plate, wire, flower, rod, fiber etc. 
The certain issues of their particle sizes are studied in the nanosized ranges of 10 nm, 20 nm, 
50 nm etc as well as the homogeneous nucleation, growth, and formation of polyhedral 
nanoparticles. In particular, the range of the Pt NPs of about 10 nm exhibit the highest 
catalytic activity with the good morphology and shape such as sphere, cube, octahedra, 
tetrahedra, and polyhedra etc. The high stability and durability of the shape-dependent 
catalytic activity are needed to be confirmed in the homogeneity of the particle size in a 
whole nano-system. In the heat treatments of the Pt NPs, the characterization of size, 
surface, structure, shape, and morphology of Pt NPs need to be preserved to obtain the Pt 
catalysts of good catalytic activity, stability, and durability for a long time. The new 
generations of the Pt-Pd core-shell catalysts with the thin Pd shells of less than several 
nanometers were developed. They showed the excellent catalytic activity. In our recent 
research, the Pt NPs of less than 10 nm in size were used as the Pt catalysts, which can be 
used as the standards for any comparison of catalytic activity of new Pt based catalysts. So 
far, the heat treatment procedures and methods of heat treatments of the as-prepared metal 
nanoparticles for catalyst engineering in catalysis have not been considered in their very 
crucial issues of the size, surface, structure, shape, and morphology. The transformations of 
structure and property of the as-prepared metal nanoparticles in the ranges of 10 nm and 20 
nm through heat treatments or sintering of Pt nanoparticles are very critical to nanoparticles 
as electro-catalysts or catalytic nanosystems for PEMFCs and DMFCs [128]. We need to 
confirm that Pt nanoparticles with the rough curved surfaces exhibit catalytic activity much 
better than Pt nanoparticles with flat and smooth surface through the measurement results. 
The important effects of heat treatment and the removal of poly(vinylpyrrolidone) (PVP) 
polymer on electrocatalytic activity of polyhedral Pt NPs towards the ORR mechanism have 
been investigated. The methods of keeping the size, surface structure, internal structure, 
shape, and morphology were proposed in our catalyst engineering processes, especially heat 
treatments of the as-prepared PVP-Pt nanoparticles at 300 oC. The loaded electrodes were 
carefully dried in air for 3 h at 25 °C and heated with the heating rate of 1 °C/min up to 
450 °C in air and a keeping time of 2 h in order to remove any organic species. The pure Pt 
nanoparticles need to be kept in their good characterization of size and morphology in the 
size range of 10 nm. We proposed that the polyhedral Pt NPs of around 10 nm can be used 
the standard Pt catalyst in all research of electrocatalysts in PEMFCs and DMFCs due to 
their higher concentration of surface steps, kinks, islands, terraces, and corners [129-137]. In 
our research, Pt-Au NPs were prepared by polyol method, which can be used as Pt-Au 
catalysts for DMFCs [138]. In particular, Pt-Pd alloy and core-shell NPs were synthesized by 
polyol method. The core-shell NPs can be used for low temperature PEMFCs and DMFCs 
for the excellent advantages of reducing the Pt total metal weight. Therefore, it is an 
economic solution of the suitable use of Pt based core-shell catalysts for next FCs. The new 
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Pt monolayer Pd-Au catalyst of a core-shell structure with double shells was found in a 
good stability and activity of ORR. The double shells have an outermost shell of Pt 
monolayer and a sub-layer shell of Pd-Au alloy [139,140]. In our new results and findings, 
new evidence of fast enhancement of ORR on the electrode of the new Pt-Pd core-shell 
catalyst in the size range of 25 nm is clearly observed in a comparison with the prepared Pt 
catalyst in the size range of 10 nm. Therefore, it is important to use core-shell bimetallic 
catalysts to increase the ORR rate in the electrode catalyst. For the case of Pt-Pd core-shell 
catalysts, the fast hydrogen-desorption response and high sensitivity in our results after 
reaching the stable characterization after only the first CV cycle in a comparison to Pt 
catalyst. This enables the realization of robust and efficient Pt- or Pd-based core-shell 
catalysts that are extremely sensitive to the fast hydrogen desorption. Most of the alternative 
method of improving the hydrogen reaction by the core-shell nanostructures can be clearly 
realized. During the measurement, the electrodes are swept from -0.2 to 1.0 V with 
respective to the kinds of saturated standard electrodes. There are the specific regions in the 
cyclic voltammogram (Figures 4 and 5). They show highly and good catalytic activity and 
surface kinetics for the case of both the Pt catalysts of 10 nm and the Pt-Pd core-shell 
catalysts of 25 nm. It is clear that the high heat treatments of our catalyst preparation in 
H2/N2 offer the good characterization of the size, surface, structure, and morphology. 
Therefore, the highly long-term catalytic activity, stability, and durability in chemical and 
physical Pt or Pd based catalysts are needed in the catalyst layers of FCs, DMFCs, and 
PEMFCs. The effects of using a suitable temperature range in heat treatment should be 
suitable to various FCs, for example the better ORR activity. This depends on the operating 
temperature of various FCs. They were characterized by the chemical activity occurring at 
the electrode surface. In the forward sweep, the first region assigned to hydrogen 
desorption is crucial to confirm catalytic activity of the Pt catalysts. The slow kinetics of 
hydrogen desorption of the case of Pt catalyst was confirmed in the cell before the 
stabilization of CV was achieved from the first cycle to the twentieth cycle, and  the fast 
kinetics of hydrogen desorption of the case of Pt-Pd core-shell catalyst. Indeed, the results 
proved the good desorption and adsorption of hydrogen of both Pt catalysts and Pt-Pd core-
shell catalyst as evidences of good catalytic activity of two kinds of important catalysts in 
the preparation process and heat treatment in figures 4 and 5. To evaluate the catalytic 
activity of the prepared catalysts, the electrochemical active surface area (ECSA) of the Pt 
catalyst is calculated to be (10.5 m2g-1) in a comparison with that of the Pt-Pd core-shell 
catalysts (27.7 m2g-1) in our catalytic investigations. Thus, suitable heat treatments or 
sintering processes of the Pt or Pd based catalysts for obtaining good catalytic activity and 
stability in the desirable nano and micro structures are very crucial to enhance, and improve 
the continuous operation of direct chemical-into-electrical energy conversion, high stability 
and durability of various FCs, PEMFCs and DMFCs for the urgent global challenges of 
energy and environment. Obviously, the heat treatments can lead to significantly reduce the 
effects of CO poisoning to the electrodes in PEMFCs and DMFCs.  One of the most 
challenging goals in the heat treatment is to develop successful protocols for keeping the 
good characterization of the as-preparation Pt NPs such as surface, structure, size, and 
shape in their nanosized ranges. In our research, the polyol method was used for our 
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synthesis of the Pt and Pd bimetallic nanoparticles with alloy and core-shell structure. In 
comparison, we also can control the time and temperature of convenient heat-treatments to 
the pure Pt or Pt/support catalysts for their better catalytic activity. Clearly, the temperature 
plays an important role in heat treatments for making the better Pt based catalysts. The 
shape and morphology of  polyhedral-like or spherical-like Pt nanoparticles are crucial in 
the further study of electro-catalytic activity.   

 
Figure 4. TEM images of the polyhedral Pt nanoparticles. Scale bars: (a)-(d) 20 nm. (e) Cyclic 
voltammograms of the pure Pt catalysts in 0.5 M H2SO4 from -0.2 V to 1.0 V. Reprinted from: Long NV, 
Ohtaki M, Hien TD, Randy J, Nogami M, Electrochim. Acta. 56:9133-9143. Copyright 2011 with 
permission from Elsevier [140] 

It means that the high heat treatment to the as-prepared Pt nanoparticles for the good catalyst 
can be performed in the ways with various solvents or pure water during their preparation. 
However, the desirable characterization of size, shape, morphology, and structure need to be 
kept for the better catalytic activity. Therefore, scientists need provide more research results of 
Pt based catalysts with heat treatment effects in electro-catalysis. Thus, new Pt based catalysts, 
electrodes, and membranes need to be considerably studied for the reduction of their high 
costs but the high whole performance. The effects of heat treatments on size, shape, surface, 
and structure of the pure Pt nanoparticles (pure Pt catalyst) or Pt based catalysts for catalytic 
activity, durability and stability can be intensively analyzed by in situ TEM and 
electrochemical measurements as well as the chemical reactions and their kinetics at the 
surfaces of the only Pt catalyst or Pt/support catalysts in fuel cells.   

In electrochemical measurements, we can use electrolyte solution of using 0.5 M H2SO4+1.0 
M CH3OH (a scan rate of 50 mV s-1). Our comparisons of cyclic voltammograms were done 
between the pure Pt catalysts in the nanosized range of 10 nm, and the pure Pt-Pd core-shell 
catalysts in the nanosized range of 25 nm in the mixture of 0.5 M H2SO4 and 1 M CH3OH in 
figure 6. A stable voltammogram was attained after 20 cycles of sweeping between 0 and 1 
V. Two oxidation peaks are observed. The good MOR was confirmed in the evidences of the 
typical peaks at 0.6 V and 0.8 V in the forward sweep, and the other peaks at 0.4 and 0.5 V in  
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Figure 5. (a)-(f) TEM and HRTEM images of the as-prepared Pt-Pd core-shell. The thin Pd shells protect 
polyhedral Pt cores. The nucleation and growth of Pd shells are controlled by a chemical synthesis. 
Scale bars: (a)-(c) 20 nm. (d) 5 nm. (e) 5 nm. (f) 2 nm. (h) Schematic of a standard three-electrode 
electrochemical cell. Reprinted from: Long NV, Ohtaki M, Hien TD, Randy J, Nogami M, Electrochim. 
Acta. 56:9133-9143. Copyright 2011 with permission from Elsevier [140]  
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Scale bars: (a)-(c) 20 nm. (d) 5 nm. (e) 5 nm. (f) 2 nm. (h) Schematic of a standard three-electrode 
electrochemical cell. Reprinted from: Long NV, Ohtaki M, Hien TD, Randy J, Nogami M, Electrochim. 
Acta. 56:9133-9143. Copyright 2011 with permission from Elsevier [140]  
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Figure 6.  (a) Cyclic voltammogram of Pt catalysts, and Pt-Pd core-shell catalysts on glassy carbon 
electrode in N2-bubbled 0.5 M H2SO4 electrolyte (scan rate: 50 mV s-1). (b) Cyclic voltammogram 
towards methanol electro-oxidation of Pt catalyst and Pt-Pd core-shell catalyst. (c) Simple pathways of 
MOR (A). Possible reaction pathways of MOR (B). (d) Chronoamperometry data of Pt and Pt-Pd 
catalysts in 0.5 M H2SO4+1.0 M CH3OH and polarization potential about 0.5 V. Reprinted from: Long 
NV, Ohtaki M, Hien TD, Randy J, Nogami M, Electrochim. Acta. 56:9133-9143. Copyright 2011 with 
permission from Elsevier [140]   

the backward sweep. Our results of the MOR mechanisms showed that the two peaks are 
directly related to methanol oxidation and the associated intermediates. The fascinating high 
stable characterization was observed for Pt-Pd core-shell catalysts. They showed a very high 
initial current about 1.29×10-3 A cm-2 in comparison with the Pt catalyst of initial current 
about 4.33×10-4 A cm-2. In all our research, the samples with the Pt or Pt based catalysts were 
carried out in the heat treatment procedures at 300 oC and up to 450  oC. The loaded 
electrodes were dried in air for 3 h at 25 °C and heated with the heating rate of 1 °C/min up 
to 450 °C in air and a keeping time of about 2 h for the complete removal of any organic 
species. After heat treatment, the specific size, shape, structure and morphology of Pt 
nanoparticles were retained in the good conditions of the Pt based catalyst for the CV 
measurements [141-143]. New hydrogen absorption was found in the Pt-Pd bimetallic 
nanoparticles [144]. In our research, we suggested that there are the relationships and 
dependences of electro-catalytic properties on issues of size, internal structure and surface 
structure, shape and morphology, and composition of Pt or Pd based catalysts in catalysis, 
biology, and medicine. The homogeneous properties of size, internal structure and surface 
structure, shape and morphology, and composition of nanoparticles can create novel and 
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promising properties in catalysis, biology and medicine. According to our research, the 
effects of the nanostructures can be confirmed in the better catalytic activity. In general, the 
Frank-van der Merwe (FM), Volmer-Weber (VW), and Stranski-Krastanov (SK) growth 
modes show the formation of various nanostructures of core-shell nanoparticles [141], such 
as core-shell bimetallic NPs and oxide-metal NPs [104,141]. It is clear that the formations of 
novel Pt based core-shell bimetallic nanoparticles the thin-based metal or alloy shells can be 
controlled in both the FM and SK growth modes for the utilization of Pt metal. The FM 
overgrowth mode or the epitaxial overgrowth of the thin Pt shells on the metal or oxide 
cores due to the layer-by-layer mechanism are very crucial to discover most of new Pt based 
core-shell catalysts for FCs, such as PEMFCs or DMFCs. The core-shell engineered 
nanoparticles in the nanosized ranges of about 10 nm and 20 nm with the Pt metal shell or 
the Pt based bimetallic shells or the Pt based multi-metallic shells become an important topic 
of next research and scientific investigations for FCs. The thin shells can be noble metals 
such as Pt, Pt-Au, Pt-Pd, Pt based alloys with the use of Ag, Au, Rh, Ru, and Pd metal. The 
thick cores can be cheap metals such as Ni, Co, Fe, Cu .. and alloys, even and ceramics and 
glasses. With regards to low-cost issues, we suggest that typical core-shell configurations of 
bimetallic nanoparticles are proposed in the main goals of designing Pt and Pd based 
catalysts with the shells of using ultra-low mass of Pt metal or Pt-noble (Pd, Ru, Rh, Au, Ag) 
bimetals [140-143, 190]. Thus, a variety of the core-shell configurations with the thin Pt shell 
or the thin Pt based bimetallic shells controllably created in chemical and physical 
engineering is one of the best ways of the realization of large-scale commercialization and 
development of FCs, such as PEMFCs and DMFCs. We suggest that noble Au NPs can be 
used the good core for the Pt shells for DMFCs and PEMFCs. In most cases, Pt-based 
bimetallic NPs were supported on carbon nanomaterials such as MWCNTs for the catalytic 
enhancement in the operations of various DMFCs due to their large surface area and good 
conductivity [145,146]. In addition, the Co-Pt core-shell nanoparticles can be used as 
potential catalysts in cathode of PEMFCS because of their high stability and durability [147-
149]. In many efforts, the catalysts such as Pt-Pd, Pt-Ru, Pt-Rh and Pt-Sn/C exhibiting an 
improved performance in MOR as anode materials were prepared by ultrasonic method 
[150,151]. Importantly, the catalytic properties of well-characterized Ru-Pt core-shell NPs 
were demonstrated for preferential CO oxidation [152]. The metal-oxide nanostructures of 
Pd or Pt metals and TiO2 or Zr2O3 oxides by self-assembly are proposed for catalysis and 
FCs. The core-shell nanoparticles and nanostructures will offer potentially promising 
applications in homogeneous and heterogeneous catalysis, biology and medicine [153,154]. 
The recent developments of polymer electrolyte membranes for FCs were discussed for 
improving the long-term stability [155]. The new methanol-tolerant catalysts with the use of 
Pd nano cubes exhibiting high electro-activity for ORR in the 0.5 M H2SO4 solution were 
confirmed [156,157]. Thus far, the catalysts with the use of the Pt-Pd nanoparticles or the Pt-
Pd nanostructures of various size, internal structure, surface structure, shape, morphology, 
and composition by various preparation methods have been intensively studied for practical 
applications in various FCs, PEMFCs, and DMFCs. There are the very huge demands of 
high-surface area catalysts of Pt-Pd NPs supported on carbon nanomaterials that have been 
used in various FCs, PEMFCs and PEMCs [158-170,188,189]. The nano-porous SiO2 solids 
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Figure 6.  (a) Cyclic voltammogram of Pt catalysts, and Pt-Pd core-shell catalysts on glassy carbon 
electrode in N2-bubbled 0.5 M H2SO4 electrolyte (scan rate: 50 mV s-1). (b) Cyclic voltammogram 
towards methanol electro-oxidation of Pt catalyst and Pt-Pd core-shell catalyst. (c) Simple pathways of 
MOR (A). Possible reaction pathways of MOR (B). (d) Chronoamperometry data of Pt and Pt-Pd 
catalysts in 0.5 M H2SO4+1.0 M CH3OH and polarization potential about 0.5 V. Reprinted from: Long 
NV, Ohtaki M, Hien TD, Randy J, Nogami M, Electrochim. Acta. 56:9133-9143. Copyright 2011 with 
permission from Elsevier [140]   

the backward sweep. Our results of the MOR mechanisms showed that the two peaks are 
directly related to methanol oxidation and the associated intermediates. The fascinating high 
stable characterization was observed for Pt-Pd core-shell catalysts. They showed a very high 
initial current about 1.29×10-3 A cm-2 in comparison with the Pt catalyst of initial current 
about 4.33×10-4 A cm-2. In all our research, the samples with the Pt or Pt based catalysts were 
carried out in the heat treatment procedures at 300 oC and up to 450  oC. The loaded 
electrodes were dried in air for 3 h at 25 °C and heated with the heating rate of 1 °C/min up 
to 450 °C in air and a keeping time of about 2 h for the complete removal of any organic 
species. After heat treatment, the specific size, shape, structure and morphology of Pt 
nanoparticles were retained in the good conditions of the Pt based catalyst for the CV 
measurements [141-143]. New hydrogen absorption was found in the Pt-Pd bimetallic 
nanoparticles [144]. In our research, we suggested that there are the relationships and 
dependences of electro-catalytic properties on issues of size, internal structure and surface 
structure, shape and morphology, and composition of Pt or Pd based catalysts in catalysis, 
biology, and medicine. The homogeneous properties of size, internal structure and surface 
structure, shape and morphology, and composition of nanoparticles can create novel and 
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promising properties in catalysis, biology and medicine. According to our research, the 
effects of the nanostructures can be confirmed in the better catalytic activity. In general, the 
Frank-van der Merwe (FM), Volmer-Weber (VW), and Stranski-Krastanov (SK) growth 
modes show the formation of various nanostructures of core-shell nanoparticles [141], such 
as core-shell bimetallic NPs and oxide-metal NPs [104,141]. It is clear that the formations of 
novel Pt based core-shell bimetallic nanoparticles the thin-based metal or alloy shells can be 
controlled in both the FM and SK growth modes for the utilization of Pt metal. The FM 
overgrowth mode or the epitaxial overgrowth of the thin Pt shells on the metal or oxide 
cores due to the layer-by-layer mechanism are very crucial to discover most of new Pt based 
core-shell catalysts for FCs, such as PEMFCs or DMFCs. The core-shell engineered 
nanoparticles in the nanosized ranges of about 10 nm and 20 nm with the Pt metal shell or 
the Pt based bimetallic shells or the Pt based multi-metallic shells become an important topic 
of next research and scientific investigations for FCs. The thin shells can be noble metals 
such as Pt, Pt-Au, Pt-Pd, Pt based alloys with the use of Ag, Au, Rh, Ru, and Pd metal. The 
thick cores can be cheap metals such as Ni, Co, Fe, Cu .. and alloys, even and ceramics and 
glasses. With regards to low-cost issues, we suggest that typical core-shell configurations of 
bimetallic nanoparticles are proposed in the main goals of designing Pt and Pd based 
catalysts with the shells of using ultra-low mass of Pt metal or Pt-noble (Pd, Ru, Rh, Au, Ag) 
bimetals [140-143, 190]. Thus, a variety of the core-shell configurations with the thin Pt shell 
or the thin Pt based bimetallic shells controllably created in chemical and physical 
engineering is one of the best ways of the realization of large-scale commercialization and 
development of FCs, such as PEMFCs and DMFCs. We suggest that noble Au NPs can be 
used the good core for the Pt shells for DMFCs and PEMFCs. In most cases, Pt-based 
bimetallic NPs were supported on carbon nanomaterials such as MWCNTs for the catalytic 
enhancement in the operations of various DMFCs due to their large surface area and good 
conductivity [145,146]. In addition, the Co-Pt core-shell nanoparticles can be used as 
potential catalysts in cathode of PEMFCS because of their high stability and durability [147-
149]. In many efforts, the catalysts such as Pt-Pd, Pt-Ru, Pt-Rh and Pt-Sn/C exhibiting an 
improved performance in MOR as anode materials were prepared by ultrasonic method 
[150,151]. Importantly, the catalytic properties of well-characterized Ru-Pt core-shell NPs 
were demonstrated for preferential CO oxidation [152]. The metal-oxide nanostructures of 
Pd or Pt metals and TiO2 or Zr2O3 oxides by self-assembly are proposed for catalysis and 
FCs. The core-shell nanoparticles and nanostructures will offer potentially promising 
applications in homogeneous and heterogeneous catalysis, biology and medicine [153,154]. 
The recent developments of polymer electrolyte membranes for FCs were discussed for 
improving the long-term stability [155]. The new methanol-tolerant catalysts with the use of 
Pd nano cubes exhibiting high electro-activity for ORR in the 0.5 M H2SO4 solution were 
confirmed [156,157]. Thus far, the catalysts with the use of the Pt-Pd nanoparticles or the Pt-
Pd nanostructures of various size, internal structure, surface structure, shape, morphology, 
and composition by various preparation methods have been intensively studied for practical 
applications in various FCs, PEMFCs, and DMFCs. There are the very huge demands of 
high-surface area catalysts of Pt-Pd NPs supported on carbon nanomaterials that have been 
used in various FCs, PEMFCs and PEMCs [158-170,188,189]. The nano-porous SiO2 solids 
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with Pt or Pd metal nanoparticles were also used [171-172], and they offered higher electro-
oxidation current densities for both methanol and ethanol.   

5.1. Heat treatment  

Before the TEM and HRTEM measurements, copper grids with the prepared nanoparticles 
were annealed in the heat treatment at 300 oC for 4 h, 6 h or even a half day. The evidences 
and results of the characterization of size, structure, shape, morphology with the only Pt 
composition by TEM and HRTEM show the uniform polyhedral Pt nanoparticles 
synthesized by polyol method with the controlled size in the nanosized range of 10 nm and 
20 nm, and sharp shapes and morphologies through an introduction of low contents of 
AgNO3 as size, structure, morphology and shape-controlling reagent and the gradual 
addition of the precursors of PVP and H2PtCl6 in the suitable volume ratio. In the 
characterizations of homogeneous polyhedral morphology and shape, the appearances of 
the main sharp cubic, octahedral, and tetrahedral shapes of Pt NPs in the controlled growth 
of (100), (110), and (111) selective surfaces are very good for their applications in catalytic 
activity, e.g. the ORR and MOR chemical reactions because the polyhedral Pt nanoparticles 
have at a higher concentration of surface steps, kinks, islands, terraces, and corners [10-
12,188]. In addition, the TEM and HRTEM images of Pt NPs by polyol method show 
interestingly important phenomena of particle-particle surface attachment, self-aggregation, 
and assembly in the case of the use of the pure Pt NPs or the PVP-Pt NPs. Most of Pt NPs 
showed various large morphologies and shape after heat treatment at high temperature 
from 20 to 60 nm for the case of the PVP-Pt NPs [128-130]. The clear overgrowths and 
structural transformation in the nanosized range of polyhedral Pt nanoparticles annealed at 
300 °C for 4 h were observed. Clearly, the morphology of PVP-Pt nanoparticles was 
significantly changed by heat treatment. During their synthesis, PVP polymer is used to 
stabilize and control the size and morphology of Pt nanoparticles against their aggregation. 
In addition, the amount of PVP polymer can bind the nanoparticle surface after the catalyst 
synthesis. Therefore, PVP or other polymers for the protections of the as-prepared 
nanoparticles should be removed in the minimal content before the catalytic reactions. In 
our research, PVP polymer plays an important role to stabilize their morphology and size of 
these Pt nanoparticles. Despite the fact that these Pt nanoparticles were put on copper grids, 
they still have their interfacial interactions to their particle-particle surface attachments, 
aggregation, and self-assembly leading to form the larger and irregular Pt particles or the 
larger particles in the forms of hetero-morphologies and hetero-nanostructures in the final 
formation by the heat treatment. It is known that Pt nanostructures with the issues of size, 
shape and morphology under heat treatment procedures become important to further 
investigation in the confirmation of catalytic activity in catalysis. The critical issues of size, 
shape and morphology of colloidal nanoparticles need to be intensively studied in different 
media (condense, liquid, and gas) for the certain confirmations of high and long-term 
stability, high durability, and safety in their practical applications in catalysis, biology and 
medicine. In our experimental methods, in order to obtain the pure Pt catalyst for the 
standard catalyst of the standard nanosized range of 10 nm in investigations of catalytic 
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activity, PVP polymer of the as-prepared product of PVP-Pt nanoparticles was removed. 
Therefore, the pure Pt nanoparticles for electrochemical measurements can be obtained by 
using centrifuge. The resultant solution of as-prepared nanoparticle was washed by using 
the suitable mixtures of acetone and followed by centrifugation at 5,000 rpm up to 15,000 
rpm. Next, the black solid product was re-dispersed in the ethanol/hexane mixtures with a 
suitable volume rate. The resultant mixture was centrifuged in order to obtain the fresh 
product. Experimentally, the procedures of washing and clean Pt nanoparticles in the 
mixture of ethanol and hexane were done many times. After washing PVP polymer and 
contaminations in the as-prepared product, the nanoparticles were dispersed in milli-Q 
water in order to achieve the fixed density of colloidal Pt nanoparticles at 1 mg/mL with the 
aid of ICPS analyzer. The working electrode was a glassy carbon rod (RA-5, Tokai Carbon 
Co., Ltd.) with a diameter of 5.2 mm. Then, the electrode surface was cleaned and activated 
by using a kind of polishing-cloth (Buehler Textmet) with alumina slurry (Aldrich, particle 
size of 50 nm), followed by washing any contaminations with milli-Q water. The step-by-
step procedures were repeated until the surface looked like a mirror. Then,  a fixed weight 
of some μg (e.g. 5 μg or 10 μg) of the Pt loading was set onto the surface of the polished 
electrode for the electrochemical measurements. The loaded electrodes were dried in air for 
3 h at 25 °C and heated with the heating rate of 1 °C/min up to 450 °C or 723 K in air and a 
keeping time of 2 h in order to remove organic species [128-130]. We used a very slow 
heating rate to avoid the serious problem of sintering of the pure nanoparticles so that the 
layer catalyst is the nanoparticles. The electrodes were allowed to cool normally and then 
exposed into the flow of the mixture of H2/N2 gases (20%,80%) at 100 °C for 3 h to reduce the 
existence of PtO and ensure a pristine catalyst surface. In order to improve the mechanical 
stability of electrode surfaces, Nafion® solution, e.g. 10 μL of 5 wt.%,  was added onto the 
electrode and followed by drying in air for a long time, e.g. overnight, before the 
electrochemical measurements. The cyclic voltammetry experiment was performed at room 
temperature using a typical setup of three-electrode electrochemical system in figure 5(h) 
connected to Potentiostat (SI-1287 Electrochemical Interface, Solartron). The cell was a 50-
mL glass vial, which was carefully treated with the mixture of H2SO4 and HNO3, and then 
washed generously with milli-Q water. A leak-free AgCl/Ag/NaCl electrode (RE-1B,ALS) 
served as the reference and all the potentials were reported vs. Ag/AgCl. The counter 
electrode was a Pt coil (002234,ALS) [128-130, 140-143]. The electrolyte solution was bubbled 
with N2 gas for 30 min before every measurement. This N2 blanket was kept during the 
actual course of potential sweeping. For the base voltammetry, the electrolyte was a solution 
of 0.1 M HClO4 that was diluted from 70% concentrated solution (Aldrich) using milli-Q 
water. Additionally, 0.5 M H2SO4, H2SO4 and 1 M CH3OH are prepared for electrochemical 
measurements. The potential window between -0.2 to 1.0 V with a sweep rate of 50 mV/s 
was used. For the methanol oxidation, the electrolyte was added with 1.0 M methanol in 
milli-Q water. The system measurements were cycled until the stable voltammograms were 
achieved. The electrochemical surface area (ECA) or ECSA was estimated by considering the 
area under the curve in the hydrogen desorption region of the forward scan and using 0.21 
mC/cm2 for the monolayer of hydrogen adsorbed on the surface of Pt catalyst [13,174]. The 
CO poisoning issues or phenomena of CO-stripping voltammetry of the Pt catalysts cause a 
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with Pt or Pd metal nanoparticles were also used [171-172], and they offered higher electro-
oxidation current densities for both methanol and ethanol.   

5.1. Heat treatment  

Before the TEM and HRTEM measurements, copper grids with the prepared nanoparticles 
were annealed in the heat treatment at 300 oC for 4 h, 6 h or even a half day. The evidences 
and results of the characterization of size, structure, shape, morphology with the only Pt 
composition by TEM and HRTEM show the uniform polyhedral Pt nanoparticles 
synthesized by polyol method with the controlled size in the nanosized range of 10 nm and 
20 nm, and sharp shapes and morphologies through an introduction of low contents of 
AgNO3 as size, structure, morphology and shape-controlling reagent and the gradual 
addition of the precursors of PVP and H2PtCl6 in the suitable volume ratio. In the 
characterizations of homogeneous polyhedral morphology and shape, the appearances of 
the main sharp cubic, octahedral, and tetrahedral shapes of Pt NPs in the controlled growth 
of (100), (110), and (111) selective surfaces are very good for their applications in catalytic 
activity, e.g. the ORR and MOR chemical reactions because the polyhedral Pt nanoparticles 
have at a higher concentration of surface steps, kinks, islands, terraces, and corners [10-
12,188]. In addition, the TEM and HRTEM images of Pt NPs by polyol method show 
interestingly important phenomena of particle-particle surface attachment, self-aggregation, 
and assembly in the case of the use of the pure Pt NPs or the PVP-Pt NPs. Most of Pt NPs 
showed various large morphologies and shape after heat treatment at high temperature 
from 20 to 60 nm for the case of the PVP-Pt NPs [128-130]. The clear overgrowths and 
structural transformation in the nanosized range of polyhedral Pt nanoparticles annealed at 
300 °C for 4 h were observed. Clearly, the morphology of PVP-Pt nanoparticles was 
significantly changed by heat treatment. During their synthesis, PVP polymer is used to 
stabilize and control the size and morphology of Pt nanoparticles against their aggregation. 
In addition, the amount of PVP polymer can bind the nanoparticle surface after the catalyst 
synthesis. Therefore, PVP or other polymers for the protections of the as-prepared 
nanoparticles should be removed in the minimal content before the catalytic reactions. In 
our research, PVP polymer plays an important role to stabilize their morphology and size of 
these Pt nanoparticles. Despite the fact that these Pt nanoparticles were put on copper grids, 
they still have their interfacial interactions to their particle-particle surface attachments, 
aggregation, and self-assembly leading to form the larger and irregular Pt particles or the 
larger particles in the forms of hetero-morphologies and hetero-nanostructures in the final 
formation by the heat treatment. It is known that Pt nanostructures with the issues of size, 
shape and morphology under heat treatment procedures become important to further 
investigation in the confirmation of catalytic activity in catalysis. The critical issues of size, 
shape and morphology of colloidal nanoparticles need to be intensively studied in different 
media (condense, liquid, and gas) for the certain confirmations of high and long-term 
stability, high durability, and safety in their practical applications in catalysis, biology and 
medicine. In our experimental methods, in order to obtain the pure Pt catalyst for the 
standard catalyst of the standard nanosized range of 10 nm in investigations of catalytic 
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activity, PVP polymer of the as-prepared product of PVP-Pt nanoparticles was removed. 
Therefore, the pure Pt nanoparticles for electrochemical measurements can be obtained by 
using centrifuge. The resultant solution of as-prepared nanoparticle was washed by using 
the suitable mixtures of acetone and followed by centrifugation at 5,000 rpm up to 15,000 
rpm. Next, the black solid product was re-dispersed in the ethanol/hexane mixtures with a 
suitable volume rate. The resultant mixture was centrifuged in order to obtain the fresh 
product. Experimentally, the procedures of washing and clean Pt nanoparticles in the 
mixture of ethanol and hexane were done many times. After washing PVP polymer and 
contaminations in the as-prepared product, the nanoparticles were dispersed in milli-Q 
water in order to achieve the fixed density of colloidal Pt nanoparticles at 1 mg/mL with the 
aid of ICPS analyzer. The working electrode was a glassy carbon rod (RA-5, Tokai Carbon 
Co., Ltd.) with a diameter of 5.2 mm. Then, the electrode surface was cleaned and activated 
by using a kind of polishing-cloth (Buehler Textmet) with alumina slurry (Aldrich, particle 
size of 50 nm), followed by washing any contaminations with milli-Q water. The step-by-
step procedures were repeated until the surface looked like a mirror. Then,  a fixed weight 
of some μg (e.g. 5 μg or 10 μg) of the Pt loading was set onto the surface of the polished 
electrode for the electrochemical measurements. The loaded electrodes were dried in air for 
3 h at 25 °C and heated with the heating rate of 1 °C/min up to 450 °C or 723 K in air and a 
keeping time of 2 h in order to remove organic species [128-130]. We used a very slow 
heating rate to avoid the serious problem of sintering of the pure nanoparticles so that the 
layer catalyst is the nanoparticles. The electrodes were allowed to cool normally and then 
exposed into the flow of the mixture of H2/N2 gases (20%,80%) at 100 °C for 3 h to reduce the 
existence of PtO and ensure a pristine catalyst surface. In order to improve the mechanical 
stability of electrode surfaces, Nafion® solution, e.g. 10 μL of 5 wt.%,  was added onto the 
electrode and followed by drying in air for a long time, e.g. overnight, before the 
electrochemical measurements. The cyclic voltammetry experiment was performed at room 
temperature using a typical setup of three-electrode electrochemical system in figure 5(h) 
connected to Potentiostat (SI-1287 Electrochemical Interface, Solartron). The cell was a 50-
mL glass vial, which was carefully treated with the mixture of H2SO4 and HNO3, and then 
washed generously with milli-Q water. A leak-free AgCl/Ag/NaCl electrode (RE-1B,ALS) 
served as the reference and all the potentials were reported vs. Ag/AgCl. The counter 
electrode was a Pt coil (002234,ALS) [128-130, 140-143]. The electrolyte solution was bubbled 
with N2 gas for 30 min before every measurement. This N2 blanket was kept during the 
actual course of potential sweeping. For the base voltammetry, the electrolyte was a solution 
of 0.1 M HClO4 that was diluted from 70% concentrated solution (Aldrich) using milli-Q 
water. Additionally, 0.5 M H2SO4, H2SO4 and 1 M CH3OH are prepared for electrochemical 
measurements. The potential window between -0.2 to 1.0 V with a sweep rate of 50 mV/s 
was used. For the methanol oxidation, the electrolyte was added with 1.0 M methanol in 
milli-Q water. The system measurements were cycled until the stable voltammograms were 
achieved. The electrochemical surface area (ECA) or ECSA was estimated by considering the 
area under the curve in the hydrogen desorption region of the forward scan and using 0.21 
mC/cm2 for the monolayer of hydrogen adsorbed on the surface of Pt catalyst [13,174]. The 
CO poisoning issues or phenomena of CO-stripping voltammetry of the Pt catalysts cause a 
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significant decrease in the overall efficiency of DMFCs. In all CV research, we did not 
observe CO poisoning in the CV data. The evidences proved that heat treatments are very 
important to engineer the best Pt catalyst or the better Pt based catalyst for FCs, PEMFCs, 
and DMFCs. In the developments of FCs, PEMFCs, DMFCs, novel Pt and Pd based core-
shell bimetallic nanosystems or Pt and Pd core-shell catalysts will be the next catalysts with 
use of the thin Pt or Pt-Pd shells on the thick cores (metals, oxides, glasses, and ceramics) in 
the nanosized ranges of 10 nm, 20 nm and 30 nm. The thin Pt metal shells or Pt based noble 
bimetal (noble Pt-Pd, Pt-Ir, Pt-Ru, Pt-Rh, Pt-Au, Pt-Ag) thin shells can be tuned to be several 
nanometers on the metal or alloy cores in the ranges of 10 nm, 20 nm and 30 nm, and so on 
through the controlled synthesis and preparation processes. Unfortunately, quantum-size, 
structural and surface effects of metal nanoparticles around 10 nm in electro-catalysis are 
not fully understood in their chemical and structural changes. 

5.2. Stability and durability   

With respect to the heat treatment, electrocatalytic characterizations of the pure catalyst with 
our as-prepare products of Pt nanoparticles showed highly good quality, long-term stability 
and durability. Thus, the significant effects of time and temperature during heat treatment 
for the pure Pt catalyst or Pt/support catalysts are crucial. In our research, the findings and 
results involve in the cyclic voltammograms of polyhedral Pt nanoparticles with the 
different removal of PVP polymer acquired at 50 mV/s in 0.1 M HClO4 solution (or in 0.5 
H2SO4 or in 0.5 H2SO4 and 1 M CH3OH). The voltammograms data proved the typical shape 
for the base voltammetry for the high activity, stability and durability of our catalysts used 
[98,99,129]. The very high activity, durability and stability in FCs described were achieved 
up to 200,000 cycles with the use of core-shell catalysts with the Pt-monolayers shells in the 
cathode as important scientific evidences [99]. In our interesting research, the structural 
effects of low and high-index planes of the fcc structure of Pt catalyst were confirmed in 
electrochemical measurements, typical low-index planes of (111), (110), and (100) or more 
high index planes (hkl). The Volmer-Tafel and Volmer-Heyrovsky mechanisms are observed 
in hydrogen reactions. Most of ORR evidences showed good oxygen reduction. Therefore, 
our results showed the important evidences of the catalytic activity of the Pt catalyst or Pt 
based catalysts with alloy structures or core-shell structures. The ECA of the Pt catalyst the 
use of the Pt nanoparticles washed and heated showed the best catalytic activity (ECA=10.53 
m2/g), better than Pt catalyst the use of the Pt nanoparticles heated only-Pt nanoparticles 
(8.56 m2/g), and better than Pt catalyst the use of the Pt nanoparticles of washed-only Pt 
nanoparticles (6.75 m2/g). The values proved that the high stability and durability of the 
catalyst preparation, processes of heat treatment, methods of washing and clean the as-
prepared Pt nanoparticles for the pure Pt catalyst. However, we should find a good process 
of heat treatment to avoid particle sintering in the electrodes at high temperature more than 
450 °C and keep the good characterizations of size, internal structure, surface structure, 
shape and morphology of the Pt nanoparticles or the Pt based nanoparticles for the pure Pt 
based catalysts for FCs, PEMFCs and DMFCs. Therefore, we propose that homogeneous 
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polyhedral Pt nanoparticles under control in the size, shape and morphology in the 
nanosized range of 10 nm should be used the standard catalyst in the scientific 
investigations of catalysis for FCs, PEMFCs and DMFCs. Our electrochemical measurements 
were performed by the use of the pure Pt catalysts of polyhedral Pt nanoparticles or the Pt 
based catalysts in alloy and core-shell structure in the mixture of 0.1 M HClO4/1 M methanol 
(or 0.5 H2SO4/1 M methanol). In these CV measurements, the stable voltammograms are 
attained after about 10-20 cycles of sweeping between -0.2 to 1.0 V potential range. The 
typical two oxidation peaks are observed in the evidences of methanol oxidation. The first 
one is between 0.6 and 0.7 V in the forward scan, and the other at around 0.4 V and 0.5 V in 
the reverse scan [129]. The two peaks showed the good methanol oxidation and its 
associated intermediate species. Our results of methanol oxidation with the use of the pure 
Pt catalyst prepared are agreement with other scientific reports. The peak current density in 
the forward scan serves as benchmark for the catalytic activity of Pt nanoparticles during 
methanol dehydrogenation. For the prepared catalyst samples, its values are 7.62×10-4 A/cm2 
(washed-only samples), 8.75×10-4 (heated-only samples), and 9.90×10-4 (washed and heated 
samples), respectively [129]. Therefore, the as-prepared Pt nanoparticles should be washed 
with organic solvents before heating them at a specific temperature. It is known that PVP 
can be polymer that only protects the as-prepared Pt nanoparticles in the solution products 
that seriously decrease the catalytic activity of Pt nanoparticles in MOR. Therefore, PVP or 
other polymers should be completely removed in the centrifugation processes by centrifuge 
systems for the pure Pt and Pd based catalyst before high heat treatments for to enhance 
catalytic activity of Pt nanoparticles for FCs, PEMFCs, and DMFCs, primarily towards 
methanol electro-oxidation (MOR) in DMFCs.     

6. Prospects and conclusion 

In the development and commercialization of various FCs, PEMFCs, and DMFCs, the next 
Pt and Pt based bimetal nanoparticles of internal structure, surface structure, shape and 
morphology in the nanosized ranges, typically 10 nm, 20 nm, and 30 nm are the best 
potential catalysts for a significant reduction of the very high costs of various FCs, PEMFCs, 
and DMFCs. The aim of this chapter is to demonstrate that the urgent demands of studying 
and synthesizing for the next Pt based catalysts of highly long-term stability and durability 
are crucial to create low-cost products of PEMFCs and DMFCs. The low cost of low and high 
temperature FCs, PEMFCs and DMFCs is an extremely important factor for large-scale 
commercialization. The low-cost Pt and Pd based catalysts can be the good solution to the 
big challenges of the costs of low and high temperature FCs, PEMFCs, and DMFCs. The 
modifications and improvements of the catalyst layer materials, and their synthesis become 
important factors. It should be stressed that next low and high temperature FCs for direct 
conversion from chemical energy into electrical energy will be very crucial to offer potential 
applications in portable power supply for mobile use or portable devices or transportation 
vehicles. Thus, large-efficiency FCs for direct energy conversion via chemical reaction into 
electricity can be commercially realized in near future.   
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significant decrease in the overall efficiency of DMFCs. In all CV research, we did not 
observe CO poisoning in the CV data. The evidences proved that heat treatments are very 
important to engineer the best Pt catalyst or the better Pt based catalyst for FCs, PEMFCs, 
and DMFCs. In the developments of FCs, PEMFCs, DMFCs, novel Pt and Pd based core-
shell bimetallic nanosystems or Pt and Pd core-shell catalysts will be the next catalysts with 
use of the thin Pt or Pt-Pd shells on the thick cores (metals, oxides, glasses, and ceramics) in 
the nanosized ranges of 10 nm, 20 nm and 30 nm. The thin Pt metal shells or Pt based noble 
bimetal (noble Pt-Pd, Pt-Ir, Pt-Ru, Pt-Rh, Pt-Au, Pt-Ag) thin shells can be tuned to be several 
nanometers on the metal or alloy cores in the ranges of 10 nm, 20 nm and 30 nm, and so on 
through the controlled synthesis and preparation processes. Unfortunately, quantum-size, 
structural and surface effects of metal nanoparticles around 10 nm in electro-catalysis are 
not fully understood in their chemical and structural changes. 

5.2. Stability and durability   

With respect to the heat treatment, electrocatalytic characterizations of the pure catalyst with 
our as-prepare products of Pt nanoparticles showed highly good quality, long-term stability 
and durability. Thus, the significant effects of time and temperature during heat treatment 
for the pure Pt catalyst or Pt/support catalysts are crucial. In our research, the findings and 
results involve in the cyclic voltammograms of polyhedral Pt nanoparticles with the 
different removal of PVP polymer acquired at 50 mV/s in 0.1 M HClO4 solution (or in 0.5 
H2SO4 or in 0.5 H2SO4 and 1 M CH3OH). The voltammograms data proved the typical shape 
for the base voltammetry for the high activity, stability and durability of our catalysts used 
[98,99,129]. The very high activity, durability and stability in FCs described were achieved 
up to 200,000 cycles with the use of core-shell catalysts with the Pt-monolayers shells in the 
cathode as important scientific evidences [99]. In our interesting research, the structural 
effects of low and high-index planes of the fcc structure of Pt catalyst were confirmed in 
electrochemical measurements, typical low-index planes of (111), (110), and (100) or more 
high index planes (hkl). The Volmer-Tafel and Volmer-Heyrovsky mechanisms are observed 
in hydrogen reactions. Most of ORR evidences showed good oxygen reduction. Therefore, 
our results showed the important evidences of the catalytic activity of the Pt catalyst or Pt 
based catalysts with alloy structures or core-shell structures. The ECA of the Pt catalyst the 
use of the Pt nanoparticles washed and heated showed the best catalytic activity (ECA=10.53 
m2/g), better than Pt catalyst the use of the Pt nanoparticles heated only-Pt nanoparticles 
(8.56 m2/g), and better than Pt catalyst the use of the Pt nanoparticles of washed-only Pt 
nanoparticles (6.75 m2/g). The values proved that the high stability and durability of the 
catalyst preparation, processes of heat treatment, methods of washing and clean the as-
prepared Pt nanoparticles for the pure Pt catalyst. However, we should find a good process 
of heat treatment to avoid particle sintering in the electrodes at high temperature more than 
450 °C and keep the good characterizations of size, internal structure, surface structure, 
shape and morphology of the Pt nanoparticles or the Pt based nanoparticles for the pure Pt 
based catalysts for FCs, PEMFCs and DMFCs. Therefore, we propose that homogeneous 
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polyhedral Pt nanoparticles under control in the size, shape and morphology in the 
nanosized range of 10 nm should be used the standard catalyst in the scientific 
investigations of catalysis for FCs, PEMFCs and DMFCs. Our electrochemical measurements 
were performed by the use of the pure Pt catalysts of polyhedral Pt nanoparticles or the Pt 
based catalysts in alloy and core-shell structure in the mixture of 0.1 M HClO4/1 M methanol 
(or 0.5 H2SO4/1 M methanol). In these CV measurements, the stable voltammograms are 
attained after about 10-20 cycles of sweeping between -0.2 to 1.0 V potential range. The 
typical two oxidation peaks are observed in the evidences of methanol oxidation. The first 
one is between 0.6 and 0.7 V in the forward scan, and the other at around 0.4 V and 0.5 V in 
the reverse scan [129]. The two peaks showed the good methanol oxidation and its 
associated intermediate species. Our results of methanol oxidation with the use of the pure 
Pt catalyst prepared are agreement with other scientific reports. The peak current density in 
the forward scan serves as benchmark for the catalytic activity of Pt nanoparticles during 
methanol dehydrogenation. For the prepared catalyst samples, its values are 7.62×10-4 A/cm2 
(washed-only samples), 8.75×10-4 (heated-only samples), and 9.90×10-4 (washed and heated 
samples), respectively [129]. Therefore, the as-prepared Pt nanoparticles should be washed 
with organic solvents before heating them at a specific temperature. It is known that PVP 
can be polymer that only protects the as-prepared Pt nanoparticles in the solution products 
that seriously decrease the catalytic activity of Pt nanoparticles in MOR. Therefore, PVP or 
other polymers should be completely removed in the centrifugation processes by centrifuge 
systems for the pure Pt and Pd based catalyst before high heat treatments for to enhance 
catalytic activity of Pt nanoparticles for FCs, PEMFCs, and DMFCs, primarily towards 
methanol electro-oxidation (MOR) in DMFCs.     

6. Prospects and conclusion 

In the development and commercialization of various FCs, PEMFCs, and DMFCs, the next 
Pt and Pt based bimetal nanoparticles of internal structure, surface structure, shape and 
morphology in the nanosized ranges, typically 10 nm, 20 nm, and 30 nm are the best 
potential catalysts for a significant reduction of the very high costs of various FCs, PEMFCs, 
and DMFCs. The aim of this chapter is to demonstrate that the urgent demands of studying 
and synthesizing for the next Pt based catalysts of highly long-term stability and durability 
are crucial to create low-cost products of PEMFCs and DMFCs. The low cost of low and high 
temperature FCs, PEMFCs and DMFCs is an extremely important factor for large-scale 
commercialization. The low-cost Pt and Pd based catalysts can be the good solution to the 
big challenges of the costs of low and high temperature FCs, PEMFCs, and DMFCs. The 
modifications and improvements of the catalyst layer materials, and their synthesis become 
important factors. It should be stressed that next low and high temperature FCs for direct 
conversion from chemical energy into electrical energy will be very crucial to offer potential 
applications in portable power supply for mobile use or portable devices or transportation 
vehicles. Thus, large-efficiency FCs for direct energy conversion via chemical reaction into 
electricity can be commercially realized in near future.   
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1. Introduction 

1.1. Energy supply 

Utilizing an inexpensive, clean and sustainable supply of energy is one of the world’s 
foremost challenges heading into the future. The present energy supply scenario is 
dominated by fossil fuels, which are both a finite resource and a substantial contributor 
greenhouse gas emissions. Many renewable sources of energy (e.g., nuclear, solar, wind, 
etc.) exist for consumer use, although they all have associated pros and cons which means 
they cannot be used ubiquitously across the planet [1]. As a result, the future supply of 
energy is not likely to be centralized in a limited number of large power stations, but rather 
much more distributed as smaller scale renewable energy sources are utilized.  

Much has been made in the literature concerning solar energy harvesting, both in terms of 
photovoltaics and solar thermal. Of all the renewable forms of energy, solar energy has the 
capacity to completely replace society’s dependence on fossil fuels. However, of course, the 
challenge remains to make this a reality, particularly so with the high cost of photovoltaics 
[1]. Another perceived problem with the use of photovoltaics, and indeed with many other 
renewable energy sources, is their intermittency. Whether this be over short time frames, 
such as with cloud cover, or extended periods of time, such as overnight, steps need to be 
taken to ensure the consistency of power supply. In other words, some form of energy 
storage must be present to complement the primary source of energy.  

1.2. Energy storage 

Energy can be stored in many different ways, some examples of which include [2]: 
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i. Thermal energy storage as heat;  
ii. Chemical energy storage in the form of a fuel;  
iii. Electrical energy storage in the form of charge separation; and  
iv. Mechanical storage in the form of kinetic energy.  

Each of these types of energy storage has its own set of performance characteristics in  
terms of the energy and power that they can deliver, ultimately meaning that they will be 
best suited in specific applications. Of course cyclability is also a key performance 
characteristic.  

Chemical energy, stored as a fuel, can deliver very high specific power and energy,  
with reasonable efficiency, particularly when it is used in an internal combustion engine  
[3]. However, such a combustion reaction does little to abate the demand for fossil fuels 
(which are used most commonly in this domain) or the contributions to greenhouse gas 
emissions.  

Chemical energy storage has an added advantage in the sense that it can also be  
released electrochemically (rather than thermally), through devices such as batteries, 
supercapacitors and fuel cells [4]. While the specific energy and power performance of these 
devices is much less than that of the internal combustion engine, their efficiency is much 
higher, in some instances approaching 100%, meaning that they ultimately utilize any fuel 
much better.  

1.3. Batteries and battery materials 

There are many battery systems available for consumer use, and over the years since 
commercial introduction, their performance has improved due to a combination of advances 
in material design and cell engineering [5]. The various battery chemistries that are available 
can be categorized as either primary (single use) or secondary (rechargeable) systems. The 
battery system that is currently receiving the most attention in the literature is based on the 
Li-ion chemistry. Here Li+ ions are reversibly shuttled between the positive and negative 
electrodes in the cell, which with the use of an appropriate non-aqueous electrolyte, can 
achieve a potential of over 4 V [5,6]. Some of the commonly found materials in Li-ion 
batteries include: 

i. Negative electrode materials: Li metal, carbon, Li4Ti5O12, Sn and its alloys, Si and its 
alloys; 

ii. Electrolytes: organic carbonate mixtures; e.g., 1:1 ethylene carbonate:dimethyl 
carbonate, ionic liquids; and  

iii. Positive electrode materials: LiMO2 (where M is a combination of Ni, Mn and/or Co), 
LiMn2O4 (and doped varieties thereof), LiFePO4, MnO2. 

Whatever the combination of positive and negative electrode that is used, the performance 
of the resultant cell is quite significantly determined by the properties of the electroactive 
materials used, which in turn are determined by the way in which they were prepared. 
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Material properties such as phase purity, crystallinity and particle size (or extent of 
agglomeration) all affect performance.  

1.4. Common synthetic routes 

Many different synthetic routes have been used to prepare the materials mentioned in the 
previous section, so much so that to list them here would be excessive (note the recent 
review in reference [6]). Nevertheless, the more common approaches can be categorized as 
being based on either (i) thermal methods, (ii) solvothermal methods, (iii) mechanical 
methods, and (iv) electrochemical methods. It is also reasonably common to find that a 
combination of these methods has been used to produce the resultant material. As an 
example, LiFePO4 can be made by first using a solvothermal process to intimately mix the 
precursors, with the resultant mixture then subjected to a thermal treatment to make the 
final product [7]. Overall, the majority of the positive electroactive materials listed above 
involve a thermal processing step as the last step in their synthesis.  

1.5. Pitfalls of thermal processing methods 

The overall objective of any synthesis method is to obtain the final product in the desired 
form for immediate use. This is particularly true for thermal synthesis methods where there 
is a delicate balance between heat treatment temperature and duration so as to produce the 
desired material. Of course the choice of these thermal parameters is also dependent on the 
effectiveness of precursor mixing, with various solvothermal methods being used to ensure 
appropriate mixing on the molecular level. Contrast this with some of the initial solid state 
mixing methods (grinding) used in some synthetic efforts, and the implications it has on the 
thermal conditions necessary [8].  

Let us begin by assuming that we have sufficient mixing of our precursors, since the focus of 
the discussion here is on the actual thermal conditions to be used. Under these 
circumstances if we were to thermally treat this mixture the temperature and duration of 
heat treatment would determine the phase purity and crystallinity of the resultant material. 
Of course a higher heat treatment temperature, and a longer heat treatment duration would 
ensure phase purity, as well as lead to a more crystalline material. The question at this time 
then becomes: What is the preferred material crystallinity?  

Many positive electroactive materials in Li-ion batteries require very small crystallite sizes 
so as to minimize Li+ ion diffusion paths, which is commonly regarded as a key limiting 
factor in performance [7]. Therefore, excessive heat treatment temperatures and durations, 
while they may ensure phase purity, also lead to excessive crystallization, which is 
detrimental. Additionally from a commercial perspective, excessive material heating leads 
to a waste of energy, which can be costly. What is required, therefore, is a method for 
predicting the optimum heat treatment temperature and duration so as to ensure phase 
purity and small crystallite size.  
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1.6. This work 

What we will describe here in this chapter is a method for identifying the optimum thermal 
synthesis conditions, and then explore their effects on the resultant material properties. The 
system we will use to demonstrate the approach is the heat treatment process used to 
remove water from the structure of γ-MnO2 prior to its use in non-aqueous Li-MnO2 cells. 
While this will be used as a representative example, the general method is applicable to any 
other thermally based synthetic method.  

2. Methods 

2.1. Preparation of starting material 

The sample of γ-MnO2 used in this work was prepared by anodic electrodeposition, and 
hence given the designation electrolytic manganese dioxide, or EMD. The cell used for 
electrolysis was based on a temperature controlled 2 L glass beaker in which two 144 cm2 (72 
cm2 on either side) titanium sheets were used as the anode substrate, and three similarly 
sized copper sheets were used as the cathode substrate. The electrodes were arranged 
alternately so that each anode was surrounded on both sides by a cathode. The electrolyte 
was an aqueous mixture of 1.0 M MnSO4 and 0.25 M H2SO4 maintained at 97°C. 
Electrodeposition of the manganese dioxide was conducted with an anodic current density 
of 65 A/m2 according to the reactions: 
 

 ( ) 2
2 2Anode Ti :    Mn  2H O MnO  4H  2e+ + −+ ⎯⎯→ + +  (1) 

 ( ) 2Cathode Cu :      2H  2e H+ −+ ⎯⎯→  (2) 

 2
2 2 2Overall : Mn 2H O MnO  2H  H+ ++ ⎯⎯→ + +  (3) 

The overall process was carried out for three days, during which time the electrolyte Mn2+ 
concentration was of course depleted, while the H+ concentration increased. To counteract 
this, and hence maintain a constant electrolyte concentration over the duration of the 
deposition, a concentrated (1.5 M) MnSO4 solution was added continually at a suitable rate 
to replenish Mn2+ and dilute any excess H2SO4 produced. Under these conditions control of 
the solution conditions was typically maintained to within ±2%.  

After deposition was complete, the solid EMD deposit was mechanically removed from the 
anode and broken into chunks ~0.5 cm in diameter, and then immersed in 500 mL DI water 
to assist in the removal of entrained plating electrolyte. The pH of this chunk suspension 
was adjusted to pH 7 with the addition of 0.1 M NaOH. After ~24 h at a pH of 7 the 
suspension was filtered and the chunks then dried at 110°C. After drying the chunks were 
then milled to a -105 μm powder (mean particle size ~45 μm) using an orbital zirconia mill. 
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The powder was then suspended in ~500 mL of DI water and its pH again adjusted to 7 with 
the further addition of 0.1 M NaOH. When the pH had stabilized, the suspension was 
filtered and the collected solids dried at 110°C. When dry the powdered EMD was removed 
from the oven, allowed to cool to ambient temperature in a dessicator and then transferred 
to an airtight container for storage.  

2.2. Thermogravimetric (TG) analysis 

TG analysis was conducted using a Perkin Elmer Diamond TG/DTG controlled by Pyris 
software. Approximately 10 mg of γ-MnO2 sample was added to an aluminium sample pan 
and placed into the analyser. The same mass of α-Al2O3 in a similar aluminium pan was 
used as the reference material for DTA measurements. With the sample and reference 
materials loaded, and the furnace closed, dry nitrogen gas was passed over the sample at 20 
mL/min for 30 minutes prior and during the heating profile. The heating profile applied to 
the sample was essentially a linear ramp at rates ranging from 0.25°-10°C/min.  

2.3. Material characterization 

The structure of the materials generated in this work were identified by X-ray diffraction 
using a Phillips 1710 diffractometer equipped with a Cu Kα radiation source (λ=1.5418 Å) 
and operated at 40 kV and 30 mA. The scan range was from 10° to 80° 2θ, with a step size of 
0.05° and a count time of 2.5 s. Analysis of the diffraction patterns was carried out by fitting 
a Lorentzian lineshape to individual peaks, with the fitting parameters then used to 
calculate structural properties such as the fraction of pyrolusite (Pr; as described by Chabre 
and Pannetier [9]) and the unit cell parameters.  

Morphology was examined by gas adsorption using a Micromeritics ASAP 2020 Surface 
Area and Porosity Analyser. A representative 0.10 g sample of the manganese dioxide 
material was degassed under vacuum at 110°C for 2 h prior to analysis. An adsorption 
isotherm was then determined over the partial pressure (P/P0) range of 10-7-1 using N2 gas as 
the adsorbate at 77 K. The specific surface area was extracted from the gas adsorption data 
using the linearized BET isotherm [10] in the range 0.05<P/P0<0.30, while the pore size 
distribution was determined using a Density Functional Theory-based approach 
(Micromeritics DFTPlus V2.00). 

The composition of the materials was determined using two consecutive potentiometic 
titrations (Pt indicator and SCE reference electrode) as outlined in Vogel [11]. A blank 
titration was carried out first in which 10 mL of acidified 0.25 M ferrous ammonium sulfate 
(NH4FeSO4.6H2O, BDH Chemicals, 99%) was titrated with a standardised 0.03 M potassium 
permanganate solution (KMnO4, Ajax Finechem, 99%; standardized using the oxalate 
method [11]), and the volume of permanganate added to reach the end point denoted as V0. 
Sample analysis was conducted by digesting 0.050 g of the manganese dioxide being studied 
into another 10 mL aliquot of the acidified 0.25 M ferrous ammonium sulfate solution. After 
complete dissolution the resultant solution was then titrated using the same 0.03 M 
permanganate solution, with the volume to reach the end point recorded as V1. For this 
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1.6. This work 

What we will describe here in this chapter is a method for identifying the optimum thermal 
synthesis conditions, and then explore their effects on the resultant material properties. The 
system we will use to demonstrate the approach is the heat treatment process used to 
remove water from the structure of γ-MnO2 prior to its use in non-aqueous Li-MnO2 cells. 
While this will be used as a representative example, the general method is applicable to any 
other thermally based synthetic method.  

2. Methods 

2.1. Preparation of starting material 

The sample of γ-MnO2 used in this work was prepared by anodic electrodeposition, and 
hence given the designation electrolytic manganese dioxide, or EMD. The cell used for 
electrolysis was based on a temperature controlled 2 L glass beaker in which two 144 cm2 (72 
cm2 on either side) titanium sheets were used as the anode substrate, and three similarly 
sized copper sheets were used as the cathode substrate. The electrodes were arranged 
alternately so that each anode was surrounded on both sides by a cathode. The electrolyte 
was an aqueous mixture of 1.0 M MnSO4 and 0.25 M H2SO4 maintained at 97°C. 
Electrodeposition of the manganese dioxide was conducted with an anodic current density 
of 65 A/m2 according to the reactions: 
 

 ( ) 2
2 2Anode Ti :    Mn  2H O MnO  4H  2e+ + −+ ⎯⎯→ + +  (1) 

 ( ) 2Cathode Cu :      2H  2e H+ −+ ⎯⎯→  (2) 

 2
2 2 2Overall : Mn 2H O MnO  2H  H+ ++ ⎯⎯→ + +  (3) 

The overall process was carried out for three days, during which time the electrolyte Mn2+ 
concentration was of course depleted, while the H+ concentration increased. To counteract 
this, and hence maintain a constant electrolyte concentration over the duration of the 
deposition, a concentrated (1.5 M) MnSO4 solution was added continually at a suitable rate 
to replenish Mn2+ and dilute any excess H2SO4 produced. Under these conditions control of 
the solution conditions was typically maintained to within ±2%.  

After deposition was complete, the solid EMD deposit was mechanically removed from the 
anode and broken into chunks ~0.5 cm in diameter, and then immersed in 500 mL DI water 
to assist in the removal of entrained plating electrolyte. The pH of this chunk suspension 
was adjusted to pH 7 with the addition of 0.1 M NaOH. After ~24 h at a pH of 7 the 
suspension was filtered and the chunks then dried at 110°C. After drying the chunks were 
then milled to a -105 μm powder (mean particle size ~45 μm) using an orbital zirconia mill. 

Monitoring the Effects of Thermal  
Treatment on Properties and Performance During Battery Material Synthesis 273 

The powder was then suspended in ~500 mL of DI water and its pH again adjusted to 7 with 
the further addition of 0.1 M NaOH. When the pH had stabilized, the suspension was 
filtered and the collected solids dried at 110°C. When dry the powdered EMD was removed 
from the oven, allowed to cool to ambient temperature in a dessicator and then transferred 
to an airtight container for storage.  

2.2. Thermogravimetric (TG) analysis 

TG analysis was conducted using a Perkin Elmer Diamond TG/DTG controlled by Pyris 
software. Approximately 10 mg of γ-MnO2 sample was added to an aluminium sample pan 
and placed into the analyser. The same mass of α-Al2O3 in a similar aluminium pan was 
used as the reference material for DTA measurements. With the sample and reference 
materials loaded, and the furnace closed, dry nitrogen gas was passed over the sample at 20 
mL/min for 30 minutes prior and during the heating profile. The heating profile applied to 
the sample was essentially a linear ramp at rates ranging from 0.25°-10°C/min.  

2.3. Material characterization 

The structure of the materials generated in this work were identified by X-ray diffraction 
using a Phillips 1710 diffractometer equipped with a Cu Kα radiation source (λ=1.5418 Å) 
and operated at 40 kV and 30 mA. The scan range was from 10° to 80° 2θ, with a step size of 
0.05° and a count time of 2.5 s. Analysis of the diffraction patterns was carried out by fitting 
a Lorentzian lineshape to individual peaks, with the fitting parameters then used to 
calculate structural properties such as the fraction of pyrolusite (Pr; as described by Chabre 
and Pannetier [9]) and the unit cell parameters.  

Morphology was examined by gas adsorption using a Micromeritics ASAP 2020 Surface 
Area and Porosity Analyser. A representative 0.10 g sample of the manganese dioxide 
material was degassed under vacuum at 110°C for 2 h prior to analysis. An adsorption 
isotherm was then determined over the partial pressure (P/P0) range of 10-7-1 using N2 gas as 
the adsorbate at 77 K. The specific surface area was extracted from the gas adsorption data 
using the linearized BET isotherm [10] in the range 0.05<P/P0<0.30, while the pore size 
distribution was determined using a Density Functional Theory-based approach 
(Micromeritics DFTPlus V2.00). 

The composition of the materials was determined using two consecutive potentiometic 
titrations (Pt indicator and SCE reference electrode) as outlined in Vogel [11]. A blank 
titration was carried out first in which 10 mL of acidified 0.25 M ferrous ammonium sulfate 
(NH4FeSO4.6H2O, BDH Chemicals, 99%) was titrated with a standardised 0.03 M potassium 
permanganate solution (KMnO4, Ajax Finechem, 99%; standardized using the oxalate 
method [11]), and the volume of permanganate added to reach the end point denoted as V0. 
Sample analysis was conducted by digesting 0.050 g of the manganese dioxide being studied 
into another 10 mL aliquot of the acidified 0.25 M ferrous ammonium sulfate solution. After 
complete dissolution the resultant solution was then titrated using the same 0.03 M 
permanganate solution, with the volume to reach the end point recorded as V1. For this 
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titration it is important to stop at or just after the end point has been attained. To the 
solution resulting from the first titration ~6 g of tetra-sodium pyrophosphate 
(Na4P2O7.10H2O, Ajax Finechem, 99%) was added and allowed to dissolve. The pH of this 
solution was then adjusted to lie within the range 6-7 by the drop-wise addition of ~0.20 M 
sulfuric acid. The second potentiometic titration was performed using the same 0.03 M 
permanganate solution, and the volume to reach the end point recorded as V2. The value for 
x in MnOx was then calculated using: 

 x=1+ 5(V0-V1)
2(4V2-V1)

 (4) 

The total manganese content in the sample can be found from the second titration by taking 
into account the amount of manganese added through the addition of permanganate in the 
first titration. Using this result, and the dry mass of the manganese dioxide sample, found 
by subtracting the mass of surface water lost from the sample after heating at 110°C 
(%H2O(<110°C)) from the original mass, the total manganese content (%Mn) can be found 
using: 

 %Mn= nMn

nMnO2�dry�
×100 (5) 

To calculate the relative proportion of manganese (III) and (IV) species (%Mn(III) and 
%Mn(IV) respectively), we have: 

 %Mn(III)=(4-2x)×%Mn (6) 

 %Mn(IV)=(2x-3)×%Mn (7) 

Finally, the cation vacancy fraction (CVF) can be found by taking into account the 
percentage structural water (i.e., water removed after heating at 400°C, but above 110°C, 
(%H2O(>110°C)), found by considering the difference in mass after heating the sample at 
400°C for 2 h, and using: 

 CVF= m
m+2

 (8) 

where 

 m=(2-x)+ MMn×%H2O(>110°C)
MH2O×%Mn

 (9) 

and MMn and MH2O are the molar masses of manganese and water, respectively. 

2.4. Thermal treatment of EMD 

Approximately 10 g of EMD was heated in an alumina boat crucible by a Eurotherm 
HTC1400 furnace with a static air atmosphere set at the required temperature. After the 
elapsed isothermal heating time, the sample was removed from the oven and allowed to 
cool to room temperature. 
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2.5. Electrochemical performance 

To evaluate the electrochemical performance the heat treated materials prepared were first 
thoroughly mixed with graphite and polyvinylidene fluoride, in a 1:8:1 ratio. Around 0.30 g 
of this mixture was compressed in a 10 mm die press under 1 t into a disk electrode ~1 mm 
thick. The electrodes were dried at 110°C under vacuum and accurately weighed prior to 
introduction into an Ar-filled dry box, where cell construction took place. 

CR2032 size coin cells were constructed for electrochemical testing. The coin cells were 
comprised of a heat treated EMD (HEMD) cathode, lithium metal anode, with electrolyte 
made up from 1 M LiPF6 (Sigma-Aldrich (≥99.99%) in 1:1 w/w of ethylene carbonate (EC, 
Sigma-Aldrich 99%) and dimethyl carbonate (DMC, Sigma-Aldrich 99+%). A Celgard 2400 
micro-porous separator was used in these cells. After construction, cells were left to 
equilibrate for 3-4 days before being used for electrochemical testing.  

The electrochemical characteristics of the cells prepared were assessed using a Perkin-Elmer 
VMP multichannel potentiostat/galvanostat on which a modular galvanostatic discharge 
program was performed at rates of 2, 5, 10 and 20 mA/g of active material. 

3. Data analysis 

3.1. Starting material properties 

The compositional, morphological and structural data for the starting EMD sample are 
shown in the first row of Table 1. While the details of these initial properties and the 
resulting changes to the measured parameters as a result of heat treatment will be discussed 
in detail later, we note here that the EMD chosen for this work is a typical EMD sample. The 
composition of samples prepared via electrolysis can vary considerably depending on the 
experimental deposition conditions. We find that the compositional data collected for our 
starting EMD fit comfortably within the typical range for samples termed EMD [12]. The 
structure of the starting EMD, as measured by XRD, is shown in Figure 1. The Miller 
indicies for the peaks in the starting EMD pattern are labelled assuming an orthorhombic 
unit cell. 

 

 Composition
Temp 
(oC) 

Mn(T) 
(%) 

Mn(IV) 
(%) 

Mn(III) 
(%) CVF %H2O 

(>110°C) 
%H2O 

(<110°C) 
25 59.45 55.34 4.11 0.081 2.13 4.11 
200 59.00 55.03 3.98 0.051 1.67 2.73 
250 61.47 57.28 4.20 0.027 1.60 1.81 
300 61.82 55.22 6.60 0.008 1.66 1.41 
350 60.94 54.94 6.00 0.000 0.94 0.84 
400 60.41 53.79 6.61 0.000 1.15 0.90 
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titration it is important to stop at or just after the end point has been attained. To the 
solution resulting from the first titration ~6 g of tetra-sodium pyrophosphate 
(Na4P2O7.10H2O, Ajax Finechem, 99%) was added and allowed to dissolve. The pH of this 
solution was then adjusted to lie within the range 6-7 by the drop-wise addition of ~0.20 M 
sulfuric acid. The second potentiometic titration was performed using the same 0.03 M 
permanganate solution, and the volume to reach the end point recorded as V2. The value for 
x in MnOx was then calculated using: 

 x=1+ 5(V0-V1)
2(4V2-V1)

 (4) 

The total manganese content in the sample can be found from the second titration by taking 
into account the amount of manganese added through the addition of permanganate in the 
first titration. Using this result, and the dry mass of the manganese dioxide sample, found 
by subtracting the mass of surface water lost from the sample after heating at 110°C 
(%H2O(<110°C)) from the original mass, the total manganese content (%Mn) can be found 
using: 

 %Mn= nMn

nMnO2�dry�
×100 (5) 

To calculate the relative proportion of manganese (III) and (IV) species (%Mn(III) and 
%Mn(IV) respectively), we have: 

 %Mn(III)=(4-2x)×%Mn (6) 

 %Mn(IV)=(2x-3)×%Mn (7) 

Finally, the cation vacancy fraction (CVF) can be found by taking into account the 
percentage structural water (i.e., water removed after heating at 400°C, but above 110°C, 
(%H2O(>110°C)), found by considering the difference in mass after heating the sample at 
400°C for 2 h, and using: 

 CVF= m
m+2

 (8) 

where 

 m=(2-x)+ MMn×%H2O(>110°C)
MH2O×%Mn

 (9) 

and MMn and MH2O are the molar masses of manganese and water, respectively. 

2.4. Thermal treatment of EMD 

Approximately 10 g of EMD was heated in an alumina boat crucible by a Eurotherm 
HTC1400 furnace with a static air atmosphere set at the required temperature. After the 
elapsed isothermal heating time, the sample was removed from the oven and allowed to 
cool to room temperature. 
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2.5. Electrochemical performance 

To evaluate the electrochemical performance the heat treated materials prepared were first 
thoroughly mixed with graphite and polyvinylidene fluoride, in a 1:8:1 ratio. Around 0.30 g 
of this mixture was compressed in a 10 mm die press under 1 t into a disk electrode ~1 mm 
thick. The electrodes were dried at 110°C under vacuum and accurately weighed prior to 
introduction into an Ar-filled dry box, where cell construction took place. 

CR2032 size coin cells were constructed for electrochemical testing. The coin cells were 
comprised of a heat treated EMD (HEMD) cathode, lithium metal anode, with electrolyte 
made up from 1 M LiPF6 (Sigma-Aldrich (≥99.99%) in 1:1 w/w of ethylene carbonate (EC, 
Sigma-Aldrich 99%) and dimethyl carbonate (DMC, Sigma-Aldrich 99+%). A Celgard 2400 
micro-porous separator was used in these cells. After construction, cells were left to 
equilibrate for 3-4 days before being used for electrochemical testing.  

The electrochemical characteristics of the cells prepared were assessed using a Perkin-Elmer 
VMP multichannel potentiostat/galvanostat on which a modular galvanostatic discharge 
program was performed at rates of 2, 5, 10 and 20 mA/g of active material. 

3. Data analysis 

3.1. Starting material properties 

The compositional, morphological and structural data for the starting EMD sample are 
shown in the first row of Table 1. While the details of these initial properties and the 
resulting changes to the measured parameters as a result of heat treatment will be discussed 
in detail later, we note here that the EMD chosen for this work is a typical EMD sample. The 
composition of samples prepared via electrolysis can vary considerably depending on the 
experimental deposition conditions. We find that the compositional data collected for our 
starting EMD fit comfortably within the typical range for samples termed EMD [12]. The 
structure of the starting EMD, as measured by XRD, is shown in Figure 1. The Miller 
indicies for the peaks in the starting EMD pattern are labelled assuming an orthorhombic 
unit cell. 

 

 Composition
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(oC) 

Mn(T) 
(%) 

Mn(IV) 
(%) 

Mn(III) 
(%) CVF %H2O 

(>110°C) 
%H2O 

(<110°C) 
25 59.45 55.34 4.11 0.081 2.13 4.11 
200 59.00 55.03 3.98 0.051 1.67 2.73 
250 61.47 57.28 4.20 0.027 1.60 1.81 
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Morphology Structure 

Temp 
(oC) 

BET SA
(m2/g) 

Micro-
pore 

Volume 
(cm3/g) 

Meso-pore 
Volume 
(cm3/g) 

Temp 
(oC) Pr a0 

(Å) 
b0 

(Å) 
c0 

(Å) 

25 37.22 0.0074 0.0293 25 0.34 4.47 9.55 2.83 
200 36.68 0.0071 0.0358 200 0.50 4.41 9.35 2.85 
250 32.46 0.0047 0.0327 250 0.52 4.43 9.33 2.85 
300 30.67 0.0038 0.0348 300 0.73 4.42 9.22 2.86 
350 24.90 0.0021 0.0401 350 0.83 4.42 9.11 2.87 
400 27.49 0.0034 0.0392 400 0.84 4.42 9.20 2.87 

Table 1. Composition, morphology and structure of the starting and heat treated EMD samples 

 
Figure 1. XRD pattern of the starting EMD showing the γ-MnO2 structure, with the corresponding 
Miller indices indexed using an orthorhombic unit cell, and XRD patterns for the heat treated EMD. 

3.2. Thermogravimetric analysis 

The thermogravimetric (TG) and differential thermogravimetric (DTG) data for the thermal 
decomposition of the EMD sample at the various heating rates are shown in Figures 2 and 3, 
respectively. The initial loss in mass up to ~120°C is due to the removal of physisorbed water 
from the EMD surface. Manganese oxides are well known for their ability to adsorb water [13],  
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Figure 2. TGA data for the EMD sample used in this work recorded at rates of 0.25, 0.5, 1.0, 2.5, 5.0 and 
10.0°C/min. 

 
Figure 3. Differential thermogram (DTG) for the EMD sample heated at different heating rates. 
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so it is not surprising that 2-3% of the initial sample mass is physisorbed water. The broad 
peak at ~200°C in the DTG relates to the removal of structural water; i.e., protons associated 
with cation vacancies and Mn(III) ions within the manganese dioxide structure. The sharper 
peak at ~500°C relates to the thermal reduction of the MnO2 to form Mn2O3. The use of faster 
heating rates has shifted the decomposition temperature to higher values, possibly as a 
result of slow reaction kinetics and/or since less time is allowed for the equivalent reaction. 
It is also possible that the thermal conductivity of the EMD contributed to this effect, 
although with the use of a relatively small sample size (~10 mg) its contribution is expected 
to be minor. 

3.3. Multiple curve isoconversional analysis 

In this analysis, we will be considering the first step in the EMD thermal decomposition; i.e., 
the process of removing water from the structure beginning at ~175°C, since this is most 
important when the material is to be used in a non-aqueous battery system.  

The first step in the analysis was background correction of the DTG data. To do this an 
exponential background curve was fitted to the data surrounding the peak for each heating 
rate used. The resulting curve after background correction describes the processes occurring 
in this region, as shown in Figure 4 for a heating rate of 10°C/min. The normalized extent of 
conversion (α) was then found by numerical integration of the background-corrected DTG 
data, with the normalization being carried out by expressing each point relative to the 
maximum area determined. A plot of α as a function of temperature for the range of heating 
rates considered is shown in Figure 5. From this data the temperatures corresponding to a 
pre-defined set of α values can be found for each heating rate, as shown in Figure 6.  

 
Figure 4. Fitting of DTG data for heating rate 10°C/min with background curve and resulting process. 
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Figure 5. Extent of conversion versus temperature for the different heating rates. 

 
Figure 6. Variation of temperature with heating rate for given extent of conversion. 
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so it is not surprising that 2-3% of the initial sample mass is physisorbed water. The broad 
peak at ~200°C in the DTG relates to the removal of structural water; i.e., protons associated 
with cation vacancies and Mn(III) ions within the manganese dioxide structure. The sharper 
peak at ~500°C relates to the thermal reduction of the MnO2 to form Mn2O3. The use of faster 
heating rates has shifted the decomposition temperature to higher values, possibly as a 
result of slow reaction kinetics and/or since less time is allowed for the equivalent reaction. 
It is also possible that the thermal conductivity of the EMD contributed to this effect, 
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the process of removing water from the structure beginning at ~175°C, since this is most 
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rates considered is shown in Figure 5. From this data the temperatures corresponding to a 
pre-defined set of α values can be found for each heating rate, as shown in Figure 6.  

 
Figure 4. Fitting of DTG data for heating rate 10°C/min with background curve and resulting process. 
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Figure 5. Extent of conversion versus temperature for the different heating rates. 
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where A is the pre-exponential factor (min-1), β is the heating rate (°C/min), EA is the activation 
energy (J/mol), the term f(α) represents the model chosen to represent the mechanism of 
thermal decomposition, and all other symbols have their usual significance. In this case we 
will use f(α)=1-α as our decomposition model [14]. Separation of variables leads to:  

 dα
f(α)

= A
β

exp - EA

RT
dT (11) 

and then integration of the left-hand side from 0 to αi in Eqn. 11, gives: 

 F(αi)-F(0)= A
β

exp - EA

RT
Ti

0  (12) 

where F represents the integrated form of f(α), and Ti corresponds to the temperature at αi. 
Upon rearrangement we can write: 

 β= A
F αi -F(0)

exp - EA

RT
Ti

0  dT (13) 

This integration was performed numerically using the trapezium method and optimised to 
fit the experimental data using a linear least squares regression. Consequently, the 
dependence of activation energy on the extent of conversion and the pre-exponential factor 
was found, as shown in Figure 7. With the exception of the first point at α=0 (which was 
likely due to the noisy data for these conditions, cf. Figure 6), the activation energy clearly 
increases with extent of conversion, ranging from 109-250 kJ/mol.  

 
Figure 7. Activation energy and pre-exponential factor for process occurring against extent of 
conversion calculated using the first order kinetic analysis. 
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reference [14] were examined here using this approach. Firstly, despite the broad range of 
curve shapes (α vs. T) that these models generate, no single one was able to fit satisfactorily 
to the experimental data – hence the use of the incremental approach in our analysis. As we 
will discuss later, this provides strong supporting evidence for multiple weight loss 
processes occurring. Additionally, with the application of the incremental approach, it was 
noted that for each thermal decomposition function (f(α)) used, the measured activation 
energy was similar to that reported in Figure 7, with similar variation in the activation 
energy across the extent of conversion (α). Again, this suggests the presence of multiple 
weight loss processes, as well as providing us with some confidence for using the first order 
f(α)=1-α  expression over the range used. Finally, the use of this model enables us to quite 
easily calculate the required isothermal time necessary to achieve a specified extent of 
conversion.  

3.4. Single curve incremental isoconversional analysis 

Another approach to solving the rate expression in Eqn. 10 is the incremental integral 
method [14,15]. This method can also be used to take into account the dependence of the 
kinetic parameters on the extent of conversion, focussing instead on an individual TG 
experiment rather than a range of different heating rate experiments. In this case, the Runge-
Kutta method, an iterative technique for the approximation of ordinary differential 
equations, was used to solve Eqn. 10. This method uses the previous point (αn, Tn) to 
approximate the next (αn+1, Tn+1), by using the size of the interval between the points (h) and 
an estimated average of the slopes. To begin we have the initial condition: 

 α�T0�=a0=0 (14) 

Then, using the Runge-Kutta method, αn+1 and Tn+1 are given by:  

 αn+1=αn+ 1
6

h�k1+2k2+2k3+k4� (15) 

 Tn+1=Tn+h (16) 

where h is the size of the interval (1°C was used in this analysis), and: 

 k1=f�Tn,αn� (17) 

 k2=f �Tn+ h
2

,αn+ hk1

2
� (18) 

 k3=f �Tn+ h
2

,αn+ hk2

2
� (19) 

 k4=f�Tn+h,αn+hk3� (20) 

where the function f(T,α) is implied by Eqn. 10. This gives rise to a theoretical curve for the 
extent of conversion against temperature, which can be fitted to the experimental curve 
using linear least squares regression in a restricted range of α (hence employing the 
incremental integral method), by varying values for the activation energy, EA, and the pre-
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reference [14] were examined here using this approach. Firstly, despite the broad range of 
curve shapes (α vs. T) that these models generate, no single one was able to fit satisfactorily 
to the experimental data – hence the use of the incremental approach in our analysis. As we 
will discuss later, this provides strong supporting evidence for multiple weight loss 
processes occurring. Additionally, with the application of the incremental approach, it was 
noted that for each thermal decomposition function (f(α)) used, the measured activation 
energy was similar to that reported in Figure 7, with similar variation in the activation 
energy across the extent of conversion (α). Again, this suggests the presence of multiple 
weight loss processes, as well as providing us with some confidence for using the first order 
f(α)=1-α  expression over the range used. Finally, the use of this model enables us to quite 
easily calculate the required isothermal time necessary to achieve a specified extent of 
conversion.  

3.4. Single curve incremental isoconversional analysis 

Another approach to solving the rate expression in Eqn. 10 is the incremental integral 
method [14,15]. This method can also be used to take into account the dependence of the 
kinetic parameters on the extent of conversion, focussing instead on an individual TG 
experiment rather than a range of different heating rate experiments. In this case, the Runge-
Kutta method, an iterative technique for the approximation of ordinary differential 
equations, was used to solve Eqn. 10. This method uses the previous point (αn, Tn) to 
approximate the next (αn+1, Tn+1), by using the size of the interval between the points (h) and 
an estimated average of the slopes. To begin we have the initial condition: 

 α�T0�=a0=0 (14) 

Then, using the Runge-Kutta method, αn+1 and Tn+1 are given by:  
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where the function f(T,α) is implied by Eqn. 10. This gives rise to a theoretical curve for the 
extent of conversion against temperature, which can be fitted to the experimental curve 
using linear least squares regression in a restricted range of α (hence employing the 
incremental integral method), by varying values for the activation energy, EA, and the pre-
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exponential factor, A. Figure 8 demonstrates how the activation energy changes as a 
function of extent of conversion and heating rate for this analysis method. Because the focus 
here is on just one data set, particular attention was paid to the fitting procedure to ensure 
that a global minimum was determined. This was achieved by repeating the fitting multiple 
times, from different starting points. In each case, across the complete α range and for each 
heating rate used, the same result was achieved.  

 
Figure 8. Activation energy with respect to extent of conversion for the different heating rates. 
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limiting factor in chemical reactions. What is also interesting about the data in Figure 8 is the 
general decrease in calculated activation energy as the heating rate was increased. This is 
quite clearly demonstrated in Figure 9, which shows how the activation energy at α=0.5 
changes with heating rate. The data in this figure indicates that there are two heating rate 
regions for which there is an exponential decrease in calculated activation energy with 
heating rate. The cause of this may lie in the apparently less than ideal thermal transfer of 
heat from the furnace to the sample during the TG experiment. Whether there is a thermal 
gradient within the powdered sample in the TG pan, or within individual sample particles, 
it does mean that the thermal decomposition reaction will be occurring at different rates 
within the sample and/or individual particles. Certainly at higher heating rates this thermal 
gradient will be much more pronounced, meaning that there is expected to be a greater error 
in the estimated activation energy when determined at faster heating rates. While the 
thermal conductivity of manganese dioxide is, to the best of our knowledge, not available in 
the literature, other similar metal oxides have relatively high thermal conductivities, as 
shown in Table 2 [16]. Typical thermal conductivity values lie within the range 2-30 W m-1 K-1. 
Of these, the value for titanium dioxide (3.8 W m-1 K-1) is most likely very similar to 
manganese dioxide given the proximity of the metals to each other in the periodic table, and 
the iso-structural nature of the corresponding oxides. This relatively low value does imply 
that there will be a reasonable thermal gradient across each particle. To eliminate the effect 
of thermal conductivity, the exponential relationship between heating rate and calculated 
activation energy was extrapolated to predict the activation energy under the hypothetical 
condition of a 0°C/min heating rate. This extrapolated data is also shown in Figure 8, and is 
expected to more closely represent the true activation energy for this thermal decomposition 
process.  

  
Figure 9. Activation energy (for α=0.5) as a function of heating rate. 
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limiting factor in chemical reactions. What is also interesting about the data in Figure 8 is the 
general decrease in calculated activation energy as the heating rate was increased. This is 
quite clearly demonstrated in Figure 9, which shows how the activation energy at α=0.5 
changes with heating rate. The data in this figure indicates that there are two heating rate 
regions for which there is an exponential decrease in calculated activation energy with 
heating rate. The cause of this may lie in the apparently less than ideal thermal transfer of 
heat from the furnace to the sample during the TG experiment. Whether there is a thermal 
gradient within the powdered sample in the TG pan, or within individual sample particles, 
it does mean that the thermal decomposition reaction will be occurring at different rates 
within the sample and/or individual particles. Certainly at higher heating rates this thermal 
gradient will be much more pronounced, meaning that there is expected to be a greater error 
in the estimated activation energy when determined at faster heating rates. While the 
thermal conductivity of manganese dioxide is, to the best of our knowledge, not available in 
the literature, other similar metal oxides have relatively high thermal conductivities, as 
shown in Table 2 [16]. Typical thermal conductivity values lie within the range 2-30 W m-1 K-1. 
Of these, the value for titanium dioxide (3.8 W m-1 K-1) is most likely very similar to 
manganese dioxide given the proximity of the metals to each other in the periodic table, and 
the iso-structural nature of the corresponding oxides. This relatively low value does imply 
that there will be a reasonable thermal gradient across each particle. To eliminate the effect 
of thermal conductivity, the exponential relationship between heating rate and calculated 
activation energy was extrapolated to predict the activation energy under the hypothetical 
condition of a 0°C/min heating rate. This extrapolated data is also shown in Figure 8, and is 
expected to more closely represent the true activation energy for this thermal decomposition 
process.  
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Metal Oxide Thermal Conductivity (W m-1 K-1) 
Al2O3 (sintered) 26 (373 K) 

BaTiO3 6.2 (300 K) 
Fe3O4 (magnetite) 7.0 (304 K) 

MnO 3.5 (573 K) 
SiO2 (fused silica) 1.6 (373 K) 

SrTiO3 11.2 (300 K) 
TiO2 3.8 (400 K) 

Table 2. Thermal conductivity of selected metal oxides [16]. 

As was mentioned previously, the systematic variation in the activation energy, as shown in 
Figure 8 and highlighted specifically in Figure 9, quite nicely validates the use of this 
method for the thermal analysis of kinetic parameters. The International Confederation for 
Thermal Analysis and Calorimetry (ICTAC) has recommended that single scan methods of 
analysis be avoided where possible (see for example reference [17]). However, in this work 
the activation energies obtained were not just based on one analysis. In fact, what we have 
shown here is that the systematic variation within the activation energy over two orders of 
magnitude change in heating rate (Figure 9) not only provide us with considerable 
confidence in the resultant data, but also allows us to extrapolate to what the theoretical 
activation energy would be at a 0°C/min heating rate. This latter outcome has not been 
reported previously, at least for this system, and in actual fact represents a novel approach 
to determining an activation energy that is free of experimental artefacts, such as thermal 
transfer of heat to the sample.  

Finally, the kinetic parameters determined for the water loss process can be used to calculate 
the required isothermal time to achieve complete conversion of the material (α=1), i.e., 
completely remove water from the material, at a range of temperatures. This value can be 
found by employing the Arrhenius equation to calculate the rate constant (k) and 
subsequently, assuming first order kinetics, the heating time can be determined. This was 
performed for the heating rate 1°C/min, and is shown in Table 3. 
 

Temperature (°C) Heating time (h)
200 31.65 
250 11.12 
300 5.07 
350 1.52 
400 0.27 

Table 3. Isothermal heating regimes to achieve complete conversion of the water loss process. 

3.5. Comparison of methods 

The first order analysis of the kinetics has shown that the activation energy for the loss of 
water from the manganese dioxide structure increased relatively linearly with extent of 
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conversion, varying from ~109 kJ/mol at α=0.1 to ~250 kJ/mol at α=1.0. On the other hand the 
incremental integral method led to an activation energy of ’66—76 kJ/mol throughout the 
majority of the thermal transformation, with slightly higher values at both lower and higher 
extents of the conversion. Clearly there are significant differences in the results obtained 
from the application of the two kinetic analysis methods, and these differences need to be 
addressed.  

From a purely statistical perspective, the use of multiple experiments to produce data for 
analysis is bound to contain more variation than just using a single experiment. Under these 
circumstances, therefore, we might expect that the incremental integral approach should 
inherently be more reliable than the first order analysis method. Nevertheless, the 
contribution to the total variation in the analysis made by the individual TG experiments is 
expected to be quite small, certainly not enough to account for the significant difference 
between the two methods.  

As part of the analysis, a background correction of the DTG data was employed to focus 
specifically on the mass loss process of interest; i.e., the loss of structural water from the 
manganese dioxide. While this background correction was applied to all of the data 
reported here, it was in no way constant between experiments. Furthermore, the shape of 
the background correction curve was arbitrarily chosen to be exponential. The point being 
made is that the background correction being made could have easily over- or under-
compensated its contribution to the total response, thus inducing some variability between 
experiments. This would certainly suggest that the incremental integral approach should be 
the preferred method.  

Another likely contributor to variability in the analysis is the thermal conductivity of the 
manganese dioxide in relation to the heating rate used. Despite the fact that only a small 
quantity of material (~10 mg) was used in each experiment, the rate with which heat is 
transferred through the sample is very critical in determining the validity of the resultant 
information, particularly so since the kinetic analysis model assumes that the sample 
temperature is uniform throughout. As has already been mentioned, the thermal 
conductivity of manganese dioxide is not available in the literature; however, the thermal 
conductivity of similar materials (e.g., titanium dioxide) does suggest that there may be 
thermal gradients within the manganese dioxide, particularly with the use of fast heating 
rates. Therefore, those experiments that make use of the higher heating rates could be 
judged as having a higher relative error compared to those using slower heating rates. 
Therefore, the incremental integral approach, particularly for those experiments employing 
a slower heating rate, is most likely to be the preferred method. 

As a final comment, the first order kinetic analysis involved the use of separation of 
variables to solve Eqn. 10. An inherent assumption made with this approach is that the 
extent of conversion is independent of temperature, when in fact this is not the case given 
the thermal gradients within the manganese dioxide sample and the fact that the conversion 
process we are examining covers a very broad temperature range. Under these 
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the preferred method.  

Another likely contributor to variability in the analysis is the thermal conductivity of the 
manganese dioxide in relation to the heating rate used. Despite the fact that only a small 
quantity of material (~10 mg) was used in each experiment, the rate with which heat is 
transferred through the sample is very critical in determining the validity of the resultant 
information, particularly so since the kinetic analysis model assumes that the sample 
temperature is uniform throughout. As has already been mentioned, the thermal 
conductivity of manganese dioxide is not available in the literature; however, the thermal 
conductivity of similar materials (e.g., titanium dioxide) does suggest that there may be 
thermal gradients within the manganese dioxide, particularly with the use of fast heating 
rates. Therefore, those experiments that make use of the higher heating rates could be 
judged as having a higher relative error compared to those using slower heating rates. 
Therefore, the incremental integral approach, particularly for those experiments employing 
a slower heating rate, is most likely to be the preferred method. 

As a final comment, the first order kinetic analysis involved the use of separation of 
variables to solve Eqn. 10. An inherent assumption made with this approach is that the 
extent of conversion is independent of temperature, when in fact this is not the case given 
the thermal gradients within the manganese dioxide sample and the fact that the conversion 
process we are examining covers a very broad temperature range. Under these 
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circumstances, while the data we have collected shows a nice asymptotic change with 
heating rate (Figure 9), the assumptions made in the numerical analysis do not lead to an 
accurate estimate of the activation energy, again implying that the incremental integral 
approach is superior. 

4. Material effects 

4.1. Introduction 

In the preceding discussion we found the incremental iso-conversional approach for 
analysing thermogravimetric data to be the favourable method to investigate the kinetics of 
water loss during the heat treatment of a γ-MnO2 sample. Using the kinetic parameters from 
this analysis, particular heating regimes at a selection of temperatures were devised to 
prepare materials with a theoretical complete water loss (α=1), thereby avoiding the use of 
excessive temperatures and/or times. We now consider the effects of these optimised 
thermal treatment regimes on the heat treated material structure, composition and 
morphology. The electrochemical characteristics of these heat treated EMD samples are 
examined and the observed changes in the material properties used to relate the 
electrochemical performance to the material properties. 

4.2. Heat treated material properties 

The XRD patterns for the heat treated MnO2 samples are shown in Figure 1. The most 
obvious changes in these XRD patterns as a result of heat treatment are (i) the merging of 
the (110) (~22° 2θ) and the (130) (~36° 2θ) lines in the starting γ-MnO2 to form a single peak 
at ~29° 2θ in the sample heat treated at 400°C; (ii) clearer separation of the (221) and (240) 
peaks at ~56° 2θ by 400°C; and (iii) disappearance of the peak at ~68° 2θ and the emergence 
of two peaks at ~66° 2θ and ~73° 2θ. The extent of conversion from the γ-MnO2 phase, 
which predominantly displays a ramsdellite composition, to the more thermodynamically 
stable pyrolusite structure can be determined quantitatively by calculation of the fraction of 
pyrolusite (Pr) in the samples using the method outlined by Chabre and Pannetier [9]. These 
results are listed in Table 1. Interestingly, these changes are consistent with literature 
investigating γ-MnO2 heat treated at various temperatures for 24 hours [18,19], indicating a 
progressive structural conversion with increasing heat treatment temperature. This is 
despite the largely different experimental heating times used. The similarities indicate that 
this conversion is mostly influenced by the thermodynamics of the heating process rather 
than the kinetics. For instance, samples heated at lower temperatures (i.e., 200°C and 250°C) 
have begun the conversion from γ→β-MnO2, although this process is clearly retarded by 
insufficient thermal energy to drive this process to completion. This is further supported by 
comparing the data recorded at 400°C using this analysis method (16 mins heating time) 
with a sample heated at the same temperature for 7 days. In both cases, a Pr value of 0.84 
was calculated from the XRD data suggesting few or no kinetic limitations for this process at 
the elevated temperature. 
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The structural changes can be further elucidated by consideration of the unit cell parameters 
(determined from the XRD patterns of these materials assuming an orthorhombic unit cell) 
as a function of heat treatment temperature. The unit cell parameters for the starting EMD 
were a0 = 4.468 Å, b0 = 9.554 Å and c0 = 2.833 Å, which is an expansion in the a-b plane, but a 
slight contraction in the c direction, compared with ramsdellite [20]. The unit cell parameters 
for the heat treated materials are shown in Table 1. The decrease shown for both the a0 and 
b0 parameters represents a structural contraction in these directions, while the steady 
increase in the c0 parameter indicates lattice expansion in this direction. By considering the 
differences in the crystal structures of γ-MnO2 and pyrolusite, it is clear that the main 
differences are found in the a-b plane. Since the unit cell is found to contract along both 
these directions, this suggests that ion (Mn(IV)) movement predominates in these directions 
during heat treatment. The excess of edge sharing octahedra in a uniform array in the c 
direction, without any vacancies present to compensate or provide a buffer for the close 
proximity of the Mn(IV) ions, results in expansion in this direction [18]. 

The changes in BET surface area for the HEMD samples are shown in Table 1.  The relatively 
high surface area for these materials indicates that they are quite porous. Most evident from 
this data is the general decrease in surface area as temperature increases, barring a slight 
increase between the 350°C and 400°C samples. Given the structural changes occurring 
during heat treatment, the decreasing surface area suggests that the pores in EMD are 
removed as Mn(IV) ions diffuse through the structure, creating a more defect free and 
crystalline material [18]. The slight increase in surface area for the 400°C material is likely to 
be caused by slow kinetics for this process (relating to the much shorter heating period 
applied to this material), thus not allowing for the completion of pore collapse. Noticeably, 
at the lower temperatures (e.g., 200°C), the surface area has not decreased significantly from 
the original value. This is likely to be connected to insufficient activation energy at the 
relatively low temperature to drive Mn(IV) diffusion, a factor responsible for pore closure. 
Table 1 also lists the changes in micro- (<2 nm) and meso-pore (2-50 nm) structures as a 
result of heat treatment. Clearly, heat treatment causes the collapse of micro-pores, while an 
increase in the meso-pore volume was observed. The increase in the micro-pore volume for 
the 400°C material with respect to the 350°C sample indicates that kinetic limitations in the 
collapse of these pores is responsible for the increase in BET surface area for this material. 

A comparison of how the structural changes relate to morphological changes clearly 
portrays the key differences in the HEMD materials prepared. Figure 10 compares the 
changes in the orthorhombic unit cell volume with BET surface area. From this data, it is 
evident that between the temperatures tested, small changes in BET surface area can relate 
to large structural changes (e.g., between the standard EMD and 200°C material), or vice 
versa. Generally, however, the interplay of the thermodynamics and kinetics influencing the 
variation in these parameters leads to an approximately exponential decrease in unit cell 
volume with respect to BET surface area. Decreases in the unit cell volume can be attributed 
to manganese ions within the structure having sufficient thermal energy to move to 
positions consistent with pyrolusite, thus causing intra-crystallite rearrangement within the 
material. Conversely, changes in BET surface area relate to either the sintering of crystallites 
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circumstances, while the data we have collected shows a nice asymptotic change with 
heating rate (Figure 9), the assumptions made in the numerical analysis do not lead to an 
accurate estimate of the activation energy, again implying that the incremental integral 
approach is superior. 

4. Material effects 

4.1. Introduction 

In the preceding discussion we found the incremental iso-conversional approach for 
analysing thermogravimetric data to be the favourable method to investigate the kinetics of 
water loss during the heat treatment of a γ-MnO2 sample. Using the kinetic parameters from 
this analysis, particular heating regimes at a selection of temperatures were devised to 
prepare materials with a theoretical complete water loss (α=1), thereby avoiding the use of 
excessive temperatures and/or times. We now consider the effects of these optimised 
thermal treatment regimes on the heat treated material structure, composition and 
morphology. The electrochemical characteristics of these heat treated EMD samples are 
examined and the observed changes in the material properties used to relate the 
electrochemical performance to the material properties. 

4.2. Heat treated material properties 

The XRD patterns for the heat treated MnO2 samples are shown in Figure 1. The most 
obvious changes in these XRD patterns as a result of heat treatment are (i) the merging of 
the (110) (~22° 2θ) and the (130) (~36° 2θ) lines in the starting γ-MnO2 to form a single peak 
at ~29° 2θ in the sample heat treated at 400°C; (ii) clearer separation of the (221) and (240) 
peaks at ~56° 2θ by 400°C; and (iii) disappearance of the peak at ~68° 2θ and the emergence 
of two peaks at ~66° 2θ and ~73° 2θ. The extent of conversion from the γ-MnO2 phase, 
which predominantly displays a ramsdellite composition, to the more thermodynamically 
stable pyrolusite structure can be determined quantitatively by calculation of the fraction of 
pyrolusite (Pr) in the samples using the method outlined by Chabre and Pannetier [9]. These 
results are listed in Table 1. Interestingly, these changes are consistent with literature 
investigating γ-MnO2 heat treated at various temperatures for 24 hours [18,19], indicating a 
progressive structural conversion with increasing heat treatment temperature. This is 
despite the largely different experimental heating times used. The similarities indicate that 
this conversion is mostly influenced by the thermodynamics of the heating process rather 
than the kinetics. For instance, samples heated at lower temperatures (i.e., 200°C and 250°C) 
have begun the conversion from γ→β-MnO2, although this process is clearly retarded by 
insufficient thermal energy to drive this process to completion. This is further supported by 
comparing the data recorded at 400°C using this analysis method (16 mins heating time) 
with a sample heated at the same temperature for 7 days. In both cases, a Pr value of 0.84 
was calculated from the XRD data suggesting few or no kinetic limitations for this process at 
the elevated temperature. 
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The structural changes can be further elucidated by consideration of the unit cell parameters 
(determined from the XRD patterns of these materials assuming an orthorhombic unit cell) 
as a function of heat treatment temperature. The unit cell parameters for the starting EMD 
were a0 = 4.468 Å, b0 = 9.554 Å and c0 = 2.833 Å, which is an expansion in the a-b plane, but a 
slight contraction in the c direction, compared with ramsdellite [20]. The unit cell parameters 
for the heat treated materials are shown in Table 1. The decrease shown for both the a0 and 
b0 parameters represents a structural contraction in these directions, while the steady 
increase in the c0 parameter indicates lattice expansion in this direction. By considering the 
differences in the crystal structures of γ-MnO2 and pyrolusite, it is clear that the main 
differences are found in the a-b plane. Since the unit cell is found to contract along both 
these directions, this suggests that ion (Mn(IV)) movement predominates in these directions 
during heat treatment. The excess of edge sharing octahedra in a uniform array in the c 
direction, without any vacancies present to compensate or provide a buffer for the close 
proximity of the Mn(IV) ions, results in expansion in this direction [18]. 

The changes in BET surface area for the HEMD samples are shown in Table 1.  The relatively 
high surface area for these materials indicates that they are quite porous. Most evident from 
this data is the general decrease in surface area as temperature increases, barring a slight 
increase between the 350°C and 400°C samples. Given the structural changes occurring 
during heat treatment, the decreasing surface area suggests that the pores in EMD are 
removed as Mn(IV) ions diffuse through the structure, creating a more defect free and 
crystalline material [18]. The slight increase in surface area for the 400°C material is likely to 
be caused by slow kinetics for this process (relating to the much shorter heating period 
applied to this material), thus not allowing for the completion of pore collapse. Noticeably, 
at the lower temperatures (e.g., 200°C), the surface area has not decreased significantly from 
the original value. This is likely to be connected to insufficient activation energy at the 
relatively low temperature to drive Mn(IV) diffusion, a factor responsible for pore closure. 
Table 1 also lists the changes in micro- (<2 nm) and meso-pore (2-50 nm) structures as a 
result of heat treatment. Clearly, heat treatment causes the collapse of micro-pores, while an 
increase in the meso-pore volume was observed. The increase in the micro-pore volume for 
the 400°C material with respect to the 350°C sample indicates that kinetic limitations in the 
collapse of these pores is responsible for the increase in BET surface area for this material. 

A comparison of how the structural changes relate to morphological changes clearly 
portrays the key differences in the HEMD materials prepared. Figure 10 compares the 
changes in the orthorhombic unit cell volume with BET surface area. From this data, it is 
evident that between the temperatures tested, small changes in BET surface area can relate 
to large structural changes (e.g., between the standard EMD and 200°C material), or vice 
versa. Generally, however, the interplay of the thermodynamics and kinetics influencing the 
variation in these parameters leads to an approximately exponential decrease in unit cell 
volume with respect to BET surface area. Decreases in the unit cell volume can be attributed 
to manganese ions within the structure having sufficient thermal energy to move to 
positions consistent with pyrolusite, thus causing intra-crystallite rearrangement within the 
material. Conversely, changes in BET surface area relate to either the sintering of crystallites 
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(both intra- and inter-) by joining together across the pores thus resulting in pore closure, or 
the opening of existing pores.  

The underlying assumption in the preparation of these samples is that structural water, 
which is associated with defects (i.e., Mn(III) and cation vacancies), has been completely 
removed from the material. There is an expectation then that each of the HEMD samples 
will have no Mn(III), cation vacancies or water removed above 110°C (%H2O(>110°C)). 
However, the compositional data for the HEMD samples (Table 1) shows that this is not the 
case. In light of this, the trends evident in these parameters provide important insights into 
the kinetic and thermodynamic limitations of the heat treatment under the set conditions 
and at these temperatures. The data for these samples show that the total manganese 
content (%Mn(T)) increases with heating temperature to an optimum at 300°C. This increase 
relates to the rearrangement of Mn(IV) ions to form a more defect free structure as cation 
vacancies are annealed via loss of structural protons. As a consequence, a steady decrease in 
the cation vacancy fraction is observed with heating temperature. The gradual decline in 
this parameter suggests that as the thermal energy required for this process is met by the 
higher temperatures, vacancy removal is able to proceed to a greater degree. After heat 
treatment at 350°C and 400°C, vacancy defects and associated water have been completely 
removed from the structure, indicating that these heating regimes have provided sufficient 
thermal energy to complete this process, without any kinetic limitations. 

 
Figure 10. Relationship between BET surface area and unit cell volume for heat treated EMD samples. 

The trends in Mn(III) and Mn(IV) percentages are confused to some degree due to a number 
of processes taking place during the heating experiment. First, the oxidation of Mn(III) to 
Mn(IV) takes place as a consequence of the oxidising air atmosphere present, thus lowering 
Mn(III) and increasing Mn(IV). Further, both Mn(III) and Mn(IV) experience a proportionate 
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increase due to the increase in the total manganese content. Additionally, although limited, 
some thermal reduction of the material is possible at the higher temperatures considered, 
thereby causing slight increases to Mn(III) at the expense of Mn(IV). These processes 
superimpose to give the relatively steady Mn(IV) and slightly increasing Mn(III) content 
with respect to heat treatment temperature. 

The proportions of water removed above and below 110°C ‘(%H2O(>110°C)) and 
(%H2O(<110°C)) respectively, further support these findings. The %H2O(<110°C), which is 
water adsorbed on the surface of the material, generally decreases as heat treatment 
temperature increases, barring slightly higher values for the 300°C and 400°C materials 
relative to those around them. Clearly, the amount of water adsorbed to the surface of the 
material is largely determined by the available surface area and therefore it is no surprise 
that this result reflects the relative BET surface area for these samples (Table 1). The steady 
decrease in %H2O(>110°C) (i.e., structural water associated with Mn(III) and vacancy 
defects) with heat treatment temperature provides a second, independent measure of the 
extent of structural water removal from the HEMD samples. By 350°C it appears that all 
structural defects that will be removed in the heat treatment have been, evidenced by the 
approximately constant %H2O(>110°C) value for the 350°C and 400°C materials. 

The trends in material properties discussed above are specific to a single EMD heat treated 
under the temperature/time determined from kinetic analysis. However, our investigation 
of the influence of the starting EMD properties on the resultant HEMD properties has 
shown these relationships to hold for a broad range of EMD materials [21]. 

4.3. Electrochemical performance 

Due to the large number of cells tested (i.e., five HEMD materials each discharged at four 
currents), only the discharge characteristics of each HEMD at 2 mA/g are shown in Figure 
11. The typically flat discharge curve of Li/MnO2 at 2.8-3.0 V is evident from this plot. The 
primary discharge capacity (in mAh/g of MnO2) for the cells tested was calculated by using 
a 2.0 V cut-off point. This result is shown in Table 4. As expected, the capacity of a given 
material decreases with higher discharge currents. On average the capacity for unheated 
EMD was 104 mAh/g (or 34% utilisation), which was less than half that of HEMD, with an 
average of 238 mAh/g (77% utilisation) at the 2 mA/g discharge rate. This clearly 
demonstrates the importance of the heat treatment process, as has been previously reported 
in the literature [22-24]. This vast difference in performance also suggests that EMD based 
cells are failing in a different way to HEMD cells. The high water content of the EMD likely 
leads to destructive side reactions with the electrolyte and anode causing cell failure. 
Conversely, HEMD is limited by the intrinsic material properties.  

Considering the HEMD materials in greater detail, we note that manganese dioxide heat 
treated at 250°C and above maintained relatively good capacity at the higher discharge 
rates. Also of note are the excellent performance characteristics of the 300°C and 350°C 
materials particularly at the lower discharge rates. It was also observed that of the various 
HEMD samples, the material treated at 200°C exhibited relatively poor discharge capacities, 
this being especially noticeable at the higher discharge rates. 
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the opening of existing pores.  
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which is associated with defects (i.e., Mn(III) and cation vacancies), has been completely 
removed from the material. There is an expectation then that each of the HEMD samples 
will have no Mn(III), cation vacancies or water removed above 110°C (%H2O(>110°C)). 
However, the compositional data for the HEMD samples (Table 1) shows that this is not the 
case. In light of this, the trends evident in these parameters provide important insights into 
the kinetic and thermodynamic limitations of the heat treatment under the set conditions 
and at these temperatures. The data for these samples show that the total manganese 
content (%Mn(T)) increases with heating temperature to an optimum at 300°C. This increase 
relates to the rearrangement of Mn(IV) ions to form a more defect free structure as cation 
vacancies are annealed via loss of structural protons. As a consequence, a steady decrease in 
the cation vacancy fraction is observed with heating temperature. The gradual decline in 
this parameter suggests that as the thermal energy required for this process is met by the 
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increase due to the increase in the total manganese content. Additionally, although limited, 
some thermal reduction of the material is possible at the higher temperatures considered, 
thereby causing slight increases to Mn(III) at the expense of Mn(IV). These processes 
superimpose to give the relatively steady Mn(IV) and slightly increasing Mn(III) content 
with respect to heat treatment temperature. 

The proportions of water removed above and below 110°C ‘(%H2O(>110°C)) and 
(%H2O(<110°C)) respectively, further support these findings. The %H2O(<110°C), which is 
water adsorbed on the surface of the material, generally decreases as heat treatment 
temperature increases, barring slightly higher values for the 300°C and 400°C materials 
relative to those around them. Clearly, the amount of water adsorbed to the surface of the 
material is largely determined by the available surface area and therefore it is no surprise 
that this result reflects the relative BET surface area for these samples (Table 1). The steady 
decrease in %H2O(>110°C) (i.e., structural water associated with Mn(III) and vacancy 
defects) with heat treatment temperature provides a second, independent measure of the 
extent of structural water removal from the HEMD samples. By 350°C it appears that all 
structural defects that will be removed in the heat treatment have been, evidenced by the 
approximately constant %H2O(>110°C) value for the 350°C and 400°C materials. 

The trends in material properties discussed above are specific to a single EMD heat treated 
under the temperature/time determined from kinetic analysis. However, our investigation 
of the influence of the starting EMD properties on the resultant HEMD properties has 
shown these relationships to hold for a broad range of EMD materials [21]. 

4.3. Electrochemical performance 

Due to the large number of cells tested (i.e., five HEMD materials each discharged at four 
currents), only the discharge characteristics of each HEMD at 2 mA/g are shown in Figure 
11. The typically flat discharge curve of Li/MnO2 at 2.8-3.0 V is evident from this plot. The 
primary discharge capacity (in mAh/g of MnO2) for the cells tested was calculated by using 
a 2.0 V cut-off point. This result is shown in Table 4. As expected, the capacity of a given 
material decreases with higher discharge currents. On average the capacity for unheated 
EMD was 104 mAh/g (or 34% utilisation), which was less than half that of HEMD, with an 
average of 238 mAh/g (77% utilisation) at the 2 mA/g discharge rate. This clearly 
demonstrates the importance of the heat treatment process, as has been previously reported 
in the literature [22-24]. This vast difference in performance also suggests that EMD based 
cells are failing in a different way to HEMD cells. The high water content of the EMD likely 
leads to destructive side reactions with the electrolyte and anode causing cell failure. 
Conversely, HEMD is limited by the intrinsic material properties.  

Considering the HEMD materials in greater detail, we note that manganese dioxide heat 
treated at 250°C and above maintained relatively good capacity at the higher discharge 
rates. Also of note are the excellent performance characteristics of the 300°C and 350°C 
materials particularly at the lower discharge rates. It was also observed that of the various 
HEMD samples, the material treated at 200°C exhibited relatively poor discharge capacities, 
this being especially noticeable at the higher discharge rates. 
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Figure 11. Discharge curves for heat treated EMD samples discharged at 2 mA/g. 

 

Temperature (oC) 
Capacity
(mAh/g) 

2 mA/g 5 mA/g 10 mA/g 20 mA/g 
25 104.1 62.9 59.8 - 

200 207.5 185.0 169.4 103.8 
250 242.9 208.4 215.1 183.8 
300 252.9 229.7 195.4 178.4 
350 252.0 221.5 218.9 170.5 
400 233.4 226.0 223.7 185.4 

Table 4. Discharge capacity for heat treated EMD samples at various discharge currents (2.0 V cut-off). 

Normalising the capacity of the cell in terms of the proportion of electrochemically active 
material (i.e., Mn(IV) percentage) reveals the extent to which the available material is being 
used. This will have a significant effect on the relative capacity of these HEMD materials 
since the proportion of Mn(IV) to Mn(III) has been seen to vary depending on the heat 
treatment conditions. The normalised capacities are listed in Table 5, and demonstrate that 
heat treatment at 300°C and 350°C has resulted in the highest proportion of 
electrochemically active Mn(IV) being utilised at the at 2 mA/g rate (94%). 

Another useful way in which to present the data from these tests is through the use of a 
Ragone diagram, comparing the relative specific energy and power output of the materials. 
Due to the number of cells tested, only the points corresponding to the energy delivered by 
the cell by the cut-off voltage, and the corresponding power value, are shown in Figure 12. 
This diagram clearly shows a greater differentiation in energy delivered at the low discharge 
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rates, with the 300°C and 350°C materials exhibiting superior performance. Further, at high 
rates heat treatment at 250°C and above has resulted in materials exhibiting virtually 
equivalent performance. Comparison with literature Ragone diagrams [4] reveals that the 
performance of our materials is superior in terms of specific energy, and comparable in 
terms of specific power.  
 

Temperature (oC) Utilization of Active Material
2 mA/g 5 mA/g 10 mA/g 20 mA/g 

25 0.39 0.23 0.22 - 
200 0.77 0.69 0.63 0.39 
250 0.87 0.75 0.77 0.66 
300 0.94 0.85 0.73 0.66 
350 0.94 0.83 0.82 0.64 
400 0.89 0.86 0.85 0.71 

Table 5. Utilization of active material (Mn(IV) percentage) for heat treated EMD samples at various 
discharge currents (2.0 V cut-off). 

 
Figure 12. Ragone diagram showing points corresponding to energy delivered by the cell by the cut-off 
voltage and the corresponding power value for the heat treated EMD samples with respect to discharge 
rates. 

As the electrochemical behaviour of manganese dioxide is largely dependent on the 
structure, composition and morphology of the material, the changes in these parameters 
with heat treatment temperature are invoked in explaining their relative electrochemical 
performance. Since the performance is not directly proportional to the heating temperature, 
it is immediately evident that there are a number of factors influencing material 
performance. From the current understanding of the Li/MnO2 system, these factors are 
outlined as follows: 
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rates, with the 300°C and 350°C materials exhibiting superior performance. Further, at high 
rates heat treatment at 250°C and above has resulted in materials exhibiting virtually 
equivalent performance. Comparison with literature Ragone diagrams [4] reveals that the 
performance of our materials is superior in terms of specific energy, and comparable in 
terms of specific power.  
 

Temperature (oC) Utilization of Active Material
2 mA/g 5 mA/g 10 mA/g 20 mA/g 

25 0.39 0.23 0.22 - 
200 0.77 0.69 0.63 0.39 
250 0.87 0.75 0.77 0.66 
300 0.94 0.85 0.73 0.66 
350 0.94 0.83 0.82 0.64 
400 0.89 0.86 0.85 0.71 

Table 5. Utilization of active material (Mn(IV) percentage) for heat treated EMD samples at various 
discharge currents (2.0 V cut-off). 

 
Figure 12. Ragone diagram showing points corresponding to energy delivered by the cell by the cut-off 
voltage and the corresponding power value for the heat treated EMD samples with respect to discharge 
rates. 
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i. It is well known that the removal of both surface and structural water from the 
manganese dioxide structure is paramount, and that higher heating temperatures 
perform this function most completely and effectively [22].  

ii. A greater amount of the more electrochemically active Mn(IV) species (compared to 
Mn(III)) is advantageous, and therefore materials in which oxidation of the Mn(III) to 
Mn(IV) has occurred will exhibit better performance.  

iii. Samples retaining the γ-MnO2 structure, with larger [1×2] tunnels in ramsdellite regions 
of the structure, are thought to provide both a greater degree of mobility and a larger 
number of insertion sites for ions introduced into the structure during discharge [25]. 
These relationships certainly hold for the aqueous system, although as yet there is 
currently no clear indication in the literature relating these structural features to the 
ease of lithium diffusion through materials used in the non-aqueous Li/MnO2 system. 

iv. The effect of sample porosity on the discharge characteristics of Li/MnO2 cells remains 
relatively unknown. However, it has been previously determined that during heat 
treatment micro-pores within the EMD are sintered shut as a result of manganese ion 
movement, while the structural contraction connected with the phase transition from 
γ→β-MnO2 and the increase in material density, induces cracking [18]. This results in 
an increase in the number of larger pores. These factors will be especially influential on 
the rate capabilities and total capacity of the cell [26]. 

In explaining the relative performance of the HEMD tested, each material will be considered 
separately and the above factors used to explain the resulting electrochemical performance. 
Some comparison will also be made highlighting differences between materials heat treated 
at consecutive temperatures and the effect these differences have had on the electrochemical 
performance. In the proceeding discussion, those materials exhibiting poorest performance 
will be discussed first, followed by the HEMD samples with better electrochemical 
characteristics. 

From the physical characterisation of the 200°C material, it is clear that it has retained much of 
its original BET surface area, experienced some removal of cation vacancies, lost only a small 
amount of structural water, and maintained to a large extent the γ-MnO2 parent structure. Of 
these features, the presence of structural water associated with cation vacancies and Mn(III) 
will be a limiting factor on the electrochemical performance. The water present evidently 
makes for poor performance at all discharge rates (on average 15% lower capacity than the 
250°C material), highlighting the importance of its removal prior to use in Li/MnO2 system. 
Perhaps an additional feature that limits the performance of this material is the relative ease of 
lithium ion movement in γ/β-MnO2. While fundamental work has been performed analysing 
the mechanism and activation energy for proton diffusion in MnO2 structures [25], these 
relationships are currently unknown for lithium diffusion in EMD/HEMD. The data presented 
here may indicate slower lithium ion diffusion through less pyrolusitic structures. 

The properties of the 400°C material are very similar to the sample heat treated at 350°C; i.e., 
both samples have had basically all cation vacancies removed, with minor, but similar, 
amounts of structural water remaining, and both have experienced a high structural 
conversion to pyrolusite. However, an interesting difference is apparent in Figure 10, when 
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comparing the structural and morphological properties. Here, the sample heated at 400°C 
has maintained a larger unit cell and higher surface area compared to the 350°C material, 
most likely as a consequence of the shorter heating time applied to this material. This 
difference is likely responsible for its slightly lower performance at 2 mA/g (233 mA/g 
compared to 252-3 mA/g for the 300°C and 350°C materials). It is also possible that the 
conversion of γ-MnO2 to a more pyrolusite-like structure as a consequence of the high 
heating temperature has been limiting on the performance. In conjunction with the low 
performance for the 200°C material, this may suggest that the optimum γ/β-MnO2 structure 
for lithium insertion is not highly ramsdellitic or pyrolusitic structures, but rather some 
intermediate structure. From this, we propose an optimum value of Pr for HEMD at low 
discharge rates, lying somewhere between 0.5 and 0.84, which leads to superior 
performance. At high rate discharge however, the 400°C material capacity is similar to the 
other materials, suggesting the differences in material properties have become more or less 
immaterial in determining the electrochemical performance.  

The capacity of the material heat treated at 250°C (243 mAh/g) is higher the 400°C material 
(233 mAh/g) and slightly below the 300°C and 350°C materials (252-3 mAh/g) at the 2 mA/g 
discharge rate, but is essentially equal to them at high rates (~180 mAh/g at 20 mA/g). This is 
despite the fact that this material still contains reasonable amounts of structural water 
associated with both cation vacancies and Mn(III). The decreased capacity at the low rate 
can likely be attributed to the moderate retention of the γ-MnO2 structure (Pr=0.52) which 
may limit the diffusion of lithium through the structure, although evidently to a lesser 
degree than in the 200°C material or the highly pyrolusitic 400°C structure. Additional 
differences between the 250°C material and those around it can be clearly seen in Figure 10. 
Noticeably, although the unit cell volume has not varied significantly between the 200°C 
and 250°C materials, the surface area has decreased by around 10%. This is largely due to a 
lower micropore volume in the 250°C material (Table 1). This feature would likely aid the 
discharge of this material since the small micro-pores can only accommodate a limited 
number of lithium ions. Hence, when the cell is discharged, the few ions in these pores are 
soon inserted into the structure. The subsequent deficiency of lithium ions in this locality 
limits the discharge capabilities of the cell, especially at high discharge rates. 

The materials heat treated at 300°C and 350°C demonstrated the highest capacity over the 
range of discharge rates tested. Relating this back to the properties, the 300°C material had a 
moderate amount of defects remaining in the structure, with a pyrolusite to ramsdellite ratio 
of 0.73. The particular structural arrangement is likely of particular significance in light of 
the poorer performance of materials with low or high Pr values (e.g., 200°C and 400°C 
materials, respectively). Also of interest are the relationships between the structural and 
morphological features of the 300°C sample (Figure 10). This data suggests that this material 
has undergone significant amounts of structural rearrangement (shown by a smaller unit 
cell), but maintained a relatively high surface area (31 m2/g). The combination of the 
structural arrangement, composition and surface area has resulted in this material 
delivering one of the highest capacities at low discharge rates, with comparable 
performance at high rates.  
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comparing the structural and morphological properties. Here, the sample heated at 400°C 
has maintained a larger unit cell and higher surface area compared to the 350°C material, 
most likely as a consequence of the shorter heating time applied to this material. This 
difference is likely responsible for its slightly lower performance at 2 mA/g (233 mA/g 
compared to 252-3 mA/g for the 300°C and 350°C materials). It is also possible that the 
conversion of γ-MnO2 to a more pyrolusite-like structure as a consequence of the high 
heating temperature has been limiting on the performance. In conjunction with the low 
performance for the 200°C material, this may suggest that the optimum γ/β-MnO2 structure 
for lithium insertion is not highly ramsdellitic or pyrolusitic structures, but rather some 
intermediate structure. From this, we propose an optimum value of Pr for HEMD at low 
discharge rates, lying somewhere between 0.5 and 0.84, which leads to superior 
performance. At high rate discharge however, the 400°C material capacity is similar to the 
other materials, suggesting the differences in material properties have become more or less 
immaterial in determining the electrochemical performance.  

The capacity of the material heat treated at 250°C (243 mAh/g) is higher the 400°C material 
(233 mAh/g) and slightly below the 300°C and 350°C materials (252-3 mAh/g) at the 2 mA/g 
discharge rate, but is essentially equal to them at high rates (~180 mAh/g at 20 mA/g). This is 
despite the fact that this material still contains reasonable amounts of structural water 
associated with both cation vacancies and Mn(III). The decreased capacity at the low rate 
can likely be attributed to the moderate retention of the γ-MnO2 structure (Pr=0.52) which 
may limit the diffusion of lithium through the structure, although evidently to a lesser 
degree than in the 200°C material or the highly pyrolusitic 400°C structure. Additional 
differences between the 250°C material and those around it can be clearly seen in Figure 10. 
Noticeably, although the unit cell volume has not varied significantly between the 200°C 
and 250°C materials, the surface area has decreased by around 10%. This is largely due to a 
lower micropore volume in the 250°C material (Table 1). This feature would likely aid the 
discharge of this material since the small micro-pores can only accommodate a limited 
number of lithium ions. Hence, when the cell is discharged, the few ions in these pores are 
soon inserted into the structure. The subsequent deficiency of lithium ions in this locality 
limits the discharge capabilities of the cell, especially at high discharge rates. 

The materials heat treated at 300°C and 350°C demonstrated the highest capacity over the 
range of discharge rates tested. Relating this back to the properties, the 300°C material had a 
moderate amount of defects remaining in the structure, with a pyrolusite to ramsdellite ratio 
of 0.73. The particular structural arrangement is likely of particular significance in light of 
the poorer performance of materials with low or high Pr values (e.g., 200°C and 400°C 
materials, respectively). Also of interest are the relationships between the structural and 
morphological features of the 300°C sample (Figure 10). This data suggests that this material 
has undergone significant amounts of structural rearrangement (shown by a smaller unit 
cell), but maintained a relatively high surface area (31 m2/g). The combination of the 
structural arrangement, composition and surface area has resulted in this material 
delivering one of the highest capacities at low discharge rates, with comparable 
performance at high rates.  
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Finally, as we have already noted the material properties of the 350°C material are similar to 
that of the 400°C sample in terms of composition, although key differences are noted in the 
structure and morphology, as highlighted in Figure 10. These differences are significant in 
light of the superior electrochemical characteristics of the 350°C material. Figure 10 shows 
that heat treatment at 350°C has resulted in the greatest contraction of the unit cell and also 
a lowering of the BET surface area relative to the other HEMD materials. The smaller unit 
cell is the main structural difference between the 350°C and 400°C materials, which 
otherwise have very similar Pr values (0.83 and 0.84, respectively). This suggests that the 
proportion of each phase is not the only structural feature influencing the movement of 
lithium ions through the material, and that the unit cell volume is also significant. The high 
performance of the 350°C material is an indication that lower unit cell volumes are favoured 
for lithium diffusion in HEMD. The morphology differences between these materials are 
also likely to play a significant role in determining their relative electrochemical 
performance. As previously noted, the lower BET surface area for the 250°C sample due to a 
lower volume of micropores, was found to enhance its capacity over the 200°C material. 
Similarly, the change in morphology brought about by the removal of these micropores in 
the 350°C material has clearly improved the material capacity across discharge rates.  

5. Conclusion 

In conclusion, this work has shown that kinetic analysis can be employed in optimising the 
thermal processing of positive electroactive materials. As an example, kinetic analysis using 
a first-order kinetic analysis method and an incremental integral approach was performed 
for the water loss process from electrolytic manganese dioxide, the precursor material for 
use in non-aqueous Li/MnO2 cells. Both methods determined the pre-exponential factor and 
the activation energy for this process as a function of the extent of conversion, hence 
allowing for variation in the values over the process studied, while the incremental integral 
method also varied with heating rate. 

Comparison and investigation of the two methods revealed the incremental integral method 
as the preferred means for obtaining the kinetic parameters describing this process. This 
result stems back to the use of a single TG experiment and the exclusive use of a slower scan 
rate using the incremental integral method (multiple scan rates, and thus experiments, are 
required in the first order kinetic analysis method). A single experiment avoids inherent 
variability between multiple experiments and limits errors induced in the somewhat 
arbitrary application of the background correction. Using slower scan rates reduces the 
possible undesired effects arising from thermal gradients across the sample as a result of the 
thermal conductivity of the material. 

Using the kinetic parameters determined for this process, and assuming first order kinetics, 
a family of thermal treatment regimes based on heating temperature and duration were 
calculated to, in theory, completely remove water from the manganese dioxide structure.  

Characterization of the resulting HEMD materials revealed considerable differences in their 
properties. It was found that materials undergo a mainly kinetically limited thermal 
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conversion from γ-MnO2 towards β-MnO2. The material surface area generally decreases 
with heating temperature, although noticeably, the pore collapse process is thermally 
limited at lower temperatures, while at the higher temperatures the reaction kinetics dictate 
the extent to which this process proceeds. Despite the theoretical expectation of complete 
water removal from the EMD, experimental results demonstrate that thermal and kinetic 
limitations present under these heating conditions prevent the completion of the water loss 
process. In general, however, as heating temperature increases there is a decrease in cation 
vacancy fraction and amount of structural water, while Mn(III) and Mn(IV) increase and 
remain relatively steady, respectively. 

Electrochemical performance of the HEMD materials generated in this work revealed they 
are superior in terms of specific energy, and comparable in terms of specific power, to recent 
reports in the literature for the primary Li/MnO2 system. Greatest differentiation of 
materials was noted at the low discharge rates, where materials prepared at 300°C and 
350°C demonstrated best performance. 

Finally, it is important to note that the method of kinetic analysis outlined here is not limited to 
only mass loss processes. It can in fact be employed to monitor the progress of any thermally 
based reaction which undergoes changes measurable by TG, DTA, DSC, etc. Therefore, the 
method of kinetic analysis outlined here could be applied in optimising the preparation and 
electrochemical performance of numerous other positive electroactive materials with similar 
improvements to performance anticipated. 
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1. Introduction 

Industrial processes must minimize heat-treatment to reduce energy consumption and CO2 
emissions during the manufacture of products. In particular, fossil fuels should be 
conserved for the next generation. However, the use of heat-treatment is essential in the 
manufacturing processes of many highly functional materials.  

In many cases, the materials’ functions depend on their surfaces. From this point of view, 
modification by thin film fabrication on various substrates, as opposed to manufacturing the 
entire body with the functional material, can generally save resources. The molecular 
precursor method (MPM) that was developed in our study is a wet chemical process for 
fabricating metal oxide and phosphate thin films [1-11]. This method requires heat-
treatment to eliminate organic ligands from metal complexes involved in spin-coated 
precursor films and to fabricate thin films of crystallized metal oxides or phosphates. We 
emphasize the importance of heat-treatment by describing recent results obtained using the 
MPM, which show great potential for the development of nanoscience and nanotechnology 
tools and materials. 

This chapter focuses on the transparent thin film fabrication of both a visible (Vis)-light-
responsive anatase thin film having enhanced UV sensitivity and an unprecedented Vis-
responsive rutile thin film on glass substrates. These photoreactive thin films were easily 
fabricated using the MPM. Heat-treatment under controlled conditions produced these 
attractive thin films. Thin film fabrication of a highly conductive Ag nanoparticles/titania 
composite and several metal oxides, including Cu2O, will be also discussed, illustrating the 
broad utility of the MPM and the importance of heat-treatment in this novel wet process. 
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emissions during the manufacture of products. In particular, fossil fuels should be 
conserved for the next generation. However, the use of heat-treatment is essential in the 
manufacturing processes of many highly functional materials.  

In many cases, the materials’ functions depend on their surfaces. From this point of view, 
modification by thin film fabrication on various substrates, as opposed to manufacturing the 
entire body with the functional material, can generally save resources. The molecular 
precursor method (MPM) that was developed in our study is a wet chemical process for 
fabricating metal oxide and phosphate thin films [1-11]. This method requires heat-
treatment to eliminate organic ligands from metal complexes involved in spin-coated 
precursor films and to fabricate thin films of crystallized metal oxides or phosphates. We 
emphasize the importance of heat-treatment by describing recent results obtained using the 
MPM, which show great potential for the development of nanoscience and nanotechnology 
tools and materials. 

This chapter focuses on the transparent thin film fabrication of both a visible (Vis)-light-
responsive anatase thin film having enhanced UV sensitivity and an unprecedented Vis-
responsive rutile thin film on glass substrates. These photoreactive thin films were easily 
fabricated using the MPM. Heat-treatment under controlled conditions produced these 
attractive thin films. Thin film fabrication of a highly conductive Ag nanoparticles/titania 
composite and several metal oxides, including Cu2O, will be also discussed, illustrating the 
broad utility of the MPM and the importance of heat-treatment in this novel wet process. 
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2. Solution-based thin film formation 

Novel thin films are an active area of research and are widely used in industry. Most of the 
thin films have thicknesses ranging from monolayer to nanometer levels up to several 
micrometers. Due to their relatively high hardness and inertness, ceramic coatings are of 
particular interest for the protection of substrate materials against corrosion, oxidation, and 
wear resistance [12-17]. The electronic and optical properties of thin films are used in many 
electronic and optical devices [18-20]. The wide range of materials, techniques for 
preparation, and range of applications make this an interdisciplinary field. Many different 
methods are used to fabricate thin films, including physical techniques and chemical 
processes. Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the 
two most common types of thin film formation methods. PVD methods such as thermal 
evaporation and sputtering involve atom by atom, molecule by molecule growth, or ion 
deposition on various materials in a vacuum system [21-23]. CVD and sol–gel methods are 
less expensive than PVD [24, 25]. The heat-treatment of thin films in these methods is 
generally important for the formation of crystallized metal oxides. 

 
Figure 1. Typical sol-gel process for SiO2 formation from silicone alkoxide. 

The sol–gel method is a versatile technology in which metal/organic polymers are used to 
produce ceramics and glasses [26-34]. This technology can be used to manufacture thin films 
in a relatively cheap way compared with PVD. In a typical sol–gel protocol (Figure 1), the 
process starts with a solution consisting of metal compounds, such as a metal alkoxide, 
acetylacetonate, carboxylate, and soluble inorganic species as the source of cations in the 
target oxide. Additional reactants include water as the hydrolysis agent, alcohols as the 
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solvent, and an acid or base as a catalyst. Metal compounds undergo hydrolysis and 
polycondensation near room temperature, giving rise to a sol in which polymers or colloidal 
particles are dispersed without precipitation. Further reaction connects the fine particles, 
solidifying the sol into a wet gel, which still contains water and solvents. Vaporization of 
solvents and water produces a dry gel. Heating the gel to higher temperatures, where the 
organic constituents and residues are removed, gives rise to microstructures of inorganic–
inorganic composites or hybrids, and glasses and ceramics. In Figure 2, the structural 
changes to metal oxides from the corresponding hydrolysed polymers by heat treatment of 
the as-deposited gel. The processes accompanied with dehydration can be categorized into 
two reactions; (A) the intrachain and (B) the interchain condensation.  

 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 2. Plausible schematic diagrams for the oxide nucleation process of (A) intra-chain and (B) inter-
chain condensation of the metalloxane polymers formed at the early stage in the sol-gel method. 
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3. Principle of MPM 

The MPM is a wet process for the formation of thin films of various metal oxides, including 
titania or calcium phosphate compounds [1-11]. This method is based on the design of metal 
complexes in coating solutions with excellent stability, homogeneity, miscibility, coatability, 
etc., which have many practical advantages. This is because metal complex anions with high 
stability can be dissolved in volatile solvents by combining them with the appropriate 
alkylamines. Furthermore, the resultant solutions can form excellent precursor films 
through various coating procedures. The precursor films involving metal complexes should 
be amorphous, just as with the metal/organic polymers in the sol–gel processes. If not, it is 
impossible to obtain the resulting metal oxide thin films spread homogeneously on 
substrates by subsequent heat-treatment. For this purpose, the alkyl groups in the amines 
play an important role. Single-crystals of the metal complex can be obtained from the 
precursor solution in several cases when the alkyl groups in the alkylamines are sufficiently 
small, e.g., an ethyl group. The model structure of the amorphous precursor films formed on 
substrates can be examined by means of crystal engineering and based on the crystal 
structures. Heat-treatment is necessary to fabricate the desired metal oxide films by 
eliminating the ligand in the metal complex and alkylamine as the counter cation. It is 
important that densification during heat-treatment occurs only in the vertical direction of 
the coated substrate.  

To the best of our knowledge, the crystallite size of the oxide particles in the resultant thin 
films fabricated by the MPM is generally smaller than those prepared by the conventional 
sol–gel method. The smaller size of the crystallites obtained using the MPM may be related 
to the nucleation process of the crystallized metal oxides. In the nucleation process in the 
sol–gel method, the polymer chains themselves are rearranged by heat-treatment (Figure 2). 
The polymer chains should move to produce the core structure of the metal oxide, especially 
during interchain condensation. In contrast, the nucleation of metal oxides occurs more 
easily during the MPM. When coupled with elimination of the organic ligands via heat-
treatment, a vast number of crystallites can be rapidly formed. It is consequently feasible 
that the crystallite sizes of metal oxides fabricated using the MPM are smaller than those 
obtained using the sol–gel method. 

4. Heat-treatment for titania thin film fabrication 

4.1. Thin film fabrication and basic properties of TiO2 

Titania is a popular industrial material that has been used as a white pigment for paints, 
cosmetics, and foodstuffs [35]. The photoreactivity of titania is known from observations of 
phenomenon such as the chalking of white paints containing titania after long-term outdoor 
exposure. The photoreactivity of titania was first observed by Honda and Fujishima in 1967, 
and reported in the literature in 1972 [36]. When the surface of a titania electrode (under an 
appropriate bias between a Pt counter electrode) was irradiated with light of energy shorter 
than its band gap, 3.0 eV, a photocurrent flowed from the Pt electrode to the titania 
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electrode through the external circuit. The oxidation reaction occurs at the titania electrode, 
and the reduction reaction occurs at the Pt electrode. This observation showed that water 
molecules could be split into oxygen and hydrogen using UV light in a sulfuric acid 
electrolyte. The energy-conversion process that occurs on the titania surface is termed the 
Honda–Fujishima effect. When titania particles absorb UV radiation, they produce pairs of 
electrons and holes inside the particles. Because the photoinduced electrons and holes can 
be incorporated into redox reactions on the titania surface before spontaneous 
recombination, the surface states of the titania particle are quite important for 
photoreactivity [37-52]. 

Titania has three polymorphs: anatase, rutile, and brookite. Anatase thin film deposition on 
a glass substrate has been achieved using the MPM. A water-resistant coating solution was 
prepared by the reaction of a neutral [Ti(H2O)(EDTA)] complex (EDTA is ethylenediamine-
N,N,Nʹ,Nʹ-tetraacetic acid) with dipropylamine in ethanol [1, 2, 4-9]. The anatase phase 
appears during the heat-treatment of the precursor film at a temperature between 400 and 
500°C and is transformed to the rutile one between 500 and 700°C. X-ray diffraction (XRD) 
analysis of the films prepared by a conventional sol–gel process showed that the anatase 
phase appeared between 400 and 500°C and was not transformed to the rutile one, even 
when heat-treated at 900°C. The irreversible phase transformation from anatase to rutile 
requires heat-treatment. During heat-treatment of anatase, the atoms in the original 
tetragonal lattice can be rearranged into the rutile tetragonal lattice. The temperature 
difference between the phase transformation from anatase to rutile in the sol–gel method 
and the MPM will be discussed in the section O deficiency in rutile thin films. 

5. Vis-responsive anatase thin film fabricated using the MPM 

Many researchers study the fabrication and photoreactivity of Vis-responsive thin films by 
physical and/or chemical modification of anatase films because of the importance of Vis-
photoreactive materials [53-61]. However, there is little information on the enhancement of 
UV sensitivity of Vis-responsive anatase films. 

The implantation of various transition-metal ions such as V5+, Cr3+, and Cu2+ into the lattice 
of Ti4+ in anatase thin films was investigated by Anpo et al. [62-67]. The photoreactivities of 
chemically modified anatase thin films decreased under UV irradiation, although those 
anatase thin films modified with transition-metal ions can behave as photocatalysts under 
Vis irradiation. Since Asahi et al. reported that non-metallic ions such as a substitutional 
nitride ion at the oxygen sites of anatase are also effective at enabling the thin film to be 
responsive to Vis light, methods for modifying anatase with tetravalent carbon or 
hexavalent sulfur cations have also been investigated [68]. Miyauchi et al. achieved another 
chemical fabrication of Vis-responsive anatase thin films, which were modified under NH3 
gas by heat-treating the resulting films formed using a sol–gel method [69]. However, the 
photoreactivities of those films are lower under UV irradiation than those before 
modification in all cases. Nevertheless, they can work as photocatalysts under Vis light. 
Thus, studies on the chemical formation of Vis-responsive anatase thin films with enhanced 
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electrode through the external circuit. The oxidation reaction occurs at the titania electrode, 
and the reduction reaction occurs at the Pt electrode. This observation showed that water 
molecules could be split into oxygen and hydrogen using UV light in a sulfuric acid 
electrolyte. The energy-conversion process that occurs on the titania surface is termed the 
Honda–Fujishima effect. When titania particles absorb UV radiation, they produce pairs of 
electrons and holes inside the particles. Because the photoinduced electrons and holes can 
be incorporated into redox reactions on the titania surface before spontaneous 
recombination, the surface states of the titania particle are quite important for 
photoreactivity [37-52]. 

Titania has three polymorphs: anatase, rutile, and brookite. Anatase thin film deposition on 
a glass substrate has been achieved using the MPM. A water-resistant coating solution was 
prepared by the reaction of a neutral [Ti(H2O)(EDTA)] complex (EDTA is ethylenediamine-
N,N,Nʹ,Nʹ-tetraacetic acid) with dipropylamine in ethanol [1, 2, 4-9]. The anatase phase 
appears during the heat-treatment of the precursor film at a temperature between 400 and 
500°C and is transformed to the rutile one between 500 and 700°C. X-ray diffraction (XRD) 
analysis of the films prepared by a conventional sol–gel process showed that the anatase 
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difference between the phase transformation from anatase to rutile in the sol–gel method 
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5. Vis-responsive anatase thin film fabricated using the MPM 

Many researchers study the fabrication and photoreactivity of Vis-responsive thin films by 
physical and/or chemical modification of anatase films because of the importance of Vis-
photoreactive materials [53-61]. However, there is little information on the enhancement of 
UV sensitivity of Vis-responsive anatase films. 

The implantation of various transition-metal ions such as V5+, Cr3+, and Cu2+ into the lattice 
of Ti4+ in anatase thin films was investigated by Anpo et al. [62-67]. The photoreactivities of 
chemically modified anatase thin films decreased under UV irradiation, although those 
anatase thin films modified with transition-metal ions can behave as photocatalysts under 
Vis irradiation. Since Asahi et al. reported that non-metallic ions such as a substitutional 
nitride ion at the oxygen sites of anatase are also effective at enabling the thin film to be 
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photoreactivities under UV irradiation are significant from the viewpoint of solar energy 
efficiency.  

 
Figure 3. An ORTEP view of the precursor complex having the EDTA and peroxo ligands linked to the 
central Ti4+ ion. The molecular structure was determined by an X-ray single crystal structure analysis of 
the diethylammonium salt of the complex, although the dibutylammonium salt was employed for the 
coating solution in order to prevent from the crystallization of the precursor. The single crystals of the 
identical orange-yellow color could be obtained from a reacted solution of the complex with the 
diethylamine instead of dibutylamine. The single crystal was {(C2H5)2NH2}[Ti(O2)(Hedta)]·1.5H2O; in a 
monoclinic crystal system, P21/c with a = 8.583(1), b = 6.886(1), c = 36.117(2) Å, and β = 92.780(3)°. The 
full-matrix least-squares refinement on F2 was based on 3206 observed reflections that were measured at 
250 K by using an imaging plate as a detector, and converged with unweighted and weighted 
agreement factors of R = 0.054 and Rw = 0.061 respectively, and GOF = 1.63. Two Ti–N(edta) bond 
lengths of 2.307 and 2.285 Å, are slightly longer than the bond length of 2.12 Å in the TiN single crystal. 
Results indicated that EDTA acts as a pentadentate ligand in the complex, and the peroxo ligand linked 
to the Ti4+ ion has a side-on coordination structure. 

The MPM forms transparent titania thin films using the ethanol solution obtained as a 
coating solution (SED) by the reaction of alkylamine with a titanium complex of EDTA as the 
ligand [1, 2, 4-9]. According to single-crystal structural analysis, this Ti complex contains Ti–
N bonds (Figure 3). If the Ti–N bonds in this complex can be preserved in the anatase thin 
film obtained by heat-treatment after coating, a partially nitrided anatase film can be 
directly formed. However, XRD and X-ray photoelectron spectroscopy (XPS) confirmed that 
the precursor film formed on a glass substrate using the ethanol solution is transformed into 
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a nitrogen-free anatase thin film through heat-treatment for 30 min in air at a temperature of 
450°C or higher. Based on these results, the heat-treatment of molecular precursor films 
spin-coated with SED on ITO glass substrates was examined in an Ar gas flow of 0.1 L min−1 
at 500°C for 30 min. The XRD pattern indicated that the spin-coated precursor film 
crystallized to anatase through heat-treatment at a temperature of 500°C or higher under 
atmospheric conditions. Thus, the anatase form was created even if oxygen was not 
supplied externally to remove organic residues in the metal complex. Furthermore, the 
chemical bond toward the Ti4+ ion from both oxygen and nitrogen atoms can be observed in 
the XPS spectra of the resultant thin films. The binding energies of Ti 2p3/2 attributed to Ti–O 
and Ti–N had typical values of 459.1 and 455.3 eV, respectively (Figure 4) [5, 70-72]. 
Importantly, the binding energy of N 1s was 396.7 eV, and the existing nitrogen was only in 
the oxygen-substituted form, not in the chemisorbed form [73, 74]. Thus, the heat-treatment 
of the precursor films in an Ar gas flow was effective in preserving nitrogen atoms in the 
complex. However, the photoreactivity of the thin film was not observed after Vis 
irradiation with a weak fluorescent lamp. Because the partially nitrided film obtained by the 
MPM alone did not respond to irradiation with a fluorescent lamp, a precursor solution, 
SOX, with no Ti–N bonds, in complexes whose ligand was oxalic acid (OX), was freshly 
prepared and the layering of the anatase films was achieved using the two precursor 
solutions. 

 
Figure 4. XPS spectra of (A) Ti 2p3/2 and (B) N 1s of the nitrogen-substituted TiO2 thin film obtained by 
heat treatment of the precursor film containing the Ti complex with EDTA ligand on a Na-free glass in 
an Ar gas flow. The thin solid lines are original data of XPS. The thick solid curves are theoretical 
Gaussian distribution curves. The dashed curves are theoretically fitted curves by assuming Gaussian 
distribution [5]. 
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photoreactivities under UV irradiation are significant from the viewpoint of solar energy 
efficiency.  
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a nitrogen-free anatase thin film through heat-treatment for 30 min in air at a temperature of 
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of the precursor films in an Ar gas flow was effective in preserving nitrogen atoms in the 
complex. However, the photoreactivity of the thin film was not observed after Vis 
irradiation with a weak fluorescent lamp. Because the partially nitrided film obtained by the 
MPM alone did not respond to irradiation with a fluorescent lamp, a precursor solution, 
SOX, with no Ti–N bonds, in complexes whose ligand was oxalic acid (OX), was freshly 
prepared and the layering of the anatase films was achieved using the two precursor 
solutions. 
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Two types of three-layer film, OX–OX–OX and OX–ED–OX, were formed on an ITO pre-
coated glass substrate by coating and heat-treating the precursor films under an Ar gas flow. 
A schematic diagram of these structures is shown in Figure 5. The first layer, of thickness 
100 nm, was formed by applying SOX. The second and third layers were 50 nm thick. The 
third layer of OX–OX–OX was fabricated as a reference by applying only SOX, although the 
corresponding layer of OX–ED–OX was fabricated on the second layer using SED, and then 
the third layer was formed with SOX (Figure 6). The overall amount of the heat-treated 
molecular precursor, energy consumed, film area, and film thickness were kept constant. 

 
Figure 5. Schematic diagram structures of triple layer thin films. Each precursor film for the first layers 
was formed by applying SOX and heat-treated at 475°C for 30 min. The precursor film of the second 
layer for OX-OX-OX formed by employing the half-diluted solution of SOX, and OX-ED-OX formed by 
using the half-diluted solution of SED were heat-treated at 500°C for 30 min. The precursor films of the 
third layers for OX-OX-OX and OX-ED-OX formed by employing the half-diluted solution of SOX were 
heat-treated at 475°C for 30 min. 

 
Figure 6. Photographs of the 3-layer OX-OX-OX and OX-ED-OX films on the ITO glass substrate. 
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The XRD patterns of both films indicated that anatase was formed. The field-emission 
scanning electron microscopy (FE-SEM) data of both films show even surfaces without cracks 
or pinholes. These surfaces were too smooth to detect the roughness by measuring with a 
stylus profilometer, whose detective limit is ca. 10 nm. The XPS depth profiles of these films 
are shown in Figure 7. The depth profile for OX–ED–OX revealed that nitrogen and carbon 
were locally distributed in the deep portion corresponding to the second layer. A relative 
decrease in the amount of oxide ions in the corresponding layers was observed. This suggests 
that other anions, e.g., nitride ions, compensate for the charge balance. This confirmed that 
significant amounts of carbon and nitrogen atoms were still present in the second layer, and 
the substitutional nitrogen atoms were locally distributed in the deep portion corresponding 
to the second layer. Most nitrogen atoms did not diffuse to other layers, although the 
amounts of nitrogen and carbon atoms in the other layers could not be neglected. The 
absorption spectra of OX–ED–OX indicate characteristic absorption bands near 480 nm. The 
OX–OX–OX films do not show such absorption bands in the Vis-light region. 

 
Figure 7. Depth profile of the amount of components in the 3-layer thin film (A) OX-OX-OX and (B) 
OX-ED-OX. Notations indicate the energy levels of five atoms in parentheses, ―●― (Ti 2p), ―○― (O 
1s), ― ♦ ― (N 1s), ― ◊ ― (C 1s), ―☐― (In 3d). Net multiplication part is corresponding to the second 
layer formed by applying the solution SED. 

The photoreactivities of the films were tested using the decolorizing reaction of 
methylene blue (MB) aqueous solution [5-8, 75-77]. The decoloration rate of 0.01 mol L–1 
MB solution by the photoreaction with both multilayered thin films under UV or Vis 
irradiation are summarized in Table 1. The OX–ED–OX film has an effective 
photoreactivity under Vis irradiation. The OX–OX–OX film only responded to UV light. 
It is important that the photoreactivities of the Vis-responsive films are also extremely 
high under UV irradiation. 
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The XRD patterns of both films indicated that anatase was formed. The field-emission 
scanning electron microscopy (FE-SEM) data of both films show even surfaces without cracks 
or pinholes. These surfaces were too smooth to detect the roughness by measuring with a 
stylus profilometer, whose detective limit is ca. 10 nm. The XPS depth profiles of these films 
are shown in Figure 7. The depth profile for OX–ED–OX revealed that nitrogen and carbon 
were locally distributed in the deep portion corresponding to the second layer. A relative 
decrease in the amount of oxide ions in the corresponding layers was observed. This suggests 
that other anions, e.g., nitride ions, compensate for the charge balance. This confirmed that 
significant amounts of carbon and nitrogen atoms were still present in the second layer, and 
the substitutional nitrogen atoms were locally distributed in the deep portion corresponding 
to the second layer. Most nitrogen atoms did not diffuse to other layers, although the 
amounts of nitrogen and carbon atoms in the other layers could not be neglected. The 
absorption spectra of OX–ED–OX indicate characteristic absorption bands near 480 nm. The 
OX–OX–OX films do not show such absorption bands in the Vis-light region. 
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The Vis-responsive property of the OX–ED–OX film was mainly due to the colored 
materials that were formed spontaneously during heat-treatment by chemical reactions 
between the reductant derived from the precursor complex containing OX in the upper 
layer and the organic residues derived from EDTA ligands in the lower one. Thus, the 
thermal reactions between the residues derived from the ligand of the precursor complex 
can afford novel functions such as the Vis-responsive nature of the resultant thin films 
through heat-treatment of the thin films fabricated by the MPM. The design of metal 
complexes for the precursor and of the heating program are crucial. 
 

Multilayer film 
ν [nmol L-1 min-1] 

under UV irradiation under VIS irradiation 
OX-OX-OX 16(1) ─ 
OX-ED-OX 21(1) 6(1) 

Table 1. The rate ν [nmol L–1 min–1] of decoloration rate of 0.01 mol L–1 MB solution by the 
photoreaction with both thin films under UV and VIS irradiation [5]. The rate was measured by the 
decrease of absorption value at 664 nm of each test solution. Those obtained from the data measured 
under dark are also indicated. Calculated standard deviations are presented in parentheses. 

6. Formation of O-deficient anatase thin film 

To clarify the factors for designing an anatase thin film with a higher photoreactivity under 
UV irradiation, the relationship between the photoreactivity and O deficiency of anatase 
thin films fabricated with the heat-treated precursor films under regulated conditions was 
examined. Thin films were formed by heat-treating precursor films spin-coated onto FTO 
glass substrates with SED and SSG (sol–gel solution) under Ar or air.  

The spin-coating method at ambient temperature was used for forming precursor films 
using a double-step method. The first step used 500 rpm for 5 s and the next step was 2000 
rpm for 30 s, in all cases. The precursor films were pre-heated in a drying oven at 70 °C for 
10 min and then heat-treated at 500°C for 30 min in a 0.1 L min–1 Ar gas flow. A tubular 
furnace made of quartz was employed for the heat-treatment. Thin films, ED and SG, were 
formed by applying the precursor solutions SED and SSG, respectively, before annealing in 
air. The film EDair was fabricated by firing the precursor film spin-coated with SED in air at 
500°C for 30 min. 

When the concentration of titanium was 0.4 mmol g–1 for SED, the film thickness was 100 nm. 
An SSG of 0.5 mmol g–1 was stirred for 3 days at ambient temperature to fabricate an anatase 
film of thickness 100 nm. The post-annealing treatment for the ED, EDair, and SG thin films 
was carried out in air at 500°C for 5, 10, 15, 20, and 30 min. The number in the notation used 
for post-annealed films indicates the annealing time (min). For example, ED-PA5 indicates 
an ED film post-annealed for 5 min. The photoreactivities of the thin films are presented in 
Table 2. Each value was calculated as the difference between the decoloration rate under 
UV-light irradiation and the corresponding value measured for each thin film in the dark. 
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The maximum photoreactivity of ED-PA15 produced by the MPM is twice that of SG-PA10 
prepared by a conventional sol–gel procedure. 

Annealing Time 
(min) 

ν under UV-light irradiation 
ED EDair SG

0 2(1) 6(1) 5(1) 
5 5(1) 12(1) 6(1) 
10 9(1) 12(1) 8(1) 
15 16(1) 9(1) 7(1) 
20 11(1) 9(1) 7(1) 
30 8(1) 5(2) 5(1) 

Table 2. The rate ν [nmol L–1 min–1] of decoloration rate of 0.01 mol L–1 MB solution by the 
photoreaction with each thin film under UV-light irradiation [6]. The rate was measured by the decrease 
of absorption value at 664 nm of each test solution. Those obtained from the data measured under dark 
are also indicated. Calculated standard deviations are presented in parentheses. 

It is generally accepted that the main factors to consider when designing enhanced 
photoreactivity of anatase are (1) higher crystallinity, (2) larger surface area, and (3) 
decreased impurities. The crystallite size is an indicator of crystallinity [78, 79]. Among the 
crystallite sizes of the three anatase thin films, ED, EDair and SG, the SG thin film had the 
largest value and the ED film had the smallest (Table 3). These values for the anatase 
crystallites in EDair and SG thin films were not affected by post-annealing treatment in air. 
The thin film ED-PA15 (whose crystallite size was the smallest) showed the highest 
photoreactivity in the decoloration of an MB aqueous solution among the various thin films 
formed in this study. The specific surface areas of the thin films were not measured 
quantitatively because of the difficulties involved. However, the degrees of adsorption of 
MB molecules in aqueous solution were nearly equal among the thin films, including those 
formed by the sol–gel method. Therefore, the differences in the photoreactivity among these 
thin films should be due to other factors than the specific surface area. The XPS spectra 
suggested that the thin films SG and SG-PAn have higher purities than the other thin films. 
Therefore, the highest photoreactivity, of ED-PA15 thin film, cannot be due to its purity. The 
O/Ti peak area ratio determined from the XPS of the anatase film ED-PA15 with the highest 
photoreactivity was extremely small, 1.5. The refractive indices of the thin films EDair and 
SG increased gradually, depending on the post-annealing time. On the other hand, the 
refractive index of the ED thin film decreased with post-annealing treatment time up to 15 
min and then increased with further annealing. The largest index (2.17; ED thin film) may be 
related to the strong and wide absorbance by the above-mentioned impurities. Furthermore, 
the smallest value (1.99; ED-PA15) could be affected by the largest O deficiency in the 
anatase thin film after purification. The decrease in permittivity of the thin film arose from 
the lower charge density derived from the O deficiency because the structure of the anatase 
lattice is rigid. Thus, the O deficiency formed by this method was one of the most important 
factors for fabricating highly UV-sensitive anatase. This O deficiency was formed during 
heat-treatment of the precursor metal complexes. 
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decrease of absorption value at 664 nm of each test solution. Those obtained from the data measured 
under dark are also indicated. Calculated standard deviations are presented in parentheses. 

6. Formation of O-deficient anatase thin film 

To clarify the factors for designing an anatase thin film with a higher photoreactivity under 
UV irradiation, the relationship between the photoreactivity and O deficiency of anatase 
thin films fabricated with the heat-treated precursor films under regulated conditions was 
examined. Thin films were formed by heat-treating precursor films spin-coated onto FTO 
glass substrates with SED and SSG (sol–gel solution) under Ar or air.  

The spin-coating method at ambient temperature was used for forming precursor films 
using a double-step method. The first step used 500 rpm for 5 s and the next step was 2000 
rpm for 30 s, in all cases. The precursor films were pre-heated in a drying oven at 70 °C for 
10 min and then heat-treated at 500°C for 30 min in a 0.1 L min–1 Ar gas flow. A tubular 
furnace made of quartz was employed for the heat-treatment. Thin films, ED and SG, were 
formed by applying the precursor solutions SED and SSG, respectively, before annealing in 
air. The film EDair was fabricated by firing the precursor film spin-coated with SED in air at 
500°C for 30 min. 

When the concentration of titanium was 0.4 mmol g–1 for SED, the film thickness was 100 nm. 
An SSG of 0.5 mmol g–1 was stirred for 3 days at ambient temperature to fabricate an anatase 
film of thickness 100 nm. The post-annealing treatment for the ED, EDair, and SG thin films 
was carried out in air at 500°C for 5, 10, 15, 20, and 30 min. The number in the notation used 
for post-annealed films indicates the annealing time (min). For example, ED-PA5 indicates 
an ED film post-annealed for 5 min. The photoreactivities of the thin films are presented in 
Table 2. Each value was calculated as the difference between the decoloration rate under 
UV-light irradiation and the corresponding value measured for each thin film in the dark. 

 
Heat Treatment in Molecular Precursor Method for Fabricating Metal Oxide Thin Films 307 

The maximum photoreactivity of ED-PA15 produced by the MPM is twice that of SG-PA10 
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thin films should be due to other factors than the specific surface area. The XPS spectra 
suggested that the thin films SG and SG-PAn have higher purities than the other thin films. 
Therefore, the highest photoreactivity, of ED-PA15 thin film, cannot be due to its purity. The 
O/Ti peak area ratio determined from the XPS of the anatase film ED-PA15 with the highest 
photoreactivity was extremely small, 1.5. The refractive indices of the thin films EDair and 
SG increased gradually, depending on the post-annealing time. On the other hand, the 
refractive index of the ED thin film decreased with post-annealing treatment time up to 15 
min and then increased with further annealing. The largest index (2.17; ED thin film) may be 
related to the strong and wide absorbance by the above-mentioned impurities. Furthermore, 
the smallest value (1.99; ED-PA15) could be affected by the largest O deficiency in the 
anatase thin film after purification. The decrease in permittivity of the thin film arose from 
the lower charge density derived from the O deficiency because the structure of the anatase 
lattice is rigid. Thus, the O deficiency formed by this method was one of the most important 
factors for fabricating highly UV-sensitive anatase. This O deficiency was formed during 
heat-treatment of the precursor metal complexes. 
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A coordination skeleton of (TiO4N2) or (TiO5N2) can be assumed in the EDTA complex as a 
precursor molecule from the structural study of a Ti complex [Ti(H2O)(EDTA)]·1.5H2O 
reported by Fackler et al. [80]. In the precursor films, two N and at least four O atoms link to 
one Ti ion. As a result of heat-treating the precursor complex in an Ar gas flow, neighboring 
complexes reacted with each other. In this process, several O atoms linked to one Ti ion 
could be covalently bonded by other Ti ions, and the anatase lattice was gradually created. 
By eliminating large amounts of C, H, and N atoms with O atoms, oxide ion sites of the 
anatase lattice were partially occupied by a rather stable nitride ion derived from the 
coordinated N atom originally belonging to the ligand. As a result, the total negative charge 
of the N-substituted anatase in the ED thin film is ca. 3.6 toward one Ti ion. This value is the 
summation of 2.8 from the oxide ions and 0.8 from the nitride ions. This charge toward one 
Ti ion is larger than that of ca. 3.3 by the oxide ions in the SG thin film. The substitutional N 
atoms could be removed from the anatase lattice by post-annealing the ED thin film. 
Consequently, the total negative charge of the ED-PA15 thin film, whose photoreactivity is 
the highest, decreased to ca. 3.0. Longer annealing treatment replenished oxide ions in the 
anatase thin films from their surfaces and the photoreactivity decreased (Figure 8) [6]. Thus, 
it was elucidated that O deficiency is an important factor to consider when designing 
anatase photoreactivity. It is also notable that the O-deficient anatase lattice is rather robust 
because the stoichiometric Ti2O3 did not appear at all. 

 

Annealing Time (min) 
Crystallite size (nm)

ED EDair SG 
0 － 10 13 
5 － 10 13 
10 5 11 13 
15 4 10 13 
20 7 11 13 
30 7 12 13 

Table 3. The crystallite size of anatase in ED, EDair, SG and post-annealed thin films [6]. The crystallite 
size of anatase was measured with a typical Scherrer-Hall method by employing a peak assignable to 
only (1 0 1) of anatase, because other peak intensities due to anatase were too low to measure 
accurately. The crystallite size of anatase in ED and ED-PA5 could not be obtained because the (1 0 1) 
peak of anatase was also too weak to determine the crystallite size. 

 
Figure 8. Plausible route of the O-deficient anatase lattice formation from the precursor complex 
skeleton through the heat treatment in an Ar gas flow and the sequential post-anneal [6]. 
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7. O deficiency in rutile thin film 

Rutile is the most stable crystal form of titania. Since Nishimoto et al. showed that anatase is 
more sensitive to UV light than rutile in photoreactions, rutile was believed to be inferior to 
anatase in terms of photoreactivity [81]. Anatase is important for photocatalysis in pollutant 
degradation and in the development of photofunctional materials such as films with 
hydrophilic surfaces under UV-light irradiation. The poor photoreactivity and 
photosensitivity of rutile is generally believed to be due to its crystal structure. Rutile is 
primarily known as a useful pigment for white paint, due to its chemical stability [82, 83]. 

Because the band edge of a rutile single-crystal is 3.0 eV, rutile has the potential to respond 
to Vis light. Using this knowledge and the results of previous experiments on anatase 
responses to Vis light, this section describes an attempt to achieve direct fabrication of O-
deficient rutile thin films with high photoreactivity using a MPM. The first Vis-light-
responsive thin film created from O-deficient rutile is discussed here. This material works 
without application of an electric potential, due to its unprecedentedly high photosensitivity 
under UV-light irradiation. The present findings should facilitate widespread practical use 
of rutile in light-related applications.  

The thin films were formed by heat-treating the precursor films after spin-coating onto a 
quartz glass substrate. SED and SSG were applied in an Ar gas flow. The transparent 
precursor films formed by spin-coating the solutions and pre-heating in a drying oven at 70 
°C for 10 min were heat-treated at 700 °C for 30 min in a furnace made from a quartz tube 
with an Ar gas flow rate of 0.1 L min–1. When SED was used, a transparent rutile thin film R 
was formed. When SSG was used, a transparent anatase thin film A was formed. The film 
thickness was 100 nm in both cases. 

Each structure was characterized using XRD, Raman spectroscopy, and transmission 
electron microscopy (TEM). The selectivity was due to the O-vacant sites in the oxide thin 
films formed at different levels due to the differences between the amounts of oxygen in the 
two precursors. In this case, the oxygen source required to structure titania was available 
only in the precursor films when these thin films were fabricated. Therefore, crystallization 
into rutile, which has many O-vacant sites, and the accompanying rapid elimination of 
organic residues from the R precursor film, occurred because of the heat-treatment. 

In contrast, the amount of oxygen available to Ti4+ in titanoxane polymers, though 
significant, was insufficient to develop stoichiometric TiO2 from A. The oxygen defects in an 
anatase lattice generally lower the temperature of the phase transformation from anatase to 
rutile [84, 85]. Thus, selective formation occurred according to the differing degrees of O 
deficiency. 

The photoreactivities of the thin films were evaluated by the decoloration rates of MB 
solutions, which served as a model for organic pollutants in water. The results measured 
under Vis- and UV-light irradiation are summarized in Table 4, along with those measured 
under dark conditions (reference values). The data show the effects of adsorption on the 
samples, vessels, and self-decoloration of MB under each condition. Moreover, the 
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A coordination skeleton of (TiO4N2) or (TiO5N2) can be assumed in the EDTA complex as a 
precursor molecule from the structural study of a Ti complex [Ti(H2O)(EDTA)]·1.5H2O 
reported by Fackler et al. [80]. In the precursor films, two N and at least four O atoms link to 
one Ti ion. As a result of heat-treating the precursor complex in an Ar gas flow, neighboring 
complexes reacted with each other. In this process, several O atoms linked to one Ti ion 
could be covalently bonded by other Ti ions, and the anatase lattice was gradually created. 
By eliminating large amounts of C, H, and N atoms with O atoms, oxide ion sites of the 
anatase lattice were partially occupied by a rather stable nitride ion derived from the 
coordinated N atom originally belonging to the ligand. As a result, the total negative charge 
of the N-substituted anatase in the ED thin film is ca. 3.6 toward one Ti ion. This value is the 
summation of 2.8 from the oxide ions and 0.8 from the nitride ions. This charge toward one 
Ti ion is larger than that of ca. 3.3 by the oxide ions in the SG thin film. The substitutional N 
atoms could be removed from the anatase lattice by post-annealing the ED thin film. 
Consequently, the total negative charge of the ED-PA15 thin film, whose photoreactivity is 
the highest, decreased to ca. 3.0. Longer annealing treatment replenished oxide ions in the 
anatase thin films from their surfaces and the photoreactivity decreased (Figure 8) [6]. Thus, 
it was elucidated that O deficiency is an important factor to consider when designing 
anatase photoreactivity. It is also notable that the O-deficient anatase lattice is rather robust 
because the stoichiometric Ti2O3 did not appear at all. 

 

Annealing Time (min) 
Crystallite size (nm)

ED EDair SG 
0 － 10 13 
5 － 10 13 
10 5 11 13 
15 4 10 13 
20 7 11 13 
30 7 12 13 

Table 3. The crystallite size of anatase in ED, EDair, SG and post-annealed thin films [6]. The crystallite 
size of anatase was measured with a typical Scherrer-Hall method by employing a peak assignable to 
only (1 0 1) of anatase, because other peak intensities due to anatase were too low to measure 
accurately. The crystallite size of anatase in ED and ED-PA5 could not be obtained because the (1 0 1) 
peak of anatase was also too weak to determine the crystallite size. 

 
Figure 8. Plausible route of the O-deficient anatase lattice formation from the precursor complex 
skeleton through the heat treatment in an Ar gas flow and the sequential post-anneal [6]. 
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7. O deficiency in rutile thin film 

Rutile is the most stable crystal form of titania. Since Nishimoto et al. showed that anatase is 
more sensitive to UV light than rutile in photoreactions, rutile was believed to be inferior to 
anatase in terms of photoreactivity [81]. Anatase is important for photocatalysis in pollutant 
degradation and in the development of photofunctional materials such as films with 
hydrophilic surfaces under UV-light irradiation. The poor photoreactivity and 
photosensitivity of rutile is generally believed to be due to its crystal structure. Rutile is 
primarily known as a useful pigment for white paint, due to its chemical stability [82, 83]. 

Because the band edge of a rutile single-crystal is 3.0 eV, rutile has the potential to respond 
to Vis light. Using this knowledge and the results of previous experiments on anatase 
responses to Vis light, this section describes an attempt to achieve direct fabrication of O-
deficient rutile thin films with high photoreactivity using a MPM. The first Vis-light-
responsive thin film created from O-deficient rutile is discussed here. This material works 
without application of an electric potential, due to its unprecedentedly high photosensitivity 
under UV-light irradiation. The present findings should facilitate widespread practical use 
of rutile in light-related applications.  

The thin films were formed by heat-treating the precursor films after spin-coating onto a 
quartz glass substrate. SED and SSG were applied in an Ar gas flow. The transparent 
precursor films formed by spin-coating the solutions and pre-heating in a drying oven at 70 
°C for 10 min were heat-treated at 700 °C for 30 min in a furnace made from a quartz tube 
with an Ar gas flow rate of 0.1 L min–1. When SED was used, a transparent rutile thin film R 
was formed. When SSG was used, a transparent anatase thin film A was formed. The film 
thickness was 100 nm in both cases. 

Each structure was characterized using XRD, Raman spectroscopy, and transmission 
electron microscopy (TEM). The selectivity was due to the O-vacant sites in the oxide thin 
films formed at different levels due to the differences between the amounts of oxygen in the 
two precursors. In this case, the oxygen source required to structure titania was available 
only in the precursor films when these thin films were fabricated. Therefore, crystallization 
into rutile, which has many O-vacant sites, and the accompanying rapid elimination of 
organic residues from the R precursor film, occurred because of the heat-treatment. 

In contrast, the amount of oxygen available to Ti4+ in titanoxane polymers, though 
significant, was insufficient to develop stoichiometric TiO2 from A. The oxygen defects in an 
anatase lattice generally lower the temperature of the phase transformation from anatase to 
rutile [84, 85]. Thus, selective formation occurred according to the differing degrees of O 
deficiency. 

The photoreactivities of the thin films were evaluated by the decoloration rates of MB 
solutions, which served as a model for organic pollutants in water. The results measured 
under Vis- and UV-light irradiation are summarized in Table 4, along with those measured 
under dark conditions (reference values). The data show the effects of adsorption on the 
samples, vessels, and self-decoloration of MB under each condition. Moreover, the 
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photoreactivity of R was extremely high under UV irradiation and higher than the 
photoreactivity of A. This is without precedent. 

Notation 
ν [nmol L-1 min-1] 

under visible light under UV light 
R 9(1) 23(1) 
A ─ 15(1) 

Table 4. The reaction rate ν of the decoloration reaction in an aqueous solution containing 0.01 mol L–1 
of methylene blue under visible- and UV-light irradiation and under dark conditions [7]. Calculated 
standard deviations are presented in parentheses. 

The photosensitivities of R and A were also examined by measuring the effects of Vis and 
UV irradiation on the water contact angle for the surfaces of the thin films. The results are 
shown in Figure 9 [7]. The rutile thin film R exhibited Vis-light-induced hydrophilicity with 
a fluorescent light, even though high-energy light below 400 nm was eliminated. In contrast, 
Vis light alone did not reduce the contact angle on A under the same conditions. 
Furthermore, a rapid decrease in the water contact angle for R was observed with weak UV-
light irradiation. The super-hydrophilic property of R appeared after only 1 h. When 
fluorescent light with a UV component was employed, the contact angle on R rapidly 
reduced and the values reached 38° and 10° after irradiation for 1 and 24 h respectively. 

 
Figure 9. Comparison of the contact angles of a 1.0-μL water droplet on the thin films R and A. Before 
the measurement, the thin films were exposed to UV irradiation of 1.3 mW cm–2 at 356 nm obtained by a 
black light (each on the left side), and to visible light without UV light was obtained from a fluorescent 
light by removing light of wavelengths shorter than 400 nm using a cut-off filter. The Vis light intensity 
after removing UV components from the fluorescent light, which was estimated by an illuminometer 
was 0.8 mW cm-2 [7]. 

It is noteworthy that the simple fabrication of a Vis-responsive rutile film with high 
photoreactivity could be attained. Thus, the O defects in titania are also effective at 
providing photoreactivity of rutile, which is usually insensitive to both UV and Vis light. 

8. Crystal orientation and photoluminescence of rutile in thin film 

PL emission has been widely used to investigate the efficiency of charge carrier trapping, 
migration, and transfer, and to understand the fate of electron–hole pairs in semiconductor 
particles [86]. It is therefore helpful to examine the position and intensity of the PL bands of 
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semiconductor particles to understand the photoreactivities of the particles [87]. In this 
section, we report the changes in the PL and photoreactive properties of the Vis-responsive 
rutile thin film fabricated by the MPM, which are effected by annealing in air at 700°C. The 
relationship between O deficiency and PL emission was examined to understand the 
incredibly high photoreactivity of the rutile thin film. Furthermore, the level of crystal 
orientation of the rutile thin film was quantitatively evaluated on the basis of data from XRD 
analyses. The amount of oxygen supplied during the annealing process was analyzed by 
XPS measurements. The growth of crystals and particles was also investigated by crystallite-
size measurements and SEM observations. The heat-treatment of the fabricated O-deficient 
rutile R thin film was carried out in air at 700°C for 15, 30, and 60 min. The number in the 
notation of the post-annealed films indicates the annealing time (min). For example, R-PA15 
indicates that post-annealing treatment of the R thin film was carried out for 15 min. The 
extent orientation factor (f) for the (110) plane of the R-PAn thin films increased with 
annealing time in air (Table 5).  
 

Film 
 

Crystallite sizea) / nm Orientation factor; f 
O/Ti ratios 

 Surface Deeper portion 
R  15(2) 0.35 1.74 1.75 

R-PA15  21(3) 0.67 1.84 1.73 
R-PA30  21(3) 0.69 1.89 1.79 
R-PA60  20(4) 0.75 1.94 1.85 

Table 5. The crystallite size, orientation factor and O/Ti ratio of rutile crystals in the R thin film and in the 
post-annealed R-PAn thin films [8]. The crystallite size of rutile was measured with a typical Scherrer-Hall 
method by employing the peaks assignable to (1 1 0), (1 0 1) and (2 1 1) of rutile. The extent of the 
orientation was estimated in terms of Logtering orientation factor, f, from the XRD peak intensities (I). For 
calculating the orientation factor, the intensity data of non-oriented rutile was cited from the JCPDS card 
21-1276. The O/Ti ratios determined by the XPS peak areas of O 1s and Ti 2p3/2 peaks observed from the 
surfaces of R and post-annealed thin films. The XPS peaks of the thin film surface were measured without 
bombarding Ar+ ion beam. The peak area of O 1s and Ti 2p was calculated by FWHM and peak height at 
the positions 531.0 and 459.0 eV, respectively. The averaged O/Ti ratios determined by the XPS peak areas 
of O 1s and Ti 2p3/2 peaks of R and post-annealed thin films. The XPS peaks of thin films were measured 
after bombarding Ar+ ion beam with 2 kV and 18 μA cm–2 for 3 min, in order to remove surface oxides. The 
peak area of O 1s and Ti 2p was calculated by FWHM and peak height at the positions 531.0 and 459.0 eV, 
respectively, obtained from each depth profile in Ar+ ion etching mode. 
a) The estimated standard deviations are presented in parentheses 

The extent orientation could be estimated from the XRD peak intensity by using the 
Lotgering method [8]. The terms I(hkl)ideal and ΣI(hkl)ideal are defined as the intensity of the 
peak attributable to the specific plane (hkl) and the sum of each intensity obtained for the 
non-oriented rutile crystals; thus, P0 can then be expressed as 

 P0 = I(hkl)ideal/ΣI(hkl)ideal  (1) 

In this study, each I(hkl)ideal value was cited from the standard data of the corresponding 
rutile phase. 
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photoreactivity of R was extremely high under UV irradiation and higher than the 
photoreactivity of A. This is without precedent. 

Notation 
ν [nmol L-1 min-1] 

under visible light under UV light 
R 9(1) 23(1) 
A ─ 15(1) 

Table 4. The reaction rate ν of the decoloration reaction in an aqueous solution containing 0.01 mol L–1 
of methylene blue under visible- and UV-light irradiation and under dark conditions [7]. Calculated 
standard deviations are presented in parentheses. 

The photosensitivities of R and A were also examined by measuring the effects of Vis and 
UV irradiation on the water contact angle for the surfaces of the thin films. The results are 
shown in Figure 9 [7]. The rutile thin film R exhibited Vis-light-induced hydrophilicity with 
a fluorescent light, even though high-energy light below 400 nm was eliminated. In contrast, 
Vis light alone did not reduce the contact angle on A under the same conditions. 
Furthermore, a rapid decrease in the water contact angle for R was observed with weak UV-
light irradiation. The super-hydrophilic property of R appeared after only 1 h. When 
fluorescent light with a UV component was employed, the contact angle on R rapidly 
reduced and the values reached 38° and 10° after irradiation for 1 and 24 h respectively. 

 
Figure 9. Comparison of the contact angles of a 1.0-μL water droplet on the thin films R and A. Before 
the measurement, the thin films were exposed to UV irradiation of 1.3 mW cm–2 at 356 nm obtained by a 
black light (each on the left side), and to visible light without UV light was obtained from a fluorescent 
light by removing light of wavelengths shorter than 400 nm using a cut-off filter. The Vis light intensity 
after removing UV components from the fluorescent light, which was estimated by an illuminometer 
was 0.8 mW cm-2 [7]. 

It is noteworthy that the simple fabrication of a Vis-responsive rutile film with high 
photoreactivity could be attained. Thus, the O defects in titania are also effective at 
providing photoreactivity of rutile, which is usually insensitive to both UV and Vis light. 

8. Crystal orientation and photoluminescence of rutile in thin film 

PL emission has been widely used to investigate the efficiency of charge carrier trapping, 
migration, and transfer, and to understand the fate of electron–hole pairs in semiconductor 
particles [86]. It is therefore helpful to examine the position and intensity of the PL bands of 
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semiconductor particles to understand the photoreactivities of the particles [87]. In this 
section, we report the changes in the PL and photoreactive properties of the Vis-responsive 
rutile thin film fabricated by the MPM, which are effected by annealing in air at 700°C. The 
relationship between O deficiency and PL emission was examined to understand the 
incredibly high photoreactivity of the rutile thin film. Furthermore, the level of crystal 
orientation of the rutile thin film was quantitatively evaluated on the basis of data from XRD 
analyses. The amount of oxygen supplied during the annealing process was analyzed by 
XPS measurements. The growth of crystals and particles was also investigated by crystallite-
size measurements and SEM observations. The heat-treatment of the fabricated O-deficient 
rutile R thin film was carried out in air at 700°C for 15, 30, and 60 min. The number in the 
notation of the post-annealed films indicates the annealing time (min). For example, R-PA15 
indicates that post-annealing treatment of the R thin film was carried out for 15 min. The 
extent orientation factor (f) for the (110) plane of the R-PAn thin films increased with 
annealing time in air (Table 5).  
 

Film 
 

Crystallite sizea) / nm Orientation factor; f 
O/Ti ratios 

 Surface Deeper portion 
R  15(2) 0.35 1.74 1.75 

R-PA15  21(3) 0.67 1.84 1.73 
R-PA30  21(3) 0.69 1.89 1.79 
R-PA60  20(4) 0.75 1.94 1.85 

Table 5. The crystallite size, orientation factor and O/Ti ratio of rutile crystals in the R thin film and in the 
post-annealed R-PAn thin films [8]. The crystallite size of rutile was measured with a typical Scherrer-Hall 
method by employing the peaks assignable to (1 1 0), (1 0 1) and (2 1 1) of rutile. The extent of the 
orientation was estimated in terms of Logtering orientation factor, f, from the XRD peak intensities (I). For 
calculating the orientation factor, the intensity data of non-oriented rutile was cited from the JCPDS card 
21-1276. The O/Ti ratios determined by the XPS peak areas of O 1s and Ti 2p3/2 peaks observed from the 
surfaces of R and post-annealed thin films. The XPS peaks of the thin film surface were measured without 
bombarding Ar+ ion beam. The peak area of O 1s and Ti 2p was calculated by FWHM and peak height at 
the positions 531.0 and 459.0 eV, respectively. The averaged O/Ti ratios determined by the XPS peak areas 
of O 1s and Ti 2p3/2 peaks of R and post-annealed thin films. The XPS peaks of thin films were measured 
after bombarding Ar+ ion beam with 2 kV and 18 μA cm–2 for 3 min, in order to remove surface oxides. The 
peak area of O 1s and Ti 2p was calculated by FWHM and peak height at the positions 531.0 and 459.0 eV, 
respectively, obtained from each depth profile in Ar+ ion etching mode. 
a) The estimated standard deviations are presented in parentheses 

The extent orientation could be estimated from the XRD peak intensity by using the 
Lotgering method [8]. The terms I(hkl)ideal and ΣI(hkl)ideal are defined as the intensity of the 
peak attributable to the specific plane (hkl) and the sum of each intensity obtained for the 
non-oriented rutile crystals; thus, P0 can then be expressed as 

 P0 = I(hkl)ideal/ΣI(hkl)ideal  (1) 

In this study, each I(hkl)ideal value was cited from the standard data of the corresponding 
rutile phase. 
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The definitions of the terms I(hkl)obsd and ΣI(hkl)obsd for the thin films R and R-PAn are 
identical to those for ΣI(hkl)ideal and I(hkl)ideal in equation (1), respectively, and the Pn value 
can be calculated as 

 Pn = I(hkl)obsd/ΣI(hkl)obsd  (2) 

The Lotgering orientation factor f is defined as 

 f = (Pn – P0)/(1 – P0)  (3) 

The factor f is defined for P or P0 values over a certain range of 2θ. As the level of orientation 
increases, the f value will increase from 0 to 1. The factor f is therefore a measure of the 
crystal phase orientation. Consequently, the f value of the R thin film was the smallest 
among the thin films fabricated by the MPM. However, the present f value of the R thin film 
was larger than those reported for rutile thin films fabricated by a sol–gel method on several 
substrates such as quartz glass, alumina, and single-crystals of quartz or silicon [88]. This 
result may be related to the different mechanisms governing the formation of the rutile 
lattice. In the sol–gel method, the Ti4+ and O2– ions that are tightly linked in titanoxane 
polymers formed by the condensation of partially hydrolyzed alkoxide might be rearranged 
to form the rutile lattice at a higher temperature. In the MPM, however, small units 
composed of Ti4+ and O2– ions with higher mobility could be formed when the organics were 
decomposed and removed by heat-treating the precursor complex. Therefore, a rutile thin 
film with a higher level of crystal orientation could be formed at these lower temperatures.  

After 15 min of heat-treatment in air, the crystallite size of the R thin film increased, while 
those of the R-PAn thin films remained almost constant (Table 5). These results indicate that 
crystallite growth at a temperature of 700°C was completed by heat-treatment over a period of 
30–45 min. The additional thermal energy was consumed mainly for the process of grain 
growth after crystallite growth because the grain size gradually increased with annealing time. 

Previously, the peak position of the PL emission band obtained for rutile crystals was 
observed at ca. 450 nm [89]. However, PL emission bands of the R and R-PAn thin films 
formed by the MPM were not detected at 450 nm (Figure 10) [8].  

Nakamura et al. reported that in the case of a rutile single-crystal, the PL emission band 
attributable to the (110) plane can be observed at 810 nm [90]. Taking into account the high 
levels of crystal orientation with reference to the (110) plane in the R and R-PAn thin films, 
the PL emission bands observed at around 800 nm in the spectra of the R-PAn thin films can 
be attributed to rutile crystals oriented along the (110) plane in these thin films (Figure 11) [8].  

For the O-deficient rutile thin film R with high photoreactivity, no PL emission was observed 
in the range 190–850 nm. Thus, as previously suggested, the O-defect sites on the rutile thin 
film may suppress recombination of the photoinduced electron–hole pairs by electron 
trapping. In contrast, the PL emission from rutile thin films after annealing in air may be due 
to the oxide ions that are supplied to the O-defect sites on the film surface, because they 
function as recombination centers. As a result, the lattice oxygens of titania, especially in 
rutile thin films, function as recombination centers for the photoinduced electron–hole pairs.  

 
Heat Treatment in Molecular Precursor Method for Fabricating Metal Oxide Thin Films 313 

 

 
Figure 10. The photoluminescence emission spectra of the thin films, O-deficient rutile R and post 
annealed R-PAn (n = 15, 30, 60). The spectra were measured in the wavelength range 190-850 nm at 
room temperature [8]. 

 
Figure 11. Proposed schematic diagrams for the (110) plane orientated O-deficient rutile R (left) and 
post annealed R-PA60 (right) thin films are shown. Cell parameters were refined by a least square 
method [8]. 
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The definitions of the terms I(hkl)obsd and ΣI(hkl)obsd for the thin films R and R-PAn are 
identical to those for ΣI(hkl)ideal and I(hkl)ideal in equation (1), respectively, and the Pn value 
can be calculated as 

 Pn = I(hkl)obsd/ΣI(hkl)obsd  (2) 

The Lotgering orientation factor f is defined as 

 f = (Pn – P0)/(1 – P0)  (3) 

The factor f is defined for P or P0 values over a certain range of 2θ. As the level of orientation 
increases, the f value will increase from 0 to 1. The factor f is therefore a measure of the 
crystal phase orientation. Consequently, the f value of the R thin film was the smallest 
among the thin films fabricated by the MPM. However, the present f value of the R thin film 
was larger than those reported for rutile thin films fabricated by a sol–gel method on several 
substrates such as quartz glass, alumina, and single-crystals of quartz or silicon [88]. This 
result may be related to the different mechanisms governing the formation of the rutile 
lattice. In the sol–gel method, the Ti4+ and O2– ions that are tightly linked in titanoxane 
polymers formed by the condensation of partially hydrolyzed alkoxide might be rearranged 
to form the rutile lattice at a higher temperature. In the MPM, however, small units 
composed of Ti4+ and O2– ions with higher mobility could be formed when the organics were 
decomposed and removed by heat-treating the precursor complex. Therefore, a rutile thin 
film with a higher level of crystal orientation could be formed at these lower temperatures.  

After 15 min of heat-treatment in air, the crystallite size of the R thin film increased, while 
those of the R-PAn thin films remained almost constant (Table 5). These results indicate that 
crystallite growth at a temperature of 700°C was completed by heat-treatment over a period of 
30–45 min. The additional thermal energy was consumed mainly for the process of grain 
growth after crystallite growth because the grain size gradually increased with annealing time. 

Previously, the peak position of the PL emission band obtained for rutile crystals was 
observed at ca. 450 nm [89]. However, PL emission bands of the R and R-PAn thin films 
formed by the MPM were not detected at 450 nm (Figure 10) [8].  

Nakamura et al. reported that in the case of a rutile single-crystal, the PL emission band 
attributable to the (110) plane can be observed at 810 nm [90]. Taking into account the high 
levels of crystal orientation with reference to the (110) plane in the R and R-PAn thin films, 
the PL emission bands observed at around 800 nm in the spectra of the R-PAn thin films can 
be attributed to rutile crystals oriented along the (110) plane in these thin films (Figure 11) [8].  

For the O-deficient rutile thin film R with high photoreactivity, no PL emission was observed 
in the range 190–850 nm. Thus, as previously suggested, the O-defect sites on the rutile thin 
film may suppress recombination of the photoinduced electron–hole pairs by electron 
trapping. In contrast, the PL emission from rutile thin films after annealing in air may be due 
to the oxide ions that are supplied to the O-defect sites on the film surface, because they 
function as recombination centers. As a result, the lattice oxygens of titania, especially in 
rutile thin films, function as recombination centers for the photoinduced electron–hole pairs.  
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The reduction of rutile surfaces by heated hydrogen activates the photoreactivities of these 
surfaces [36]. As a result, the formation of an oxygen deficiency provides photoreactivity. 
The present study revealed that the unprecedentedly high photoreactivity of the R thin film 
is suppressed by oxygen supply during the annealing process. However, the high levels of 
photoreactivity of these films could be maintained even after oxygen supply to the surface 
by the post-annealing treatment (Table 5). These results indicate that the enhanced 
photoreactivity is related not only to the surface but also to the inner part of the thin films as 
a result of an interparticle electron transfer (IPET) effect, as proposed in our previous paper. 

9. Highly conductive Ag-nanoparticle/titania composite thin films 

An excellent perovskite-type SrTiO3 thin film was fabricated using a mixed precursor 
solution from a titania precursor solution containing a Ti complex of EDTA and an SrO 
precursor solution containing a Sr complex of EDTA [4]. The metal complex ions dissolve 
independently in each precursor solution and the homogeneity of the mixed solution can be 
kept at the molecular level. In fact, a mixed precursor solution containing exact amounts of 
Ti and Sr can be easily prepared due to the excellent miscibility of the solutions. This is the 
essential difference between the MPM and conventional sol–gel methods in which the 
hydrolyzed polymers are heterogeneous because of the different rates of hydrolysis of each 
metal ion. On the basis of this excellent miscibility in the MPM, Ag-nanoparticle/titania (Ag-
NP/TiO2) composite thin films with a wide range of volumetric fractions of Ag in the titania 
matrix were developed using the titania precursor SED [9].  

Many researchers have tried to incorporate metal nanoparticles into semiconductor 
materials to improve the conductivity of the semiconductor. The TiO2 film’s relatively high 
resistivity of 1012 Ω cm at 25°C can be reduced by incorporating metal nanoparticles into the 
TiO2 matrix. Electrically conducting particles can be randomly distributed within a 
semiconductor matrix to form a composite. This composite sample is non-conducting until 
the volume fraction of the conducting phase reaches the so-called percolation threshold. It 
has been experimentally and analytically shown that in a conductor/semiconductor 
composite with the conductor at or above a given volume fraction (φi), a network of 
conducting particles is established and thus the composite resistivity suddenly decreases. 
The most widely applied technique for the preparation of metal/TiO2 composite materials is 
the sol–gel process. This has been applied to the fabrication of an Ag-NP/TiO2 system by Li 
et al. [91]. They prepared a solution for fabricating Ag-NP/TiO2 composite thin films by 
mixing a sol–gel solution of titania for thin film fabrication with an 18 mol% silver nitrate 
solution; a 6 mol% ethanol solution of silver nitrate was also employed. The electrical 
resistivity of the resultant composite thin film with the highest concentration (18 mol%) of 
Ag nanoparticles was of the order of 103 Ω cm. Because the sol–gel method used in these 
studies involves metalloxane polymer formation in the medium, and because poor 
miscibility of each component is inevitable, Li et al. reported that it was difficult to obtain a 
homogeneous solution for silver concentrations above 18 mol%. Therefore, a lower electrical 
resistivity of the composite thin film may be attained in the event that a solution with an 
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even higher volumetric fraction of Ag nanoparticles can be homogeneously mixed with the 
titania precursor solution. The electrical conductivity of the resultant films is largely 
dependent on the volumetric fraction, size, and connectivity of the Ag nanoparticles, and 
the homogeneity of the dispersed silver in the dielectric titania matrix [92-95].  

Using the MPM, mixed precursor solutions for fabricating Ag-NP/TiO2 composite thin films 
could be easily prepared. As a result, Ag-NP/TiO2 composite thin films of Ag volumetric 
fractions from 0.03 to 0.68 were fabricated with heat-treatment of the mixed precursor films 
at 600°C in air. To obtain quantitative information about the effects of Ag nanoparticles on 
the electrical properties, the nanostructures of the films were examined by TEM. The TEM 
images films with φAg of 0.26, 0.30, and 0.55 are shown in Figures 12 (A), (B), and (C) 
respectively [9]. The presence and distribution of Ag nanoparticles (black dots) inside the 
TiO2 film can be clearly seen. The percolation threshold of Ag nanoparticles in the titania 
thin film was found to be φAg 0.30. It is near the percolation threshold, when Ag particles are 
still not totally connected, that increasing the φAg by adding a small amount of Ag 
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composite. Therefore, the decrease in resistivity was attributed to a change in the Ag 
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The reduction of rutile surfaces by heated hydrogen activates the photoreactivities of these 
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Heat Treatment in Molecular Precursor Method for Fabricating Metal Oxide Thin Films 315 

even higher volumetric fraction of Ag nanoparticles can be homogeneously mixed with the 
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forming well-dispersed Ag nanoparticles in the titania matrix. This present Ag-
nanoparticle/titania composite thin film is useful for fabrication of highly conductive 
electrodes for devices such as solar cells. 

10. Conclusion 

The importance of heat-treatment in the MPM was demonstrated through fabrication of thin 
films of anatase and rutile with unprecedentedly high photoreactivities. This is due to a 
photoreactive mechanism via O deficiency in the oxide thin films. Based on the excellent 
miscibilities of the molecular precursors in the SrTiO3 thin film fabrication, heat-treatment 
was shown to be an essential step. It eliminates organic ligands in the precursor metal 
complexes and provides important functions to the metal oxides in the chemical fabrication 
of Ag-nanoparticle/titania composite thin films with high conductivity.  

The chemical fabrication of the first p-type Cu2O transparent thin film was also recently 
achieved using the MPM, although the heat-treatment of the spin-coated substrates resulted 
in the deposition of a large amount of powder on the substrates in previous sol–gel studies 
[96]. The electrical and optical properties of the Cu2O thin film fabricated using the MPM 
were consistent with those of similar thin films fabricated using physical procedures. It is 
very interesting that the charge on copper changes stepwise from +2 to +1 through 0 during 
heat-treatment of the precursor film involving a Cu–EDTA complex in an Ar gas flow. 
Based on these results, a transparent dry-type solar cell of area 20 × 20 mm2 with a 
combination of Vis-responsive anatase thin films was examined. This film is mentioned in 
the section Vis-responsive anatase thin film fabricated using the MPM. The structure of 
the solar cell was FTO electrode/n-Vis-responsive anatase/p-Cu2O/conductive polymer/Ag 
on a glass substrate, and the photovoltaic nature of the solar cell could be successfully 
measured under the light from a solar simulator. Thus, the present MPM is useful for 
fabricating Vis-responsive dry solar cells. The MPM coupled with heat-treatment of various 
precursor films allows transparent thin films of metal oxides such as Co3O4, ZnO, Ga2O3, 
and ZrO2 etc. to be examined and fabricated on glass and/or metallic substrates. The MPM 
has great potential as a fundamental technology for thin film fabrication by chemical 
processes. 
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1. Introduction 

The term glass comes from the latin word, vitrium, and refers to one of the oldest known 
material. It is defined in accordance with the ASTM C-169-92 norm, as an inorganic product 
obtained by quenching a melt until hardness conditions, without crystallization. This 
definition is however too restrictive because it only applies to glasses prepared by fusion 
method. A broader definition is that proposed by A. Paul: the glass shows the elastic 
behavior characteristic of the crystalline state and the behavior of the viscous liquid state. 
The most common properties of the glasses are the transparency to visible radiation, 
mechanical stability, inert at the biological level and dielectric material. However, due to the 
possibility of controlling the microstructure by changing the composition or by applying 
heat treatments, controlling the process of nucleation and crystallization, the properties of 
glasses can be modified. 

The initial chemical composition is a factor, controllable, which allows to shape some of the 
properties of the glasses. In any glass, the units that define its structure can be divided into 
three categories, defined according to their structural function, network former; modifier 
and intermediate species. The formers are units that, without the addition of other elements, 
can form glass such as SiO2, B2O3, GeO2 and P2O5. The network modifiers, do not form glass 
by itself, but are often combined with a former. Examples of modifying elements are the 
alkaline elements (Li, Na, K, etc.) and alkaline-earth metals (Mg, Ca, etc.). The intermediate 
species are elements that can both play a role in forming or modifying the network (Al, Nb, 
etc.). 

The formation of glass ceramics, for example by heat treatment of the as-prepared glass, 
shows at the technological level great advantages, for the single crystals and sintered 
ceramics, as the possibility of their properties (optical, electrical, mechanical, chemical, etc. ) 
be controlled via the volume fraction of the active phase dispersed in the matrix. For 
example, to maintain optical transparency, the process of nucleation and crystal growth 
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1. Introduction 

The term glass comes from the latin word, vitrium, and refers to one of the oldest known 
material. It is defined in accordance with the ASTM C-169-92 norm, as an inorganic product 
obtained by quenching a melt until hardness conditions, without crystallization. This 
definition is however too restrictive because it only applies to glasses prepared by fusion 
method. A broader definition is that proposed by A. Paul: the glass shows the elastic 
behavior characteristic of the crystalline state and the behavior of the viscous liquid state. 
The most common properties of the glasses are the transparency to visible radiation, 
mechanical stability, inert at the biological level and dielectric material. However, due to the 
possibility of controlling the microstructure by changing the composition or by applying 
heat treatments, controlling the process of nucleation and crystallization, the properties of 
glasses can be modified. 

The initial chemical composition is a factor, controllable, which allows to shape some of the 
properties of the glasses. In any glass, the units that define its structure can be divided into 
three categories, defined according to their structural function, network former; modifier 
and intermediate species. The formers are units that, without the addition of other elements, 
can form glass such as SiO2, B2O3, GeO2 and P2O5. The network modifiers, do not form glass 
by itself, but are often combined with a former. Examples of modifying elements are the 
alkaline elements (Li, Na, K, etc.) and alkaline-earth metals (Mg, Ca, etc.). The intermediate 
species are elements that can both play a role in forming or modifying the network (Al, Nb, 
etc.). 

The formation of glass ceramics, for example by heat treatment of the as-prepared glass, 
shows at the technological level great advantages, for the single crystals and sintered 
ceramics, as the possibility of their properties (optical, electrical, mechanical, chemical, etc. ) 
be controlled via the volume fraction of the active phase dispersed in the matrix. For 
example, to maintain optical transparency, the process of nucleation and crystal growth 
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requires a great degree of control being achieved when the size of the crystals dispersed in 
the glassy matrix is not high enough to cause light scattering. However, for most electrical 
applications it is necessary that the crystals are large enough to present, for example, a 
ferroelectric response. This commitment is not easy to perform. Another condition that can 
maintain the optical transparency of a glass ceramic is the small difference between the 
refractive indices of the crystals and of the glassy matrix. If this difference is insignificant it 
allows, regardless of the size of the crystals, to keep the optical transparency. In recent years 
there has been a growing interest in the preparation, characterization and technology 
implementation of glasses and glass ceramics in different type of devices. However, it is 
important to note that, in general, the electrical and optical properties of glass ceramics are 
not as good as their single crystal when not embedded in a matrix. This is due to the fact 
that the glass ceramics present at least two distinct phases, the crystal (considered the active 
phase) and the amorphous (support). The electric polarization of the crystals embedded in a 
glassy matrix is more difficult due to the low value of the dielectric constant of the glassy 
phase. On the other hand and because of the single crystal growth processes present a high 
economic cost, have now start to been replaced by glass ceramics. Some glass ceramics have 
the additional advantage of being dense and not porous materials. 

The growth and crystal orientation can generally be achieved through different processes, 
such as: mechanical deformation, thermodynamic control, kinetic control (electrochemical 
induced nucleation). In glasses the use of thermodynamic control is the most common. 
However, control of crystallization, with the desired crystalline phase is usually difficult 
because crystallization is a complex process affected by various factors such as composition, 
surface conditions and heat treatment parameters. 

The crystallization process, in a glass, of a particular crystalline phase oriented in a pre-
defined direction is usually a desirable objective but difficult to implement. One way that 
can induce the crystallization of oriented particles in a glass is the application, together with 
the thermal process of external fields (magnetic / electric). In the presence of an electric field 
polar nuclei should be oriented parallel to the field and the existing nuclei and / or 
crystallites can rotate until reach the same direction. However, this can only occur if the 
value of the electric field is high enough to allow the resultant force to overcome the viscous 
medium, enabling the rotation. Currently, glass ceramics containing ferroelectric crystals are 
a class of materials with high technological interest because of the ferroelectric crystals 
presenting a structural anisotropy results in the formation of electric dipoles and therefore a 
spontaneous electric polarization. 

A large number of ferroelectric materials is presented in the form of crystalline ceramic. The 
scientific and technological development that photonics has been presenting, has required, 
particularly in terms of applications, new materials which exhibit characteristics such as 
optical transparency and are optically active so they can be used as amplifiers, switches, 
sensors, transducers, filters (…) , that is because there is a need for materials that use light to 
perform functions already implemented in electronic devices (mainly in the sectors of 
communications, energy, instrumentation, etc.), but more efficiently or giving rise to new 
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devices. Thus the preparation, structural, electrical and optical characterization of glass 
ceramic showing ferroelectric properties is of great importance for potential technological 
applications. 

Of the various ferroelectric known materials, lithium niobate (LiNbO3), first synthesized in 
1949 by Matthias and Remeika, had attracted attention from many researchers due to their 
excellent piezoelectric properties, electro optics, electroacoustic, pyroelectric and 
photorefractive. In late 1960, due to the appearance and development of various 
applications of fiber optics, several research centers, including Bell Laboratories, studied in 
detail the structural characteristics and properties of LiNbO3 crystal, especially its electro 
optics properties. 

The fact that the preparation of LiNbO3 single crystals, by the traditional growth techniques 
is technically difficult and economically costly, the scientific research about the preparation 
methods of inorganic glasses containing LiNbO3 crystals is the main topic of this chapter. 
Their structural, morphological, optical and electrical properties will be discussed in 
function of the glass treatment parameters.  

The as-prepared glasses were prepared by sol-gel method. This method allowed to prepare 
glasses of molar composition (100-2x)SiO2-xLi2O-xNb2O5, with x < 10, that through the melt-
quenching method are of extreme difficulty to prepare. The synthesis of the glass ceramics 
was performed by heat treatment of the as-prepared glass and the nucleation and growth of 
crystals in the glass matrix controlled by the heating rate, temperature and treatment time. It 
was introduced for the first time, a new variable in this type of glass treatments that was the 
presence of a external dc electric field, during the heat-treatment cycle.. These heat 
treatments, with external electrical field applied treatments were called thermoelectric 
(TET). The main objective of the TET is the hypothesis of promote the precipitation of nano-
size crystals in a crystalline preferred orientation. In all prepared compositions, LiNbO3 
particles were precipitated due to the thermal treatments, in the glass surfaces. The electric 
analysis showed the presence of conduction, relaxation and polarization mechanisms.  

2. Preparation of glasses by the Sol-Gel method 

In the literature there is a considerable number of works on the preparation of glasses by 
melt-quenching. However, it does not exist, to our knowledge, a comparable number of 
publications on the same type of glasses prepared by sol-gel method. The preparation of 
materials by sol-gel, with relevant scientific and technological characteristics only began 
after 1930. However this method was discovered in late 1800. It was, only, after 1970, and 
with the preparation of inorganic monolithic gels and their subsequent thermal treatment, 
resulting in glasses, that this method start to developed [1-2]. 

The sol-gel method has opened a new path for the preparation of glasses of high 
technological interest, presenting a high degree of chemical purity and very high 
homogeneity. The preparation of a glass according to this method is performed by mixing, 
in the liquid state, its constituents until a homogeneous solution, at the molecular level, is 



 
Heat Treatment – Conventional and Novel Applications 324 

requires a great degree of control being achieved when the size of the crystals dispersed in 
the glassy matrix is not high enough to cause light scattering. However, for most electrical 
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ferroelectric response. This commitment is not easy to perform. Another condition that can 
maintain the optical transparency of a glass ceramic is the small difference between the 
refractive indices of the crystals and of the glassy matrix. If this difference is insignificant it 
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not as good as their single crystal when not embedded in a matrix. This is due to the fact 
that the glass ceramics present at least two distinct phases, the crystal (considered the active 
phase) and the amorphous (support). The electric polarization of the crystals embedded in a 
glassy matrix is more difficult due to the low value of the dielectric constant of the glassy 
phase. On the other hand and because of the single crystal growth processes present a high 
economic cost, have now start to been replaced by glass ceramics. Some glass ceramics have 
the additional advantage of being dense and not porous materials. 

The growth and crystal orientation can generally be achieved through different processes, 
such as: mechanical deformation, thermodynamic control, kinetic control (electrochemical 
induced nucleation). In glasses the use of thermodynamic control is the most common. 
However, control of crystallization, with the desired crystalline phase is usually difficult 
because crystallization is a complex process affected by various factors such as composition, 
surface conditions and heat treatment parameters. 

The crystallization process, in a glass, of a particular crystalline phase oriented in a pre-
defined direction is usually a desirable objective but difficult to implement. One way that 
can induce the crystallization of oriented particles in a glass is the application, together with 
the thermal process of external fields (magnetic / electric). In the presence of an electric field 
polar nuclei should be oriented parallel to the field and the existing nuclei and / or 
crystallites can rotate until reach the same direction. However, this can only occur if the 
value of the electric field is high enough to allow the resultant force to overcome the viscous 
medium, enabling the rotation. Currently, glass ceramics containing ferroelectric crystals are 
a class of materials with high technological interest because of the ferroelectric crystals 
presenting a structural anisotropy results in the formation of electric dipoles and therefore a 
spontaneous electric polarization. 

A large number of ferroelectric materials is presented in the form of crystalline ceramic. The 
scientific and technological development that photonics has been presenting, has required, 
particularly in terms of applications, new materials which exhibit characteristics such as 
optical transparency and are optically active so they can be used as amplifiers, switches, 
sensors, transducers, filters (…) , that is because there is a need for materials that use light to 
perform functions already implemented in electronic devices (mainly in the sectors of 
communications, energy, instrumentation, etc.), but more efficiently or giving rise to new 
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devices. Thus the preparation, structural, electrical and optical characterization of glass 
ceramic showing ferroelectric properties is of great importance for potential technological 
applications. 

Of the various ferroelectric known materials, lithium niobate (LiNbO3), first synthesized in 
1949 by Matthias and Remeika, had attracted attention from many researchers due to their 
excellent piezoelectric properties, electro optics, electroacoustic, pyroelectric and 
photorefractive. In late 1960, due to the appearance and development of various 
applications of fiber optics, several research centers, including Bell Laboratories, studied in 
detail the structural characteristics and properties of LiNbO3 crystal, especially its electro 
optics properties. 

The fact that the preparation of LiNbO3 single crystals, by the traditional growth techniques 
is technically difficult and economically costly, the scientific research about the preparation 
methods of inorganic glasses containing LiNbO3 crystals is the main topic of this chapter. 
Their structural, morphological, optical and electrical properties will be discussed in 
function of the glass treatment parameters.  

The as-prepared glasses were prepared by sol-gel method. This method allowed to prepare 
glasses of molar composition (100-2x)SiO2-xLi2O-xNb2O5, with x < 10, that through the melt-
quenching method are of extreme difficulty to prepare. The synthesis of the glass ceramics 
was performed by heat treatment of the as-prepared glass and the nucleation and growth of 
crystals in the glass matrix controlled by the heating rate, temperature and treatment time. It 
was introduced for the first time, a new variable in this type of glass treatments that was the 
presence of a external dc electric field, during the heat-treatment cycle.. These heat 
treatments, with external electrical field applied treatments were called thermoelectric 
(TET). The main objective of the TET is the hypothesis of promote the precipitation of nano-
size crystals in a crystalline preferred orientation. In all prepared compositions, LiNbO3 
particles were precipitated due to the thermal treatments, in the glass surfaces. The electric 
analysis showed the presence of conduction, relaxation and polarization mechanisms.  

2. Preparation of glasses by the Sol-Gel method 

In the literature there is a considerable number of works on the preparation of glasses by 
melt-quenching. However, it does not exist, to our knowledge, a comparable number of 
publications on the same type of glasses prepared by sol-gel method. The preparation of 
materials by sol-gel, with relevant scientific and technological characteristics only began 
after 1930. However this method was discovered in late 1800. It was, only, after 1970, and 
with the preparation of inorganic monolithic gels and their subsequent thermal treatment, 
resulting in glasses, that this method start to developed [1-2]. 

The sol-gel method has opened a new path for the preparation of glasses of high 
technological interest, presenting a high degree of chemical purity and very high 
homogeneity. The preparation of a glass according to this method is performed by mixing, 
in the liquid state, its constituents until a homogeneous solution, at the molecular level, is 



 
Heat Treatment – Conventional and Novel Applications 326 

reached. It is then subjected to polymerization and gelling (gel point is defined as the point, 
in time, where the mixture forms a rigid substance and can be removed from the original 
container [3]). The resulting gel is transformed into glass by heat treatment during which the 
volatile species are eliminated and the material undergoes a densification [4]. This method 
of preparation is known by the generic name sol-gel process. In this process there are two 
variants, which have the common passage through a gel phase (forming a 3D network [1]) 
but which differ in the starting products and the first steps of reaction. In one, it starts with a 
colloidal suspension and in the other with metal-organic compounds, which are dissolved in 
alcohols. Indeed, the scientific name sol-gel process can only be applied to the first case but 
it is also used to the second [4;5]. 

The method using solutions of polymerizable species, which was used in the preparation of 
the gels presented in this chapter, starts with liquids or alcoholic solutions of an 
organometallic compound such as the metal alkoxides M(OR)n, where M is a metal and R 
an alkyl group, exposing them to reactions of hydrolysis, polymerization and dehydration 
[3;6]. In this method, the alkoxides usually used are the tetraethylorthosilicate (TEOS) and 
the tetrametoxisilicate (TMOS). However, in several papers other type of alkoxides can be 
found, such as boron, aluminum or titanium but, usually, mixed with the TEOS. In the case 
of the gels prepared in this work, the TEOS solution was the only used and the remained 
components were introduced in the form of nitrate (LiNO3) and chloride (NbCl5), mainly 
due to their high solubility in water and/or alcohol. 

Regarding the chemical formation of a polymeric gel from metal alkoxides (M (OR) n), it is 
typically described by two consecutive reactions:  

- hydrolysis ( ( ) ( ) ( )2n x n x
M OR xH O M OH OR xROH

−
+ → + )  

and the condensation, which can be subdivided into two phases:  

- alcohol condensation (  M OH R O M M O M ROH− − + − − → − − − − + ) 
- and water condensation ( 2  M OH H O M M O M H O− − + − − → − − − − + ) [1;4;5].  

Briefly, the hydrolysis reaction is the substitution of the alkoxy group (OR) with a hydroxide 
group (OH). The subsequent condensation reactions involves, in the case of TEOS 
(Si(OC2H5)4), the silanol group (Si-OH) that gives rise to siloxane bonds Si-O-Si), water and 
alcohol. It must be noticed that these reactions are, however, a simplified version of which 
occurs during the hydrolysis and condensation of the alkoxide solutions [4;5]. 

The diagram showed in figure 1 represents, according to Sakka et al. [6], the preparation of a 
glass from metal alkoxides. This diagram shows the preparation of a binary glass of the 
SiO2-TiO2 system. The treatment temperatures found in the flowchart are only examples, 
because they depend directly on the glass composition.  

According to figure 1, the preparation process can be divided into three steps. The first 
involves the mixing of the alkoxide in the amounts corresponding to the final composition 
of the glass, yielding a clear solution. In the second step it is added to the alkoxide solution 
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water, alcohol and acid to induce the hydrolysis. Parameters such as the pH, the molar ratio 
between H2O and the alkoxide and the presence of catalysts (acids) may, as desired, that the 
onset of condensation is given only after the end of the hydrolysis of the metal alkoxide. In 
addition to this fact and due to the immiscibility between the water and the alkoxide it is 
necessary to use a mutual solvent, such as ethanol (C2H5OH). The reactions of hydrolysis 
and polymerization induce an increase of the solution viscosity until it becomes a gel. In the 
third stage the gel is heat treated until be converted into a glass [2;6]. 

 
Figure 1. Flowchart of the sol-gel process used in the formation of a SiO2-TiO2 glass [6]. 

With this sol-gel process it is possible to have a high control in the interaction between the 
liquid precursors, minimizing the energy required for the process, obtaining a final product 
with high homogeneity and with a high control of its morphology [7]. In summary, the 
major advantages of this sol-gel process are the high purity of the end product, the low 
temperature processing (these characteristics are related to the nature of the starting 
materials), high homogeneity, novel compositions, which are very difficult or even 
impossible to synthesize by other processes [7;8] and the ability of the shape of final 
products to be wide (thin film, monolithic blocks, fibers, beads and powders) [6;9;10;11;12]. 

The major disadvantage of the sol-gel method, for the preparation of glasses, when 
compared to the melt quenching method (traditional method for glass preparation), is the 
high cost of starting materials, namely the metal alkoxides [7;8]. 

A major problem related with the preparation of monolithic blocks is the shrinkage of the 
gel during the drying process, leading to very high internal mechanical stresses and 
therefore fracture of the block can occur [13]. This shrinkage is related to the removal of 
fluids which are inside the pores, resulting in a stress on the capillary walls, which is 
inversely proportional to the pore diameter [14]. One way to minimize the gel fracture is to 
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reached. It is then subjected to polymerization and gelling (gel point is defined as the point, 
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group (OH). The subsequent condensation reactions involves, in the case of TEOS 
(Si(OC2H5)4), the silanol group (Si-OH) that gives rise to siloxane bonds Si-O-Si), water and 
alcohol. It must be noticed that these reactions are, however, a simplified version of which 
occurs during the hydrolysis and condensation of the alkoxide solutions [4;5]. 

The diagram showed in figure 1 represents, according to Sakka et al. [6], the preparation of a 
glass from metal alkoxides. This diagram shows the preparation of a binary glass of the 
SiO2-TiO2 system. The treatment temperatures found in the flowchart are only examples, 
because they depend directly on the glass composition.  

According to figure 1, the preparation process can be divided into three steps. The first 
involves the mixing of the alkoxide in the amounts corresponding to the final composition 
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water, alcohol and acid to induce the hydrolysis. Parameters such as the pH, the molar ratio 
between H2O and the alkoxide and the presence of catalysts (acids) may, as desired, that the 
onset of condensation is given only after the end of the hydrolysis of the metal alkoxide. In 
addition to this fact and due to the immiscibility between the water and the alkoxide it is 
necessary to use a mutual solvent, such as ethanol (C2H5OH). The reactions of hydrolysis 
and polymerization induce an increase of the solution viscosity until it becomes a gel. In the 
third stage the gel is heat treated until be converted into a glass [2;6]. 
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materials), high homogeneity, novel compositions, which are very difficult or even 
impossible to synthesize by other processes [7;8] and the ability of the shape of final 
products to be wide (thin film, monolithic blocks, fibers, beads and powders) [6;9;10;11;12]. 

The major disadvantage of the sol-gel method, for the preparation of glasses, when 
compared to the melt quenching method (traditional method for glass preparation), is the 
high cost of starting materials, namely the metal alkoxides [7;8]. 

A major problem related with the preparation of monolithic blocks is the shrinkage of the 
gel during the drying process, leading to very high internal mechanical stresses and 
therefore fracture of the block can occur [13]. This shrinkage is related to the removal of 
fluids which are inside the pores, resulting in a stress on the capillary walls, which is 
inversely proportional to the pore diameter [14]. One way to minimize the gel fracture is to 



 
Heat Treatment – Conventional and Novel Applications 328 

control the drying process. For example, Chou et al. [13] present a thermal process in which 
includes: (a) removal of ethanol (50 °C), water (90 °C, 4h), formamide (170 °C, 4h) and 
glycerol (230 °C, 14-18h); (2) burning of organic waste; (3) elimination of pores. 

The heating rate, usually less than or equal to 5 °C/min, the treatment temperature and the 
treatment duration time are critical factors that must be control, to prevent fracture. 
Furthermore, the use of long treatment times, at or near room temperature (20-50 °C), 
promote poly-condensation, which is an advantage to produce gels with well-defined 
microstructure, reducing the stresses [13]. Another important factor is to control the 
thickness of the gel. The greater the thickness of the gel greater the time required to 
complete the reaction [3-5]. The transition from gel to glass is usually accompanied through 
drying and sintering by an appropriate heat treatment process [2;13]. This process depends 
on the composition. 

3. Preparation of SiO2-Li2O-Nb2O5 glasses by sol-gel – Experimental 
description 

The sol-gel method was used to prepare clear glasses of the ternary system SiO2-Li2O-Nb2O5. 
The choice of the molar compositions was based on the following criteria: equal molar 
amounts of lithium oxide and niobium oxide; obtain a clear gel. In this method, the starting 
materials were the lithium nitrate (LiNO3), niobium chloride (NbCl5), hydrogen peroxide 
(H2O2 - 30% V/V), tetraethylorthosilicate (TEOS) and ethanol (C2H5OH) as the mutual 
solvent. 

The preparation steps are presented in the diagram of figure 2. 

 
Figure 2. Diagram of the method used to prepare the glasses [16;17]. 

All samples were prepared using a molar ratio between (C2H5O)4Si : C2H5OH : H2O2 of 
1:3:8. Hydrogen peroxide (H2O2) was used in the form of aqueous H2O2 (3% V/V). This 
dilution was carried out using deionized water. All solutions, placed in petri boxes were 
left to gelling at a constant temperature of 30 °C, during more than 1 week. The gel was 
submitted to a heat treatment which gave rise to the as-prepared sample. This treatment 
(Fig.3) consists of two steps. First, at a temperature of 120 °C for 48 °C, with the purpose 
of release the maximum number of free H2O groups. The second stage has two heat levels. 
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The first at 250 °C, with the purpose of releasing some H2O groups, that probably still 
exist [4;5] and the second, at 500 °C, whose main aim is the liberation of the CO2 groups 
from the oxidation of organic radicals [nav91; sil90] . For this reason the heating rate must 
be as slow as possible. 

 
Figure 3. Diagram of the drying process. 

4. Glass-ceramics preparation  

4.1. Thermal treatments (TT) 

The dried gels were submitted to heat treatments in order to obtain glass-ceramics with the 
LiNbO3 crystalline phase. It is important to refer that the samples prepared by this method 
present a thickness of 1 mm, approximately. Figure 4 depicts the profile of the heat 
treatment used. These treatments were performed in a horizontal tube furnace. The value of 
the threshold temperature parameter (Tp) was chosen based on the information obtained 
from the thermal analysis of each composition. This thermal analysis was performed using a 
Linseis Aparatus [18].  

 
Figure 4. Diagram of the thermal treatment process. 

4.2. Thermoelectric treatments (TET) 

The heat treatments with the presence of an external electrical field, named as thermoelectric 
treatment, were carried out in a vertical tube furnace, designed and constructed for this 
purpose. Figure 5 shows a schematic draw of the oven. 
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glycerol (230 °C, 14-18h); (2) burning of organic waste; (3) elimination of pores. 

The heating rate, usually less than or equal to 5 °C/min, the treatment temperature and the 
treatment duration time are critical factors that must be control, to prevent fracture. 
Furthermore, the use of long treatment times, at or near room temperature (20-50 °C), 
promote poly-condensation, which is an advantage to produce gels with well-defined 
microstructure, reducing the stresses [13]. Another important factor is to control the 
thickness of the gel. The greater the thickness of the gel greater the time required to 
complete the reaction [3-5]. The transition from gel to glass is usually accompanied through 
drying and sintering by an appropriate heat treatment process [2;13]. This process depends 
on the composition. 

3. Preparation of SiO2-Li2O-Nb2O5 glasses by sol-gel – Experimental 
description 

The sol-gel method was used to prepare clear glasses of the ternary system SiO2-Li2O-Nb2O5. 
The choice of the molar compositions was based on the following criteria: equal molar 
amounts of lithium oxide and niobium oxide; obtain a clear gel. In this method, the starting 
materials were the lithium nitrate (LiNO3), niobium chloride (NbCl5), hydrogen peroxide 
(H2O2 - 30% V/V), tetraethylorthosilicate (TEOS) and ethanol (C2H5OH) as the mutual 
solvent. 

The preparation steps are presented in the diagram of figure 2. 

 
Figure 2. Diagram of the method used to prepare the glasses [16;17]. 

All samples were prepared using a molar ratio between (C2H5O)4Si : C2H5OH : H2O2 of 
1:3:8. Hydrogen peroxide (H2O2) was used in the form of aqueous H2O2 (3% V/V). This 
dilution was carried out using deionized water. All solutions, placed in petri boxes were 
left to gelling at a constant temperature of 30 °C, during more than 1 week. The gel was 
submitted to a heat treatment which gave rise to the as-prepared sample. This treatment 
(Fig.3) consists of two steps. First, at a temperature of 120 °C for 48 °C, with the purpose 
of release the maximum number of free H2O groups. The second stage has two heat levels. 
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The first at 250 °C, with the purpose of releasing some H2O groups, that probably still 
exist [4;5] and the second, at 500 °C, whose main aim is the liberation of the CO2 groups 
from the oxidation of organic radicals [nav91; sil90] . For this reason the heating rate must 
be as slow as possible. 

 
Figure 3. Diagram of the drying process. 

4. Glass-ceramics preparation  

4.1. Thermal treatments (TT) 

The dried gels were submitted to heat treatments in order to obtain glass-ceramics with the 
LiNbO3 crystalline phase. It is important to refer that the samples prepared by this method 
present a thickness of 1 mm, approximately. Figure 4 depicts the profile of the heat 
treatment used. These treatments were performed in a horizontal tube furnace. The value of 
the threshold temperature parameter (Tp) was chosen based on the information obtained 
from the thermal analysis of each composition. This thermal analysis was performed using a 
Linseis Aparatus [18].  

 
Figure 4. Diagram of the thermal treatment process. 

4.2. Thermoelectric treatments (TET) 

The heat treatments with the presence of an external electrical field, named as thermoelectric 
treatment, were carried out in a vertical tube furnace, designed and constructed for this 
purpose. Figure 5 shows a schematic draw of the oven. 
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Figure 5. Schematic draw of the oven used for the thermoelectric treatments [19]. 

The dc external electric field was produced using a high dc voltage source (PS325 Stanford 
Research System), which could apply a potential difference between 25 V and 2500 V, with a 
maximum current of 10.5 mA. The temperature was controlled by a Digi-Sense Temperature 
Controller R/S. All the treatment process is controlled by computer. In these treatments, the 
thermoelectric cycles used (heating ramp, threshold temperature, treatment time and 
cooling ramp) were equal to those used in the treatments without the presence of an 
external field (horizontal tube furnace). In the TET treatments the dc electric field was 
applied during the periods of heating and dwell, and switched off at the beginning of the 
cooling step. The parameters: temperature level (Tp) and electric field amplitude are 
specified and justified in following sections. 

5. Samples composition 

By the sol-gel method the following two compositions were prepared:  

• 92SiO2-4Li2O-4Nb2O5 (mole%); 
• 88SiO2-6Li2O-6Nb2O5 (mole%); 
• 84SiO2-8Li2O-8Nb2O5 (mole%); 

referenced from here by 92Si, 88Si and 84Si, respectively. The 84Si composition did not form 
a transparent and amorphous gel and glass, indicating the composition limit for those 
characteristics. This composition was therefore not full characterized. 

The preparation process of the glasses and glass ceramics, the results of structural and 
electrical analyzes and their discussion, are the following sections. 
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6. Samples preparation 

The preparation of the based glass with molar composition 92SiO2-4Li2O-4Nb2O5 and 
88SiO2-6Li2O-6Nb2O5 followed the procedure described in figure 2. With the aim of obtain 
glass ceramics containing LiNbO3 crystallites, heat treatments (TT) were carried out on the 
as-prepared glass samples (treated at 120 ° C for 48 h and subsequently at 500 ° C for 4 h), 
which present a thickness between 0.6 and 1.0 mm. For the TT, carried out in a horizontal 
tubular furnace, the threshold temperature (Tp) choice, differential thermal analyzes 
(DTA) was performed to the base glass of each composition. The temperatures at the 
observed exothermic effects, which can indicate the occurrence of crystallization, lead to 
the definition of the threshold temperatures, which in the 92Si composition case were the 
following: 650, 700, 750 and 800 °C. The 88Si based glass was TT at 600, 650, 700 and 800 ° 
C. [16;17] 

The 92Si based glass was also subjected to thermoelectric treatments (TTE), which followed 
the same thermal profile of the TT. The 92Si based samples were therefore TTE at 650, 700 
and 750 °C, for 4 hours. For each temperature, three different TTE were performed, differing 
in the amplitude value of the electric field applied: i) 100 kV/m, ii) 500 kV/m and iii) 1000 
kV/m. These values were selected based on the thickness of the samples and the 
characteristics of the dc voltage source. 

7. 92Si samples composition results 

Figure 6 shows the macroscopic aspect of the 92Si samples, TT at the temperatures of 650, 
700 and 750 °C. The based glass, completely transparent, becomes translucent for 
temperatures above 700 °C. 

 
Figure 6. Photographs of the 92Si TT glasses (minor division = 0 1 mm). 

The 92Si samples, TTE, were named as: 650A (sample TTE at 650 °C with an electric field of 
100 kV/m), 650B (sample TTE 650 °C with an electric field of 500 kV/m) and 650C (TTE 
sample at 650 °C with an electric field of 1000 kV/m). The same designation was used in TTE 
samples at temperatures of 700 (700A, 700B ... ) and 750 °C. In figure 7, photographs of all 
samples subjected to those treatments can be seen. 

The samples 650A, 700A and 750A (samples TTE with a field amplitude of 100 kV/m) have a 
macroscopic aspect very similar to the sample 650B. With the increase of the TET 
temperature and applying 500 kV/m and 1000 kV/m, all samples become translucent. 

 As-prepared  TT700  TT750 



 
Heat Treatment – Conventional and Novel Applications 330 

 
Figure 5. Schematic draw of the oven used for the thermoelectric treatments [19]. 

The dc external electric field was produced using a high dc voltage source (PS325 Stanford 
Research System), which could apply a potential difference between 25 V and 2500 V, with a 
maximum current of 10.5 mA. The temperature was controlled by a Digi-Sense Temperature 
Controller R/S. All the treatment process is controlled by computer. In these treatments, the 
thermoelectric cycles used (heating ramp, threshold temperature, treatment time and 
cooling ramp) were equal to those used in the treatments without the presence of an 
external field (horizontal tube furnace). In the TET treatments the dc electric field was 
applied during the periods of heating and dwell, and switched off at the beginning of the 
cooling step. The parameters: temperature level (Tp) and electric field amplitude are 
specified and justified in following sections. 

5. Samples composition 

By the sol-gel method the following two compositions were prepared:  

• 92SiO2-4Li2O-4Nb2O5 (mole%); 
• 88SiO2-6Li2O-6Nb2O5 (mole%); 
• 84SiO2-8Li2O-8Nb2O5 (mole%); 

referenced from here by 92Si, 88Si and 84Si, respectively. The 84Si composition did not form 
a transparent and amorphous gel and glass, indicating the composition limit for those 
characteristics. This composition was therefore not full characterized. 

The preparation process of the glasses and glass ceramics, the results of structural and 
electrical analyzes and their discussion, are the following sections. 
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The 92Si samples, TTE, were named as: 650A (sample TTE at 650 °C with an electric field of 
100 kV/m), 650B (sample TTE 650 °C with an electric field of 500 kV/m) and 650C (TTE 
sample at 650 °C with an electric field of 1000 kV/m). The same designation was used in TTE 
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samples subjected to those treatments can be seen. 

The samples 650A, 700A and 750A (samples TTE with a field amplitude of 100 kV/m) have a 
macroscopic aspect very similar to the sample 650B. With the increase of the TET 
temperature and applying 500 kV/m and 1000 kV/m, all samples become translucent. 

 As-prepared  TT700  TT750 
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Figure 7. Photographs of the TTE samples at 650, 700 and 750 ºC, with the applied field of (B) 500 kV/m 
and (C) 1000 kV/m (minor scale division = 1mm). 

Figure 8 shows the XRD patterns of the 92Si samples thermal treated without the presence of 
the external electrical field (TT). It can be observed for the samples TT at temperatures above 
700 °C the presence of diffraction peaks associated with the LiNbO3 crystalline phase. The 
sample TT at 800 °C also presents a second crystalline phase (SiO2, quartz). The X-ray 
diffraction was performed at room temperature on a Phillips X'Pert system, where the X-ray 
production is performed on a Cu ampoule, operating at 40 kV and 30 mA, emitting the 
monochromatic Kα radiation (λ = 1,54056 Å - graphite monochromator). In this system the 
sweep is continuous, from 10.025 up to 89.975 º (2θ) with a speed of 1.5 degrees per minute and 
with a step of 0.02 º. The identification of the crystalline phases was based on the database 
provided by the JCPDS (Joint Committee on Powder Diffraction Standards). The figures 9 to 11 
present the XRD spectra of the samples TET at 650, 700 and 750 ºC, respectively. 

 
Figure 8. XRD of the 92Si samples TT at 650, 700, 750 and 800 ºC (x LiNbO3; O SiO2-quartzo). 

 650B  700B  750B 

 650C  700C  750C 
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The XRD spectra of the samples series treated at 650 °C (Fig. 9) shows that the increase in 
amplitude of the external electrical field favors the formation of the LiNbO3 crystalline phase. 
In the sample series treated at the temperatures of 700 °C and 750 ºC (Figs. 10 and 11) it was 
detected the presence of LiNbO3, SiO2 (quartz) and Li2Si2O5 crystalline phases. It is important 
to refer that the Li2Si2O5 phase only appears in the samples thermo-electrically treated. 

 
Figure 9. XRD spectra of the 92Si samples TET at 650ºC (+ LiNbO3). 

 
Figure 10. XRD spectra of the 92Si samples TET at 700ºC (+ LiNbO3; O SiO2 (quartz); x Li2Si2O5). 
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The XRD spectra of the samples series treated at 650 °C (Fig. 9) shows that the increase in 
amplitude of the external electrical field favors the formation of the LiNbO3 crystalline phase. 
In the sample series treated at the temperatures of 700 °C and 750 ºC (Figs. 10 and 11) it was 
detected the presence of LiNbO3, SiO2 (quartz) and Li2Si2O5 crystalline phases. It is important 
to refer that the Li2Si2O5 phase only appears in the samples thermo-electrically treated. 

 
Figure 9. XRD spectra of the 92Si samples TET at 650ºC (+ LiNbO3). 

 
Figure 10. XRD spectra of the 92Si samples TET at 700ºC (+ LiNbO3; O SiO2 (quartz); x Li2Si2O5). 
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Figure 11. XRD spectra of the 92Si samples TET at 750ºC (+ LiNbO3; O SiO2 (quartz); x Li2Si2O5). 

Figures 12 to 15 show the Raman spectra of the free surface of the heat treated samples 
with or without external electrical field applied. It must be motes that no differences were 
detected between the spectra obtained on the free surface of the samples and fracture 
zones (bulk). This analysis was performed on a spectrometer T64000, Jobin Yvon SPEX 
using an argon laser operating at 514.5 nm. The Raman spectrum was obtained with a 
back-scattering geometry (back-scattering) between 100 and 2000 cm-1. The amplitude  
of the lens used was of 50x which allows a laser spot diameter on the sample of about 5 
mm. 

In all Raman spectra (Figs. 12 to 15), the bands centered at 630, 590, 435, 375, 335, 330, 325, 
280, 265, 240 and 155 cm-1 are associated to vibrations of the NbO6 octahedrons [20;21;22]. 
The bands at 465, 415 and 130 cm-1 (sample 700C) are assigned to vibration of Si-O-Si bonds 
[23]. The broad band centered at 330 cm-1, observed in the samples treated in the presence of 
an electric field of 1000 kV/m (samples C), seems to be due to the overlapping of the bands 
centered at 335 and 325 cm-1. The band at 830 cm-1, detected in the samples treated at 650 °C, 
with no external field applied, are attributed to the vibrations of the Nb-O-Si bonds 
[20;21;22;23;24]. 

In the following figures (Figs. 16) SEM micrographs of the free surface of the samples 
treated with and without the presence of an external electrical field are presented. The 
scanning electron microscopy was performed in a Hitachi S4100-1, on the surface and 
fracture of the samples covered with carbon. 
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Figure 12. Raman spectra of the 92Si samples TT at 650, 700 and 750 ºC. The Raman spectrum of 
LiNbO3 crystalline powders is also presented. 
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Figure 12. Raman spectra of the 92Si samples TT at 650, 700 and 750 ºC. The Raman spectrum of 
LiNbO3 crystalline powders is also presented. 
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Figure 13. Raman spectra of the 92Si samples TET at 650 ºC. The Raman spectrum of LiNbO3 crystalline 
powders is also presented. 
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Figure 14. Raman spectra of the 92Si samples TET at 700 ºC. The Raman spectrum of LiNbO3 crystalline 
powders is also presented. 
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Figure 13. Raman spectra of the 92Si samples TET at 650 ºC. The Raman spectrum of LiNbO3 crystalline 
powders is also presented. 

 
Lithium Niobiosilicate Glasses Thermally Treated 337 

 
Figure 14. Raman spectra of the 92Si samples TET at 700 ºC. The Raman spectrum of LiNbO3 crystalline 
powders is also presented. 
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Figure 15. Raman spectra of the 92Si samples TET at 750 ºC. The Raman spectrum of LiNbO3 crystalline 
powders is also presented. 
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Figure 16. SEM micrographs of the 92Si samples: a) as-prepared; b) TT at 700 ºC; c) TT at 750 ºC. 

It was observed in the SEM micrographs of the 92Si based glass (sample TT at 500 °C) the 
inexistence of particles. Increasing the treatment temperature an increase in the number of 
surface particles is induced. In the sample heat treated at 700 °C, without applying the 
external electric field (Fig. 16), particles showing a preferential growth direction were 
observed. On the surface of the sample TT at 750 °C (Fig. 16c), particle with a size of 
approximately 500 nm are observed and with a distribution similar to that observed in the 
sample TT at 700 °C. It must be notice that it was not detected in any sample of the 92Si 
series, the existence of particles in fracture zone (bulk). In the samples TET at 650 °C it was 
observed an increase in the size and number of the particles dispersed in the glass matrix, 
with the increase in amplitude of the applied field (Fig. 17). 

In the sample 700A, the number of particles present on the surface, which during the TTE 
was in contact with the positive electrode, is greater than that the number observed on the 
opposite surface, but with similar sizes (~ 100nm). The sample 700B registered a particle size 
distribution similar to the one observed in the sample 700A, but with a larger size (~ 1 μm). 
Increasing the amplitude of the external electric field up to 1000 kV/m (sample 700C) it was 
observed the presence of particle aggregation in the two opposite surfaces of the sample. 
However, the number and size of those aggregates are larger in the surface that was in 
contact with the positive electrode. The growth of those aggregates seems to have a 
preferred direction.  

  (a)

  (c)

 (b) 
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Figure 15. Raman spectra of the 92Si samples TET at 750 ºC. The Raman spectrum of LiNbO3 crystalline 
powders is also presented. 
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Figure 16. SEM micrographs of the 92Si samples: a) as-prepared; b) TT at 700 ºC; c) TT at 750 ºC. 
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distribution similar to the one observed in the sample 700A, but with a larger size (~ 1 μm). 
Increasing the amplitude of the external electric field up to 1000 kV/m (sample 700C) it was 
observed the presence of particle aggregation in the two opposite surfaces of the sample. 
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Figure 17. SEM micrographs of the samples 92Si TET: (a) 650C; (b) 700B; (c) 700C; (d) 750C. 

Increasing the amplitude of the external electrical field, in the TET at 750 °C, it was observed 
an increasing in the number of particles but with a reduction in their size. Samples 750A and 
750B have particles with an average size of 300 and 250 nm, respectively. The sample 750C 
presents particles with a maximum size of ~ 50 nm. These particles tend to aggregate 
themselves. 

The dependence of the dc conductivity, in logarithm scale (ln(σdc)), with the temperature of 
measurement, for the samples TT at 650, 700 and 750 °C, with or without external electrical 
field applied, is shown in figures 18 to 20. All samples exhibit, for temperatures below 270 
K, dc conductivity values (σdc) lower than 10-15 Sm-1. The sample 750C shows the highest σdc 
value (2.63x10-9 Sm-1), at the temperature of 370 K. With increasing the treatment 
temperature, the σdc measured at 300 K, decreases. These measurements also showed that 
the σdc is lower in samples treated with an electric field of 100 kV/m of amplitude (samples 
650A, 700A and 750A) than in the samples treated without the presence of the external 
electrical field. In all sample series (650, 700 and 750), the increase of the amplitude of the 
electric field applied during the heat treatment induces an increase in σdc (Table 1). 

The dependence of the σdc with the measurement temperature was adjusted by the 
Arrhenius equation [25;26;27] -  
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This adjustment presented graphically in figures 14 to 16 by the lines, allowed the 
calculation of the dc activation energy (Ea(dc) – table 1). It is observed, in all samples, the 
existence of at least two regions with different activation energies. The first (A), between 270 
and 300 K, and the second (B), between 345 and 370 K. The activation energy associated with 
the conduction mechanism detected at higher temperatures (Ea(dc) (B), Table 1) decreases 
with the increase of the amplitude of the applied electric field, for the sample series treated 
at 700 and 750 °C. It is observed, with the exception of the sample 700A, that the activation 
energy of the process A (at lowest temperatures) is always lower than the Ea(dc) of the 
process B. 

Sample σdc x 10-14

(Ω-1m-1)
Ea(dc) (A)
(kJ/mol)

Ea(dc) (B) 
(kJ/mol) 

650 128,48 ± 5,15 24,64 ± 1,19 79,98 ± 1,12 
650A 2,04 ± 0,06 27,91 ± 1,09 62,66 ± 2,66 
650B 3,03 ± 0,09 27,94 ± 1,40 77,56 ± 0,95 
650C 36,46 ± 1,46 48,83 ± 0,72 64,22 ± 1,41 
700 13,21 ± 0,55 46,47 ± 1,92 72,98 ± 0,78 

700A 4,96 ± 0,21 32,63 ± 3,00 71,38 ± 3,97 
700B 8,64 ± 0,29 66,35 ± 1,02 66,79 ± 0,83 
700C 15,18 ± 0,47 100,18 ± 3,31 57,15 ± 0,99 
750 12,39 ± 0,43 31,48 ± 0,29 51,02 ± 1,55 

750A 6,09 ± 0,35 31,63 ± 0,68 82,08 ± 3,19 
750B 21,71 ± 1,06 7,71 ± 2,08 79,26 ± 0,82 
750C 393,87 ± 12,91 24,47 ± 2,59 62,88 ± 1,22 

Table 1. dc conductivity (σdc), at 300 K, dc activation energy (Ea(dc) ) for the: A - low temperature region 
(230-300 K); B – high temperature region (310-370 K). 

 
Figure 18. The dc conductivity (σdc , in logarithm scale) in function of 1000/T, for the 92Si samples 
treated at 650 ºC. 
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Figure 17. SEM micrographs of the samples 92Si TET: (a) 650C; (b) 700B; (c) 700C; (d) 750C. 

Increasing the amplitude of the external electrical field, in the TET at 750 °C, it was observed 
an increasing in the number of particles but with a reduction in their size. Samples 750A and 
750B have particles with an average size of 300 and 250 nm, respectively. The sample 750C 
presents particles with a maximum size of ~ 50 nm. These particles tend to aggregate 
themselves. 

The dependence of the dc conductivity, in logarithm scale (ln(σdc)), with the temperature of 
measurement, for the samples TT at 650, 700 and 750 °C, with or without external electrical 
field applied, is shown in figures 18 to 20. All samples exhibit, for temperatures below 270 
K, dc conductivity values (σdc) lower than 10-15 Sm-1. The sample 750C shows the highest σdc 
value (2.63x10-9 Sm-1), at the temperature of 370 K. With increasing the treatment 
temperature, the σdc measured at 300 K, decreases. These measurements also showed that 
the σdc is lower in samples treated with an electric field of 100 kV/m of amplitude (samples 
650A, 700A and 750A) than in the samples treated without the presence of the external 
electrical field. In all sample series (650, 700 and 750), the increase of the amplitude of the 
electric field applied during the heat treatment induces an increase in σdc (Table 1). 

The dependence of the σdc with the measurement temperature was adjusted by the 
Arrhenius equation [25;26;27] -  
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This adjustment presented graphically in figures 14 to 16 by the lines, allowed the 
calculation of the dc activation energy (Ea(dc) – table 1). It is observed, in all samples, the 
existence of at least two regions with different activation energies. The first (A), between 270 
and 300 K, and the second (B), between 345 and 370 K. The activation energy associated with 
the conduction mechanism detected at higher temperatures (Ea(dc) (B), Table 1) decreases 
with the increase of the amplitude of the applied electric field, for the sample series treated 
at 700 and 750 °C. It is observed, with the exception of the sample 700A, that the activation 
energy of the process A (at lowest temperatures) is always lower than the Ea(dc) of the 
process B. 

Sample σdc x 10-14

(Ω-1m-1)
Ea(dc) (A)
(kJ/mol)

Ea(dc) (B) 
(kJ/mol) 

650 128,48 ± 5,15 24,64 ± 1,19 79,98 ± 1,12 
650A 2,04 ± 0,06 27,91 ± 1,09 62,66 ± 2,66 
650B 3,03 ± 0,09 27,94 ± 1,40 77,56 ± 0,95 
650C 36,46 ± 1,46 48,83 ± 0,72 64,22 ± 1,41 
700 13,21 ± 0,55 46,47 ± 1,92 72,98 ± 0,78 

700A 4,96 ± 0,21 32,63 ± 3,00 71,38 ± 3,97 
700B 8,64 ± 0,29 66,35 ± 1,02 66,79 ± 0,83 
700C 15,18 ± 0,47 100,18 ± 3,31 57,15 ± 0,99 
750 12,39 ± 0,43 31,48 ± 0,29 51,02 ± 1,55 

750A 6,09 ± 0,35 31,63 ± 0,68 82,08 ± 3,19 
750B 21,71 ± 1,06 7,71 ± 2,08 79,26 ± 0,82 
750C 393,87 ± 12,91 24,47 ± 2,59 62,88 ± 1,22 

Table 1. dc conductivity (σdc), at 300 K, dc activation energy (Ea(dc) ) for the: A - low temperature region 
(230-300 K); B – high temperature region (310-370 K). 

 
Figure 18. The dc conductivity (σdc , in logarithm scale) in function of 1000/T, for the 92Si samples 
treated at 650 ºC. 
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Figure 19. The dc conductivity (σdc, in logarithm scale) in function of 1000/T, for the 92Si samples 
treated at 700 ºC. 

 
Figure 20. The dc conductivity (σdc, in logarithm scale) in function of 1000/T, for the 92Si samples 
treated at 700 ºC. 
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the samples series treated at 650 and 700 °C, that Z'' decreases with the increase of 
frequency. In the frequency range used, the impedance (Z*), the admittance (Y*), the 
permittivity (ε*) and the dielectric modulus (M*) formalisms did not revealed the existence 
of dielectric relaxation(s). It must be noted that, for frequencies below 100 Hz, there is a high 
dispersion of the Z´´ values, which is associated with the sensitivity of the measuring 
apparatus, in this frequency range. 

An adjustment of the Z* spectrum was carried out using a complex non-linear least squared 
deviations method (CNLLS) associated with the electrical equivalent circuit model formed 
by the parallel between a resistor (R) and a constant phase element (CPE). This constant 
phase element is characterized by keeping constant the angle of the impedance as a function 
of frequency, i.e. the ratio between the real and imaginary part of the impedance is constant 
across the all frequency range. The impedance of this intuitive element (ZCPE) can be 
represented by 

( )0

1
CPE nZ

Q jω
=  

where Q0 and n are frequency independent parameters, but usually are temperature 
dependent. The parameter n varies between 0 and 1, when n = 1 the CPE is reduced to a 
capacitance element and when n =0 to a resistive element [18].The lines (“small dots”) in the 
figures 21 to 23 represent the result of this adjustment. The values obtained for the 
parameters of the equivalent electric circuit are in table 2. 

 
Figure 21. Z´´ versus Z´, for the 92Si samples treated at 650 ºC. 
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Figure 19. The dc conductivity (σdc, in logarithm scale) in function of 1000/T, for the 92Si samples 
treated at 700 ºC. 

 
Figure 20. The dc conductivity (σdc, in logarithm scale) in function of 1000/T, for the 92Si samples 
treated at 700 ºC. 
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the samples series treated at 650 and 700 °C, that Z'' decreases with the increase of 
frequency. In the frequency range used, the impedance (Z*), the admittance (Y*), the 
permittivity (ε*) and the dielectric modulus (M*) formalisms did not revealed the existence 
of dielectric relaxation(s). It must be noted that, for frequencies below 100 Hz, there is a high 
dispersion of the Z´´ values, which is associated with the sensitivity of the measuring 
apparatus, in this frequency range. 

An adjustment of the Z* spectrum was carried out using a complex non-linear least squared 
deviations method (CNLLS) associated with the electrical equivalent circuit model formed 
by the parallel between a resistor (R) and a constant phase element (CPE). This constant 
phase element is characterized by keeping constant the angle of the impedance as a function 
of frequency, i.e. the ratio between the real and imaginary part of the impedance is constant 
across the all frequency range. The impedance of this intuitive element (ZCPE) can be 
represented by 

( )0

1
CPE nZ

Q jω
=  

where Q0 and n are frequency independent parameters, but usually are temperature 
dependent. The parameter n varies between 0 and 1, when n = 1 the CPE is reduced to a 
capacitance element and when n =0 to a resistive element [18].The lines (“small dots”) in the 
figures 21 to 23 represent the result of this adjustment. The values obtained for the 
parameters of the equivalent electric circuit are in table 2. 

 
Figure 21. Z´´ versus Z´, for the 92Si samples treated at 650 ºC. 
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Figure 22. Z´´ versus Z´, for the 92Si samples treated at 700 ºC. 

 
Figure 23. Z´´ versus Z´, for the 92Si samples treated at 750 ºC. 
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with a field of 1000 kV/m) the largest value of R for all samples. The behavior of the Q0 

parameter, in function of the thermal treatment conditions, is opposite to the observed for 
parameter R. In all samples, the value of the parameter n is very close to 1. Based on these 
calculated values a relaxation time, which represents the time average of the relaxation time 
distribution, was calculated ( ´´

max
1 /Z Zτ ω= ) and the value of the capacity nearest of the CPE 

element value (Table 2). Evaluating the behavior of the parameter τZ (Table 2), with the 
increase of the electric field amplitude, it is verified that τZ increases with the increase of that 
amplitude in the sample series treated at 650 and 700 °C. In the samples treated at 750 °C, 
the increase of the amplitude of the external electrical field, induces an opposite behavior, 
i.e., a decrease of τZ. 

Sample ε´ tan δ 
(x10-2) 

R
(x108) 

[Ω] 

Qo
(x10-11) 

[Ω-1m-2sn] 

n 
(x10-1) 

τZ 

(x10-3) 
[s] 

CCPE 

(x10-11) 
[F] 

650 5,21 ± 0,18 6,13 ± 0,34 2,34 6,01 9,72 1,96 5,76 
650ª 4,66 ± 0,12 1,81 ± 0,07 7,41 4,47 9,92 5,13 4,46 
650B 4,82 ± 0,14 1,29 ± 0,06 23,90 4,54 9,94 20,94 4,54 
650C 2,03 ± 0,07 1,61 ± 0,12 68,51 1,94 9,92 20,67 1,94 
700 5,57 ± 0,20 2,79 ± 0,16 1,85 5,25 9,93 1,50 5,24 
700ª 4,41 ± 0,16 2,39 ± 0,14 3,75 4,17 9,94 2,42 4,16 
700B 4,50 ± 0,14 2,68 ± 0,13 4,59 4,41 9,90 3,10 4,38 
700C 3,82 ± 0,11 2,92 ± 0,13 7,19 3,79 9,87 4,14 3,77 
750 2,79 ± 0,09 8,40 ± 0,05 7,45 2,56 9,96 29,47 2,56 
750ª 3,68 ± 0,19 2,03 ± 0,17 7,26 3,52 9,92 3,95 3,51 
750B 6,07 ± 0,27 5,86 ± 0,40 4,26 6,91 9,73 4,26 6,69 
750C 9,44 ± 0,28 21,20± 0,98 0,47 20,80 9,01 0,95 13,62 

Table 2. Dielectric constant (ε´) and dielectric loss (tan δ), at 1kHz and 300 K, parameters of the 
equivalent electric circuit (R, Q0 and n), relaxation time (τZ) and the CCPE capacitor. 

The dependence of the dielectric constant (ε') with the frequency, at the temperature of 
300 K, for the sample series of 650, 700 and 750 is represented in figures 24 to 26, 
respectively. It is observed that the value of ε' decreases with the increase of the 
frequency. Table 2 shows the values of ε', measured at 300 K and 1 kHz, for all samples. It 
can be verified that the increase of the amplitude of the external electrical field, for the 
samples treated at 650 and 700 °C, promotes a decrease of ε'. In the samples series treated 
at 750 °C, ε’ increases from 2.8 to 9.4, with the increase of the amplitude of the applied 
external electric field. The CCPE capacitance behavior (Table 2), with the increase of the 
amplitude of the external electrical field, is similar to the one observed on the ε'. Table 2 
contains also the values of the dielectric loss factor (tan δ = ε''/ε'), at room temperature 
(300 K) and at the frequency of 1 kHz. 
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Figure 22. Z´´ versus Z´, for the 92Si samples treated at 700 ºC. 

 
Figure 23. Z´´ versus Z´, for the 92Si samples treated at 750 ºC. 
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with a field of 1000 kV/m) the largest value of R for all samples. The behavior of the Q0 

parameter, in function of the thermal treatment conditions, is opposite to the observed for 
parameter R. In all samples, the value of the parameter n is very close to 1. Based on these 
calculated values a relaxation time, which represents the time average of the relaxation time 
distribution, was calculated ( ´´

max
1 /Z Zτ ω= ) and the value of the capacity nearest of the CPE 

element value (Table 2). Evaluating the behavior of the parameter τZ (Table 2), with the 
increase of the electric field amplitude, it is verified that τZ increases with the increase of that 
amplitude in the sample series treated at 650 and 700 °C. In the samples treated at 750 °C, 
the increase of the amplitude of the external electrical field, induces an opposite behavior, 
i.e., a decrease of τZ. 

Sample ε´ tan δ 
(x10-2) 

R
(x108) 

[Ω] 

Qo
(x10-11) 

[Ω-1m-2sn] 

n 
(x10-1) 

τZ 

(x10-3) 
[s] 

CCPE 

(x10-11) 
[F] 

650 5,21 ± 0,18 6,13 ± 0,34 2,34 6,01 9,72 1,96 5,76 
650ª 4,66 ± 0,12 1,81 ± 0,07 7,41 4,47 9,92 5,13 4,46 
650B 4,82 ± 0,14 1,29 ± 0,06 23,90 4,54 9,94 20,94 4,54 
650C 2,03 ± 0,07 1,61 ± 0,12 68,51 1,94 9,92 20,67 1,94 
700 5,57 ± 0,20 2,79 ± 0,16 1,85 5,25 9,93 1,50 5,24 
700ª 4,41 ± 0,16 2,39 ± 0,14 3,75 4,17 9,94 2,42 4,16 
700B 4,50 ± 0,14 2,68 ± 0,13 4,59 4,41 9,90 3,10 4,38 
700C 3,82 ± 0,11 2,92 ± 0,13 7,19 3,79 9,87 4,14 3,77 
750 2,79 ± 0,09 8,40 ± 0,05 7,45 2,56 9,96 29,47 2,56 
750ª 3,68 ± 0,19 2,03 ± 0,17 7,26 3,52 9,92 3,95 3,51 
750B 6,07 ± 0,27 5,86 ± 0,40 4,26 6,91 9,73 4,26 6,69 
750C 9,44 ± 0,28 21,20± 0,98 0,47 20,80 9,01 0,95 13,62 

Table 2. Dielectric constant (ε´) and dielectric loss (tan δ), at 1kHz and 300 K, parameters of the 
equivalent electric circuit (R, Q0 and n), relaxation time (τZ) and the CCPE capacitor. 

The dependence of the dielectric constant (ε') with the frequency, at the temperature of 
300 K, for the sample series of 650, 700 and 750 is represented in figures 24 to 26, 
respectively. It is observed that the value of ε' decreases with the increase of the 
frequency. Table 2 shows the values of ε', measured at 300 K and 1 kHz, for all samples. It 
can be verified that the increase of the amplitude of the external electrical field, for the 
samples treated at 650 and 700 °C, promotes a decrease of ε'. In the samples series treated 
at 750 °C, ε’ increases from 2.8 to 9.4, with the increase of the amplitude of the applied 
external electric field. The CCPE capacitance behavior (Table 2), with the increase of the 
amplitude of the external electrical field, is similar to the one observed on the ε'. Table 2 
contains also the values of the dielectric loss factor (tan δ = ε''/ε'), at room temperature 
(300 K) and at the frequency of 1 kHz. 
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Figure 24. ε´ versus frequency, at 300 K, for the 92Si samples treated at 650 ºC. 

 

 
Figure 25. ε´ versus frequency, at 300 K, for the 92Si samples treated at 700 ºC. 
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Figure 26. ε´ versus frequency, at 300 K, for the 92Si samples treated at 750 ºC. 

8. 88Si samples composition results 

Figure 27 shows the macroscopic aspect of the 88Si sample composition, TT at 500, 600, 650, 
700 and 800 ºC, during 4 hours. It can be seen that the as-prepared glass (TT at 500 ºC) is 
translucent and for TT above 700 ºC it becomes opaque.  

 
Figure 27. Photographs of the 88 Si samples TT at temperatures between 500 and 800 ºC (the minor 
scale division = 1mm). 

Figure 28 shows the XRD patterns of the samples TT. This spectrum shows the presence of 
LiNbO3 crystalline phases and cristobalite (SiO2), in the samples treated at temperatures 
above 650 °C. With the increase of the TT temperature up to 700 °C it was detected also 
the lithium silicate (Li2Si2O5) crystalline phase. In order to confirm the indexing of some 
diffraction peaks observed in the sample TT at 800 °C, the XRD was carried out in a new 
sample, TT at 800 °C but during 8h (sample 800-8h). Analyzing the pattern of this sample 
it is suggested the presence, in the samples treated at 800 °C, of the Li3NbO4 crystalline 
phase. 
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Figure 26. ε´ versus frequency, at 300 K, for the 92Si samples treated at 750 ºC. 
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Figure 28. XRD spectra of the 88Si samples TT at temperatures between 500 and 800 ºC (x LiNbO3; O 
Li2Si2O5; * SiO2 (cristobalite); + Li3NbO4). 
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In figure 29 it is shown the Raman spectra of the surface of all 88Si TT samples. The Raman 
spectrum of the samples treated at temperatures below 600 °C shows the presence of broad 
bands centered at ~ 680 and ~ 280 cm-1. With the increase of the thermal treatment temperature, 
less wide bands but with higher intensity are detected. The bands centered at 630-680 and 240 
cm-1 observed in samples TT at 500, 600 and 650 °C are due to vibrations of NbO6 octahedrons 
[16;17]. The bands at 440, 360, 334 and 280 cm-1, detected in the sample TT at 800 °C, are 
assigned to the vibration of NbO6 octahedrons, which are associated with the LiNbO3 crystal 
structure [16;17]. It must be noted the non-detection of Raman bands associated with 
vibrations of the type Si-O-Si or Nb-O-Si. The non-detection of vibrations associated to Nb-Si-
O bonds, which according to Lipovski et al. [24] should be present between 800 and 850 cm-1, 
suggests that the niobium ions are introduced into the glass matrix only as network modifier. 

Micrographs of the sample surface of the 88Si samples TT at 500ºC, 600, 650, 700 and 800 °C 
are shown in figure 30. The SEM micrographs show, in the surface of the sample heat-
treated at 600 °C, particles (Fig. 30b). The size of those particles, also observed in samples TT 
at 700 and 800 ºC is similar (150-200 nm). However, increasing the temperature of TT leads 
to an increase in the number of particles. The sample TT at 650 °C has a particle size of 
around 2 μm (Fig. 30c). The micrograph of this sample also present particle agglomerates 
(Fig. 30d), not detected in any other sample. 

The dependence of the dc conductivity with the temperature of measurement, for all TT 
samples, is shown in figure 31. The Arrhenius model was used to adjust the ln(σdc) with the 
inverse of the measurement temperature, allowing the calculation of the activation energy 
(Ea(dc)) through the Arrhenius equation. From figure 31 it is verified the existence of two 
temperature zones, with different activation energies. The first zone (A) is between 230 and 
300 K and second (B) is between 310 and 370 K. The as-prepared sample (TT at 500 °C) 
presents, for measuring temperatures above 300 K, a behavior that is non-adjustable 
through the Arrhenius equation. The calculated values of Ea(dc) are shown in Table 3. 

The ac conductivity (σac), measured at 300 K and 1 kHz, decreases with the increase of the 
TT temperature (Table 3). The activation energy, Ea(ac), was calculated using the Arrhenius 
formalism. The lines in figure 31 represent the result of that calculation and the obtained 
values are in Table 3. 

Figures 34 to 41 show the dependence of Z'' with the frequency, at various measurement 
temperatures, for all TT samples. It was observed the existence of two dielectric relaxation 
mechanisms. The first, in the low frequency region (< 100 Hz) and the second in the high 
frequency region (> 1 kHz). For frequencies below 1 Hz, a high dispersion of the Z* values is 
observed and assigned to the sensitivity of the measuring instrument in this low frequency 
region. The impedance spectra were adjusted to the electrical equivalent circuit model, 
shown in figure 33, using the CNLLS algorithm. Thus, in the spectra shown in figures 34 to 
41, the lines represent the adjustment obtained with this fitting process. It is observed that 
with the increase of the temperature of measurement, there is a tendency for a better 
definition of the relaxation curves. Thus, and for the lower measuring temperatures it was 
found that the adjustment process diverged, not been possible to fit the experimental data 
with this theoretical model. 
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Figure 28. XRD spectra of the 88Si samples TT at temperatures between 500 and 800 ºC (x LiNbO3; O 
Li2Si2O5; * SiO2 (cristobalite); + Li3NbO4). 
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In figure 29 it is shown the Raman spectra of the surface of all 88Si TT samples. The Raman 
spectrum of the samples treated at temperatures below 600 °C shows the presence of broad 
bands centered at ~ 680 and ~ 280 cm-1. With the increase of the thermal treatment temperature, 
less wide bands but with higher intensity are detected. The bands centered at 630-680 and 240 
cm-1 observed in samples TT at 500, 600 and 650 °C are due to vibrations of NbO6 octahedrons 
[16;17]. The bands at 440, 360, 334 and 280 cm-1, detected in the sample TT at 800 °C, are 
assigned to the vibration of NbO6 octahedrons, which are associated with the LiNbO3 crystal 
structure [16;17]. It must be noted the non-detection of Raman bands associated with 
vibrations of the type Si-O-Si or Nb-O-Si. The non-detection of vibrations associated to Nb-Si-
O bonds, which according to Lipovski et al. [24] should be present between 800 and 850 cm-1, 
suggests that the niobium ions are introduced into the glass matrix only as network modifier. 

Micrographs of the sample surface of the 88Si samples TT at 500ºC, 600, 650, 700 and 800 °C 
are shown in figure 30. The SEM micrographs show, in the surface of the sample heat-
treated at 600 °C, particles (Fig. 30b). The size of those particles, also observed in samples TT 
at 700 and 800 ºC is similar (150-200 nm). However, increasing the temperature of TT leads 
to an increase in the number of particles. The sample TT at 650 °C has a particle size of 
around 2 μm (Fig. 30c). The micrograph of this sample also present particle agglomerates 
(Fig. 30d), not detected in any other sample. 

The dependence of the dc conductivity with the temperature of measurement, for all TT 
samples, is shown in figure 31. The Arrhenius model was used to adjust the ln(σdc) with the 
inverse of the measurement temperature, allowing the calculation of the activation energy 
(Ea(dc)) through the Arrhenius equation. From figure 31 it is verified the existence of two 
temperature zones, with different activation energies. The first zone (A) is between 230 and 
300 K and second (B) is between 310 and 370 K. The as-prepared sample (TT at 500 °C) 
presents, for measuring temperatures above 300 K, a behavior that is non-adjustable 
through the Arrhenius equation. The calculated values of Ea(dc) are shown in Table 3. 

The ac conductivity (σac), measured at 300 K and 1 kHz, decreases with the increase of the 
TT temperature (Table 3). The activation energy, Ea(ac), was calculated using the Arrhenius 
formalism. The lines in figure 31 represent the result of that calculation and the obtained 
values are in Table 3. 

Figures 34 to 41 show the dependence of Z'' with the frequency, at various measurement 
temperatures, for all TT samples. It was observed the existence of two dielectric relaxation 
mechanisms. The first, in the low frequency region (< 100 Hz) and the second in the high 
frequency region (> 1 kHz). For frequencies below 1 Hz, a high dispersion of the Z* values is 
observed and assigned to the sensitivity of the measuring instrument in this low frequency 
region. The impedance spectra were adjusted to the electrical equivalent circuit model, 
shown in figure 33, using the CNLLS algorithm. Thus, in the spectra shown in figures 34 to 
41, the lines represent the adjustment obtained with this fitting process. It is observed that 
with the increase of the temperature of measurement, there is a tendency for a better 
definition of the relaxation curves. Thus, and for the lower measuring temperatures it was 
found that the adjustment process diverged, not been possible to fit the experimental data 
with this theoretical model. 
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Figure 29. Raman spectra of the 88Si samples TT at 120, 500, 600, 650, 700 and 800 ºC. 
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Figure 30. SEM micrographs of the 88Si samples: a) as-prepared (TT at 500 ºC); b) TT600; c) TT650; d) 
TT650; e) TT700; f) TT800. 

 

Sample 
σdc (x10-8)
[Ω-1m-1] 

Ea(dc) (A) 

[kJ/mol] 
Ea(dc) (B) 

[kJ/mol] 
σac (x10-6)
[Ω-1m-1] 

Ea(ac) 

[kJ/mol] 
500 379,70 ± 9,86 50,95 ± 1,78 -- 20,10 ± 0,02 45,79 ± 0,53 
600 163,71 ± 2,41 57,66 ± 1,03 31,66 ± 1,71 15,02 ± 0,62 31,71 ± 0,31 
650 55,42 ± 0,74 66,24 ± 0,40 44,00 ± 0,94 2,49 ± 0,09 52,17 ± 2,27 
700 120,82 ± 1,66 64,35 ± 0,43 32,76 ± 0,77 2,80 ± 0,12 45,60 ± 2,70 
800 3,47 ± 0,05 61,02 ± 0,89 49,96 ± 0,72 0,60 ± 0,02 43,83 ± 2,33 

Table 3. dc conductivity (σdc), at 300 K, dc activation energy (Ea(dc) ) for the: A - low temperature region 
(230-300 K); B – high temperature region (310-370 K). 

 (a)  (b) 

 (c)  (d) 

 (e)  (f) 
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Figure 30. SEM micrographs of the 88Si samples: a) as-prepared (TT at 500 ºC); b) TT600; c) TT650; d) 
TT650; e) TT700; f) TT800. 
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[Ω-1m-1] 

Ea(dc) (A) 

[kJ/mol] 
Ea(dc) (B) 

[kJ/mol] 
σac (x10-6)
[Ω-1m-1] 

Ea(ac) 

[kJ/mol] 
500 379,70 ± 9,86 50,95 ± 1,78 -- 20,10 ± 0,02 45,79 ± 0,53 
600 163,71 ± 2,41 57,66 ± 1,03 31,66 ± 1,71 15,02 ± 0,62 31,71 ± 0,31 
650 55,42 ± 0,74 66,24 ± 0,40 44,00 ± 0,94 2,49 ± 0,09 52,17 ± 2,27 
700 120,82 ± 1,66 64,35 ± 0,43 32,76 ± 0,77 2,80 ± 0,12 45,60 ± 2,70 
800 3,47 ± 0,05 61,02 ± 0,89 49,96 ± 0,72 0,60 ± 0,02 43,83 ± 2,33 

Table 3. dc conductivity (σdc), at 300 K, dc activation energy (Ea(dc) ) for the: A - low temperature region 
(230-300 K); B – high temperature region (310-370 K). 
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Figure 31. ln(σdc) versus 1000/T for all 88Si samples TT between 500 and 800 ºC. 

 
Figure 32. ln(σac) versus 1000/T for the samples 88Si TT between 500 and 800 ºC. 

Table 4 presents the parameter values of the electrical equivalent circuit for all analyzed 
samples. Note that the value of the parameter R0, representing the value of Z' when ω → ∞ 
was considered equal to 0 Ω. The parameters R1 and CPE1 (CPE represents a constant phase 
element [18]) are associated with the dielectric relaxation mechanism found at low 
frequencies (< 100 Hz) and the parameters R2 and CPE2 with the relaxation mechanism 
detected in the high frequency region. 
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Figure 33. Equivalent electric circuit model used to adjust the impedance data of the 88Si samples 
([R0(R1CPE1)(R2CPE2)]). 

 
Figure 34. Z´´ versus frequency for the 88Si sample TT at 600 ºC (low frequency region). The lines 
represent the theoretical adjust.  

 
Figure 35. Z´´ versus frequency for the 88Si sample TT at 600 ºC (high frequency region). The lines 
represent the theoretical adjust. 
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Figure 31. ln(σdc) versus 1000/T for all 88Si samples TT between 500 and 800 ºC. 

 
Figure 32. ln(σac) versus 1000/T for the samples 88Si TT between 500 and 800 ºC. 

Table 4 presents the parameter values of the electrical equivalent circuit for all analyzed 
samples. Note that the value of the parameter R0, representing the value of Z' when ω → ∞ 
was considered equal to 0 Ω. The parameters R1 and CPE1 (CPE represents a constant phase 
element [18]) are associated with the dielectric relaxation mechanism found at low 
frequencies (< 100 Hz) and the parameters R2 and CPE2 with the relaxation mechanism 
detected in the high frequency region. 
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Figure 33. Equivalent electric circuit model used to adjust the impedance data of the 88Si samples 
([R0(R1CPE1)(R2CPE2)]). 

 
Figure 34. Z´´ versus frequency for the 88Si sample TT at 600 ºC (low frequency region). The lines 
represent the theoretical adjust.  

 
Figure 35. Z´´ versus frequency for the 88Si sample TT at 600 ºC (high frequency region). The lines 
represent the theoretical adjust. 
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Figure 36. Z´´ versus frequency for the 88Si sample TT at 650 ºC (low frequency region). The lines 
represent the theoretical adjust. 

 
Figure 37. Z´´ versus frequency for the 88Si sample TT at 650 ºC (high frequency region). The lines 
represent the theoretical adjust. 

 
Figure 38. Z´´ versus frequency for the 88Si sample TT at 700 ºC (low frequency region). The lines 
represent the theoretical adjust. 
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Figure 39. Z´´ versus frequency for the 88Si sample TT at 700 ºC (high frequency region). The lines 
represent the theoretical adjust. 

 
Figure 40. Z´´ versus frequency for the 88Si sample TT at 800 ºC (low frequency region). The lines 
represent the theoretical adjust. 

 
Figure 41. Z´´ versus frequency for the 88Si sample TT at 800 ºC (high frequency region). The lines 
represent the theoretical adjust. 
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Figure 36. Z´´ versus frequency for the 88Si sample TT at 650 ºC (low frequency region). The lines 
represent the theoretical adjust. 

 
Figure 37. Z´´ versus frequency for the 88Si sample TT at 650 ºC (high frequency region). The lines 
represent the theoretical adjust. 

 
Figure 38. Z´´ versus frequency for the 88Si sample TT at 700 ºC (low frequency region). The lines 
represent the theoretical adjust. 
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Figure 39. Z´´ versus frequency for the 88Si sample TT at 700 ºC (high frequency region). The lines 
represent the theoretical adjust. 

 
Figure 40. Z´´ versus frequency for the 88Si sample TT at 800 ºC (low frequency region). The lines 
represent the theoretical adjust. 

 
Figure 41. Z´´ versus frequency for the 88Si sample TT at 800 ºC (high frequency region). The lines 
represent the theoretical adjust. 
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Sample Temp. 
(K) 

R1 
(x10+5) 

[Ω] 

Q01 
(x10-7) 

[Ω-1m-2sn]
n1 

R2 
(x10+4) 

[Ω] 

Q02 
(x10-8) 

[Ω-1m-2sn] 
n2 

600 

315 0,18 1,20 1,00  
310 0,90 3,76 0,83  
305 3,57 1,21 1,00  
300 10,50 1,34 1,00 0,14 7,60 0,73 
295 27,93 1,11 1,00 0,20 9,66 0,69 
290 39,00 1,18 1,00 0,30 5,12 0,72 
285 0,48 4,40 0,73 
280 0,71 3,43 0,74 
275 1,08 2,44 0,76 

650 

315 0,29 10,08 0,74 0,15 6,77 0,71 
310 2,01 6,24 0,79 0,22 5,12 0,73 
305 4,86 4,76 0,81 0,34 5,70 0,72 
300 11,21 3,91 0,87 0,47 3,89 0,74 
295 23,12 3,86 0,80 0,85 3,51 0,73 
290 37,10 3,17 0,93 1,06 1,81 0,78 
285 86,23 3,28 0,90 2,01 3,23 0,72 
280 3,07 1,48 0,78 
275 4,84 2,43 0,72 

700 

315 0,11 13,64 0,84 0,05 6,75 0,75 
310 0,75 14,05 0,82 0,09 5,21 0,77 
305 2,34 9,66 0,79 0,13 3,70 0,77 
300 3,93 7,09 0,83 0,17 6,54 0,73 
295 30,86 4,07 0,94 0,40 1,94 0,78 
290 49,56 3,16 0,95 0,69 1,76 0,78 
285 1,09 1,48 0,78 
280 1,99 1,11 0,80 
275 3,13 0,95 0,80 

800 

315 0,65 5,78 0,68 1,80 3,38 0,72 
310 3,88 2,60 0,84 2,85 2,53 0,74 
305 7,05 2,25 0,88 4,24 2,29 0,73 
300 21,02 2,19 0,85 7,13 1,73 0,75 
295 32,91 1,81 0,89 11,05 1,25 0,77 
290 55,64 1,63 0,87 16,78 1,07 0,78 
285 25,29 0,95 0,78 
280 37,81 0,86 0,78 
275 60,92 0,70 0,78 

Table 4. Equivalent electric circuit parameters (R1, Q01, n1, R2, Q02 and n2) for all samples at several 
measuring temperatures. 
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The values obtained by fitting the experimental data using the model of the electrical 
equivalent circuit shown in figure 33 (Table 4), indicate that the parameters R1 and R2 have 
similar behavior, increasing with the increase of the measurement temperature. With the 
increase of the TT temperature, the parameters R1 and R2 have a similar behavior to that 
observed for the dc conductivity (Table 3). The values of the Q01 and Q02 parameter decrease 
with the increase of the measurement temperature. Q01, at room temperature, increases with 
the increase of the TT temperature up to 700 °C. Under these conditions, the parameter Q02 
has an oscillatory behavior, decreasing from the sample TT600 to TT650, increasing to the 
sample TT700 and decreasing again to the sample TT800. The parameter n1 decreases with 
increasing the measurement temperature, except for the sample TT600 that shows a value of 
n1 = 1. At 300 K, n1 parameter value remains substantially constant, with the increase of the 
TT temperature (0.83< n1<0.87). The parameter n2 is almost constant for all samples, 
measuring conditions and TT temperatures. Note that n1> n2, in all cases. 

Based on the values of the electrical equivalent circuit parameters (Table 4) it was calculated 
the relaxation time (τZ), associated with each relaxation mechanism, and the capacitor value 
which best approximates the CPE element (CCPE) [18]. The obtained values are in table 5. 
This table also presents the value of the dielectric constant and dielectric loss for all 
temperatures of measurement.  

It is verified that the τZ1 value is approximately three orders of magnitude higher than τZ2. 
However, both parameters decrease with the increase of the temperature of measurement 
for all samples, i.e., Z'' peak shifts to higher frequencies. The parameter CCPE1 presents a 
behavior similar to Q01 (Table 4), in function of the TT temperature, and is approximately 
two orders of magnitude higher than that CCPE2. 

9. Results analysis 

The glasses with the molar compositions 92SiO2-4Li2O-4Nb2O5 (92Si) and 88SiO2-6Li2O-
6Nb2O5 (88Si) are, due to the high amount of SiO2, very difficult to prepare by conventional 
melt quenching method. However, the sol-gel method allows there preparation without 
major difficulties. The macroscopic aspect of the samples of these compositions depend on 
the presence, or absence, of inhomogeneities in the glass matrix, the particles size, quantity 
and refractive index [28]. In the case of the SiO2:LiNbO3 system, the refractive indices of SiO2 
(~ 1.4 [4]) and LiNbO3 (~ 2.2 [29]) differ considerably. Although the translucent appearance 
of the as-prepared sample of the 88Si composition, the XRD pattern and SEM micrographs 
did not reveal the presence of heterogeneities of crystalline or amorphous nature type. The 
92Si as-prepared sample is colorless and transparent. However, the results of Raman 
spectroscopy on the 88Si as-prepared sample showed the presence of bands centered at 240 
and 680 cm-1, assigned to vibrations of NbO6 octahedrons associated with the LiNbO3 
structure [30;31;32;33], indicating the probable presence of small LiNbO3 particles dispersed 
in the glass matrix. These bands are not present in the sample only subjected to the drying 
treatment at 120 °C, which are also transparent. 
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Sample Temp. 
(K) 

R1 
(x10+5) 

[Ω] 

Q01 
(x10-7) 

[Ω-1m-2sn]
n1 

R2 
(x10+4) 

[Ω] 

Q02 
(x10-8) 

[Ω-1m-2sn] 
n2 

600 

315 0,18 1,20 1,00  
310 0,90 3,76 0,83  
305 3,57 1,21 1,00  
300 10,50 1,34 1,00 0,14 7,60 0,73 
295 27,93 1,11 1,00 0,20 9,66 0,69 
290 39,00 1,18 1,00 0,30 5,12 0,72 
285 0,48 4,40 0,73 
280 0,71 3,43 0,74 
275 1,08 2,44 0,76 

650 

315 0,29 10,08 0,74 0,15 6,77 0,71 
310 2,01 6,24 0,79 0,22 5,12 0,73 
305 4,86 4,76 0,81 0,34 5,70 0,72 
300 11,21 3,91 0,87 0,47 3,89 0,74 
295 23,12 3,86 0,80 0,85 3,51 0,73 
290 37,10 3,17 0,93 1,06 1,81 0,78 
285 86,23 3,28 0,90 2,01 3,23 0,72 
280 3,07 1,48 0,78 
275 4,84 2,43 0,72 

700 

315 0,11 13,64 0,84 0,05 6,75 0,75 
310 0,75 14,05 0,82 0,09 5,21 0,77 
305 2,34 9,66 0,79 0,13 3,70 0,77 
300 3,93 7,09 0,83 0,17 6,54 0,73 
295 30,86 4,07 0,94 0,40 1,94 0,78 
290 49,56 3,16 0,95 0,69 1,76 0,78 
285 1,09 1,48 0,78 
280 1,99 1,11 0,80 
275 3,13 0,95 0,80 

800 

315 0,65 5,78 0,68 1,80 3,38 0,72 
310 3,88 2,60 0,84 2,85 2,53 0,74 
305 7,05 2,25 0,88 4,24 2,29 0,73 
300 21,02 2,19 0,85 7,13 1,73 0,75 
295 32,91 1,81 0,89 11,05 1,25 0,77 
290 55,64 1,63 0,87 16,78 1,07 0,78 
285 25,29 0,95 0,78 
280 37,81 0,86 0,78 
275 60,92 0,70 0,78 

Table 4. Equivalent electric circuit parameters (R1, Q01, n1, R2, Q02 and n2) for all samples at several 
measuring temperatures. 
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The values obtained by fitting the experimental data using the model of the electrical 
equivalent circuit shown in figure 33 (Table 4), indicate that the parameters R1 and R2 have 
similar behavior, increasing with the increase of the measurement temperature. With the 
increase of the TT temperature, the parameters R1 and R2 have a similar behavior to that 
observed for the dc conductivity (Table 3). The values of the Q01 and Q02 parameter decrease 
with the increase of the measurement temperature. Q01, at room temperature, increases with 
the increase of the TT temperature up to 700 °C. Under these conditions, the parameter Q02 
has an oscillatory behavior, decreasing from the sample TT600 to TT650, increasing to the 
sample TT700 and decreasing again to the sample TT800. The parameter n1 decreases with 
increasing the measurement temperature, except for the sample TT600 that shows a value of 
n1 = 1. At 300 K, n1 parameter value remains substantially constant, with the increase of the 
TT temperature (0.83< n1<0.87). The parameter n2 is almost constant for all samples, 
measuring conditions and TT temperatures. Note that n1> n2, in all cases. 

Based on the values of the electrical equivalent circuit parameters (Table 4) it was calculated 
the relaxation time (τZ), associated with each relaxation mechanism, and the capacitor value 
which best approximates the CPE element (CCPE) [18]. The obtained values are in table 5. 
This table also presents the value of the dielectric constant and dielectric loss for all 
temperatures of measurement.  

It is verified that the τZ1 value is approximately three orders of magnitude higher than τZ2. 
However, both parameters decrease with the increase of the temperature of measurement 
for all samples, i.e., Z'' peak shifts to higher frequencies. The parameter CCPE1 presents a 
behavior similar to Q01 (Table 4), in function of the TT temperature, and is approximately 
two orders of magnitude higher than that CCPE2. 

9. Results analysis 

The glasses with the molar compositions 92SiO2-4Li2O-4Nb2O5 (92Si) and 88SiO2-6Li2O-
6Nb2O5 (88Si) are, due to the high amount of SiO2, very difficult to prepare by conventional 
melt quenching method. However, the sol-gel method allows there preparation without 
major difficulties. The macroscopic aspect of the samples of these compositions depend on 
the presence, or absence, of inhomogeneities in the glass matrix, the particles size, quantity 
and refractive index [28]. In the case of the SiO2:LiNbO3 system, the refractive indices of SiO2 
(~ 1.4 [4]) and LiNbO3 (~ 2.2 [29]) differ considerably. Although the translucent appearance 
of the as-prepared sample of the 88Si composition, the XRD pattern and SEM micrographs 
did not reveal the presence of heterogeneities of crystalline or amorphous nature type. The 
92Si as-prepared sample is colorless and transparent. However, the results of Raman 
spectroscopy on the 88Si as-prepared sample showed the presence of bands centered at 240 
and 680 cm-1, assigned to vibrations of NbO6 octahedrons associated with the LiNbO3 
structure [30;31;32;33], indicating the probable presence of small LiNbO3 particles dispersed 
in the glass matrix. These bands are not present in the sample only subjected to the drying 
treatment at 120 °C, which are also transparent. 
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Sample Temp. 
(K) 

τz1 

(x10-3) 
[s] 

CCPE1 

(x10-7) 
[F] 

τz2 

(x10-6) 
[s] 

CCPE2 

(x10-9) 
[F] 

ε´ tan δ 

600 

315 0,35 1,20 1873,33 0,47 
310 2,65 1,32 1722,50 0,48 
305 6,92 1,21 1585,02 0,54 
300 26,53 1,06 0,59 1,52 1330,68 0,68 
295 51,34 1,11 0,72 1,13 1178,92 0,88 
290 75,79 1,18 0,86 0,99 1013,83 1,06 
285 1,45 1,06 859,40 1,33 
280 2,10 1,06 722,08 1,61 
275 3,10 1,08 575,66 1,84 

650 

315 0,50 1,27 0,36 0,82 2265,03 0,89 
310 11,37 2,25 0,63 1,02 1921,36 1,86 
305 26,53 2,27 1,06 1,05 1561,59 2,06 
300 63,66 2,67 1,34 1,01 1266,14 2,36 
295 132,63 2,42 2,50 1,03 858,17 2,62 
290 198,94 2,83 2,69 1,00 635,53 2,79 
285 454,73 3,01 6,51 1,09 384,23 2,70 
280 8,18 1,05 231,64 2,38 
275 13,84 0,98 155,36 1,93 

700 

315 1,01 4,33 0,19 1,31 4792,50 0,97 
310 9,95 5,82 0,35 1,52 3866,72 1,97 
305 26,53 4,28 0,42 1,25 3363,29 2,59 
300 33,86 3,84 0,57 1,19 3052,55 3,07 
295 227,36 3,73 0,90 0,89 1668,21 3,11 
290 265,26 2,93 1,56 0,89 1047,35 3,62 
285 2,35 0,86 666,41 3,83 
280 4,08 0,84 329,39 3,61 
275 6,39 0,85 188,13 2,91 

800 

315 1,30 0,62 5,45 1,03 355,43 1,97 
310 10,61 1,24 8,72 1,09 254,31 2,10 
305 22,74 1,39 12,56 1,04 164,21 2,47 
300 61,21 1,42 20,85 1,07 92,67 2,75 
295 88,42 1,37 29,98 1,04 62,13 2,75 
290 159,15 1,26 45,80 1,07 46,20 2,53 
285 67,78 1,05 36,99 2,20 
280 100,35 1,04 31,24 1,84 
275 147,91 0,96 26,36 1,47 

Table 5. Relaxation time (τZ) and the CCPE capacitors, dielectric constant (ε´) and dielectric loss (tan δ), at 
1kHz and 300 K, of the 88 Si samples. 
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The XRD patterns of the 88Si sample TT at 600 ºC and of the 92Si sample TT at 650 ºC, both 
translucent, showed that the LiNbO3 crystalline phase is already formed. In the SEM 
micrographs of those samples it is possible to observe particles with a size that does not 
exceeds 500 nm, which are associated to those crystallites. The observation of particles in the 
88Si sample, treated at temperatures where in the 92Si samples no particles were observed, 
is justified to the fact that the amount of lithium and niobium ions present in the 88Si 
sample is greater. As it is known, Li+ and Nb5+ ions, which due to their high field strength, 
can promote phase separation in the vitreous network [34]. When treated at 800 °C the 88Si 
sample became opaque. The SEM micrographs of this sample show particles with a 
maximum size of 200 nm, but by XRD it was detect not only the LiNbO3 phase but also the 
SiO2, and Li2Si2O5 and Li3NbO4 phases. In the samples of the 92Si composition, TT at 800 °C, 
which are translucent, the LiNbO3 and SiO2 crystal phases are also present. Thus, the opacity 
of the 88Si sample, TT800, can be attributed to the presence of particles associated with the 
crystalline phases of Li2Si2O5 and Li3NbO4. 

The Li3NbO4 crystalline phase, present in the 88Si sample TT at 800 °C, compared with the 
LiNbO3 phase, is richer in Li+ ions. Thus, taking into account that the molar amount of Li+ 
and Nb5+ ions present in the sample is equal ([Nb] / [Li] = 1), it can be confirmed the 
existence, in this sample, of a greater quantity of Nb5+ ions inserted structurally in glass 
matrix, than Li+ ions. The formation of the Li2Si2O5 crystalline phase contributes to the 
decrease of the number of these Li+ ions. The absence in the Raman spectra of all the 92Si 
and 88Si samples, of a band at 800-850 cm-1 related to the vibration of the Nb-O-Si bonds, 
indicates that Nb5+ ions are probably embedded in the matrix as network modifiers. The 
decreasing of the number of lithium and niobium ions, structurally inserted in the glass 
matrix, with the increase of the TT temperature, is responsible for the decrease of the dc 
conductivity. 

The 88Si sample, TT at 800 ºC, shows the minimum value of σdc, of all samples of this 
composition, indicating that this is the one that should have the smallest number of ions 
structurally inserted in the glass network. However, the σdc is also affected by the presence 
of particles, particularly those of LiNbO3, which are characterized by a high resistivity (~ 1021 
Ω. cm, at 300 K [34]) 

The particles observed by SEM in the sample TT800 exhibit a morphology and size similar 
to that observed in the samples TT at 600 and 700 °C. The detection, by Raman spectroscopy, 
in the samples TT at temperatures above 500 ºC, of vibrations assigned to the LiNbO3 crystal 
structure (mainly the ones centered at 240 and 680 cm-1) leads us to consider that the 
particles observed by SEM are LiNbO3 crystallites. Knowing that the particle size is higher 
in the sample TT 650 than in the sample TT at 700 ºC, and that the intensity of the XRD 
peaks associated with the LiNbO3 phase is also higher in the sample TT650, it can be 
assumed that the increase of the TT temperature from 650 to 700 °C promotes a dissolution 
of particles. Thus, the volume ratio between LiNbO3 particles and the matrix glass is higher 
in the sample TT650 and the sample TT700 will have a larger number of Li+ and Nb5+ ions 
structurally inserted in the glass matrix. Thus, it can be justified the observed increase of σdc 
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Sample Temp. 
(K) 

τz1 

(x10-3) 
[s] 

CCPE1 

(x10-7) 
[F] 

τz2 

(x10-6) 
[s] 

CCPE2 

(x10-9) 
[F] 

ε´ tan δ 

600 

315 0,35 1,20 1873,33 0,47 
310 2,65 1,32 1722,50 0,48 
305 6,92 1,21 1585,02 0,54 
300 26,53 1,06 0,59 1,52 1330,68 0,68 
295 51,34 1,11 0,72 1,13 1178,92 0,88 
290 75,79 1,18 0,86 0,99 1013,83 1,06 
285 1,45 1,06 859,40 1,33 
280 2,10 1,06 722,08 1,61 
275 3,10 1,08 575,66 1,84 

650 

315 0,50 1,27 0,36 0,82 2265,03 0,89 
310 11,37 2,25 0,63 1,02 1921,36 1,86 
305 26,53 2,27 1,06 1,05 1561,59 2,06 
300 63,66 2,67 1,34 1,01 1266,14 2,36 
295 132,63 2,42 2,50 1,03 858,17 2,62 
290 198,94 2,83 2,69 1,00 635,53 2,79 
285 454,73 3,01 6,51 1,09 384,23 2,70 
280 8,18 1,05 231,64 2,38 
275 13,84 0,98 155,36 1,93 

700 

315 1,01 4,33 0,19 1,31 4792,50 0,97 
310 9,95 5,82 0,35 1,52 3866,72 1,97 
305 26,53 4,28 0,42 1,25 3363,29 2,59 
300 33,86 3,84 0,57 1,19 3052,55 3,07 
295 227,36 3,73 0,90 0,89 1668,21 3,11 
290 265,26 2,93 1,56 0,89 1047,35 3,62 
285 2,35 0,86 666,41 3,83 
280 4,08 0,84 329,39 3,61 
275 6,39 0,85 188,13 2,91 

800 

315 1,30 0,62 5,45 1,03 355,43 1,97 
310 10,61 1,24 8,72 1,09 254,31 2,10 
305 22,74 1,39 12,56 1,04 164,21 2,47 
300 61,21 1,42 20,85 1,07 92,67 2,75 
295 88,42 1,37 29,98 1,04 62,13 2,75 
290 159,15 1,26 45,80 1,07 46,20 2,53 
285 67,78 1,05 36,99 2,20 
280 100,35 1,04 31,24 1,84 
275 147,91 0,96 26,36 1,47 

Table 5. Relaxation time (τZ) and the CCPE capacitors, dielectric constant (ε´) and dielectric loss (tan δ), at 
1kHz and 300 K, of the 88 Si samples. 
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The XRD patterns of the 88Si sample TT at 600 ºC and of the 92Si sample TT at 650 ºC, both 
translucent, showed that the LiNbO3 crystalline phase is already formed. In the SEM 
micrographs of those samples it is possible to observe particles with a size that does not 
exceeds 500 nm, which are associated to those crystallites. The observation of particles in the 
88Si sample, treated at temperatures where in the 92Si samples no particles were observed, 
is justified to the fact that the amount of lithium and niobium ions present in the 88Si 
sample is greater. As it is known, Li+ and Nb5+ ions, which due to their high field strength, 
can promote phase separation in the vitreous network [34]. When treated at 800 °C the 88Si 
sample became opaque. The SEM micrographs of this sample show particles with a 
maximum size of 200 nm, but by XRD it was detect not only the LiNbO3 phase but also the 
SiO2, and Li2Si2O5 and Li3NbO4 phases. In the samples of the 92Si composition, TT at 800 °C, 
which are translucent, the LiNbO3 and SiO2 crystal phases are also present. Thus, the opacity 
of the 88Si sample, TT800, can be attributed to the presence of particles associated with the 
crystalline phases of Li2Si2O5 and Li3NbO4. 

The Li3NbO4 crystalline phase, present in the 88Si sample TT at 800 °C, compared with the 
LiNbO3 phase, is richer in Li+ ions. Thus, taking into account that the molar amount of Li+ 
and Nb5+ ions present in the sample is equal ([Nb] / [Li] = 1), it can be confirmed the 
existence, in this sample, of a greater quantity of Nb5+ ions inserted structurally in glass 
matrix, than Li+ ions. The formation of the Li2Si2O5 crystalline phase contributes to the 
decrease of the number of these Li+ ions. The absence in the Raman spectra of all the 92Si 
and 88Si samples, of a band at 800-850 cm-1 related to the vibration of the Nb-O-Si bonds, 
indicates that Nb5+ ions are probably embedded in the matrix as network modifiers. The 
decreasing of the number of lithium and niobium ions, structurally inserted in the glass 
matrix, with the increase of the TT temperature, is responsible for the decrease of the dc 
conductivity. 

The 88Si sample, TT at 800 ºC, shows the minimum value of σdc, of all samples of this 
composition, indicating that this is the one that should have the smallest number of ions 
structurally inserted in the glass network. However, the σdc is also affected by the presence 
of particles, particularly those of LiNbO3, which are characterized by a high resistivity (~ 1021 
Ω. cm, at 300 K [34]) 

The particles observed by SEM in the sample TT800 exhibit a morphology and size similar 
to that observed in the samples TT at 600 and 700 °C. The detection, by Raman spectroscopy, 
in the samples TT at temperatures above 500 ºC, of vibrations assigned to the LiNbO3 crystal 
structure (mainly the ones centered at 240 and 680 cm-1) leads us to consider that the 
particles observed by SEM are LiNbO3 crystallites. Knowing that the particle size is higher 
in the sample TT 650 than in the sample TT at 700 ºC, and that the intensity of the XRD 
peaks associated with the LiNbO3 phase is also higher in the sample TT650, it can be 
assumed that the increase of the TT temperature from 650 to 700 °C promotes a dissolution 
of particles. Thus, the volume ratio between LiNbO3 particles and the matrix glass is higher 
in the sample TT650 and the sample TT700 will have a larger number of Li+ and Nb5+ ions 
structurally inserted in the glass matrix. Thus, it can be justified the observed increase of σdc 
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from the sample TT650 to the sample TT700. The decrease of σdc from the as-prepared glass 
(TT500) to the sample TT650 and from the TT700 sample to the TT800 sample is justify by a 
decrease in the number of charge carriers.  

The 92Si samples present a σdc much lower than that observed in the 88Si samples. This 
difference is explained by the existence of a larger number of Li+ and Nb5+ ions, structurally 
inserted in the glass matrix, in the 88Si samples network. 

In the 92Si samples TET at 650 °C, with amplitude lower than 500 kV/m, it were observed 
particles in the sample surface by SEM but not detected by XRD. This phenomenon is 
probably due to the fact that these particles may have a amorphous crystallinity nature. The 
detection by XRD, in the 650C sample and in the samples TT at temperatures above 650 °C, 
of LiNbO3 crystal phase, indicates that the particles observed in the 650C sample surface 
must be associated with LiNbO3. 

In both compositions, and in the temperature range of the conductivity measurements, two 
zones with different activation energies were observed. This behavior was adjusted with an 
Arrhenius equation and the activation energy calculated. The only exception was the 88Si 
sample TT at 500 ºC. This atypical behavior can be explained considering that this sample 
has a microstructure with a high porosity [2]. Kincs et al. [35] found that the non-Arrhenius 
behavior in glasses disappears with the densification of the glass. Thus, increasing the TT 
temperature in the 88Si glass composition a structural densification is activated. 

In all 88Si and 92Si samples, the σdc increases with the increase of the measurement 
temperature. This behavior, typical of a thermally stimulated process, can be attributed to 
the increase of the charge carriers energy, with the increase of the temperature. Assuming 
the ionic conductivity model, where conduction is done by the "jumps" of the charge carriers 
through the potential barriers [25;26;27;28], the increase of the energy of those charge 
carriers make their movements easier, thus increasing the σdc. 

Samples of the 88Si composition show a decrease in the ac conductivity, with the increase of 
the TT temperature, indicating that the TT affects the structure of the glass in such way that 
the number of units responsible for this conduction mechanism (dipoles and/or ions) 
decreases or their movement, in response to the applied ac field, becomes more difficult. The 
Ea(ac), calculated using the Arrhenius equation, is similar for the samples TT500, TT700 and 
TT800 (~ 45 kJ/mol). The remaining samples showed different Ea(ac) values (TT600 ~ 32 
kJ/mol and TT650 ~ 52 kJ/mol). The decrease of the Ea(ac) from the sample TT500 to the 
sample TT600, indicates a decrease in the height of the potential barriers associated with this 
conduction process, suggesting that the decrease of σac is due to a decrease in the number of 
dipoles, associated with lithium and niobium ions structurally inserted in the glass matrix. 
Considering that the particles observed in the sample TT600 are LiNbO3 particles, the 
decreased of σac can be explained by the formation of dipoles related with these crystals, 
which are difficult to depolarization [29;36] in this measuring temperatures. The sample 
TT650 has the highest value of Ea(ac). This is related to the presence of LiNbO3 particles 
agglomerates, which increases the difficulty of the associated dipoles movements. The 
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decrease of the σac, from the sample TT700 to the sample TT800, is justified by the decrease 
of lithium and niobium ions, since both samples have similar Ea(ac) values. 

The existence of two zones with different morphology (surface and bulk), in the 92Si 
composition samples TET, indicate that the dielectric response can be associated to an 
equivalent electric circuit model as shown in figure 42.  

 
Figure 42. Equivalent electric circuit model: i) sample (a – surface; b – bulk); ii) electric model where Ra 

and Ca represent the resistance and the capacity related with the sample surface characteristics, Rb and 
Cb the resistance and capacity related to the bulk characteristics; iii) approximate model. 

In the dielectric analysis, the electric circuit comes down to a combination of three capacitors 
in series: two related with the sample surfaces and the third with the bulk characteristics. 
Knowing that the thickness of the samples are about 1.0 mm, the thickness of the surface 
part where the particles are embedded is below 3 μm (sample 700A), the dielectric constant 
(ε ') of LiNbO3 is higher than 103 at 300 K and 1 kHz [29], being much higher than the ε ' of 
the bulk sample zone, assumed to consist mainly of glass matrix (

2

´ 4.0SiOε ≈ ), it is 
reasonable to consider that the dielectric behavior can be controlled by the characteristics of 
the bulk. Briefly, the analysis of the electrical circuit consisting of three capacitors in series 
shows that the equivalent capacity is 
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If we consider that Ca >> Cb than  Ceq ≈ Cb. Therefore the increase of ε' in the samples series 
treated at 750 ° C, with the increase of the external electric field amplitude may be associated 
with an increase in the number of dipoles present in the bulk region of the samples. In these 
samples it was observed a decrease in the LiNbO3 particle size, with the increase of the 
applied electric field amplitude. This reduction is also associated with the decrease of 
intensity of the Raman band centered at 630 cm-1 related to the presence of LiNbO3 particles 
[24], indicating a decrease in the number of dipoles associated with those particles. By 
increasing the electric field amplitude applied during the heat treatment, the σdc increases. 
This behavior must be related to the presence of a higher number of Li+ and Nb5+ ions 
inserted structurally in the glass matrix. Thus it can be assumed an increase in the number 
of electric dipoles in the bulk zone with the increase of the amplitude of the electric field. 
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from the sample TT650 to the sample TT700. The decrease of σdc from the as-prepared glass 
(TT500) to the sample TT650 and from the TT700 sample to the TT800 sample is justify by a 
decrease in the number of charge carriers.  

The 92Si samples present a σdc much lower than that observed in the 88Si samples. This 
difference is explained by the existence of a larger number of Li+ and Nb5+ ions, structurally 
inserted in the glass matrix, in the 88Si samples network. 

In the 92Si samples TET at 650 °C, with amplitude lower than 500 kV/m, it were observed 
particles in the sample surface by SEM but not detected by XRD. This phenomenon is 
probably due to the fact that these particles may have a amorphous crystallinity nature. The 
detection by XRD, in the 650C sample and in the samples TT at temperatures above 650 °C, 
of LiNbO3 crystal phase, indicates that the particles observed in the 650C sample surface 
must be associated with LiNbO3. 

In both compositions, and in the temperature range of the conductivity measurements, two 
zones with different activation energies were observed. This behavior was adjusted with an 
Arrhenius equation and the activation energy calculated. The only exception was the 88Si 
sample TT at 500 ºC. This atypical behavior can be explained considering that this sample 
has a microstructure with a high porosity [2]. Kincs et al. [35] found that the non-Arrhenius 
behavior in glasses disappears with the densification of the glass. Thus, increasing the TT 
temperature in the 88Si glass composition a structural densification is activated. 

In all 88Si and 92Si samples, the σdc increases with the increase of the measurement 
temperature. This behavior, typical of a thermally stimulated process, can be attributed to 
the increase of the charge carriers energy, with the increase of the temperature. Assuming 
the ionic conductivity model, where conduction is done by the "jumps" of the charge carriers 
through the potential barriers [25;26;27;28], the increase of the energy of those charge 
carriers make their movements easier, thus increasing the σdc. 

Samples of the 88Si composition show a decrease in the ac conductivity, with the increase of 
the TT temperature, indicating that the TT affects the structure of the glass in such way that 
the number of units responsible for this conduction mechanism (dipoles and/or ions) 
decreases or their movement, in response to the applied ac field, becomes more difficult. The 
Ea(ac), calculated using the Arrhenius equation, is similar for the samples TT500, TT700 and 
TT800 (~ 45 kJ/mol). The remaining samples showed different Ea(ac) values (TT600 ~ 32 
kJ/mol and TT650 ~ 52 kJ/mol). The decrease of the Ea(ac) from the sample TT500 to the 
sample TT600, indicates a decrease in the height of the potential barriers associated with this 
conduction process, suggesting that the decrease of σac is due to a decrease in the number of 
dipoles, associated with lithium and niobium ions structurally inserted in the glass matrix. 
Considering that the particles observed in the sample TT600 are LiNbO3 particles, the 
decreased of σac can be explained by the formation of dipoles related with these crystals, 
which are difficult to depolarization [29;36] in this measuring temperatures. The sample 
TT650 has the highest value of Ea(ac). This is related to the presence of LiNbO3 particles 
agglomerates, which increases the difficulty of the associated dipoles movements. The 
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decrease of the σac, from the sample TT700 to the sample TT800, is justified by the decrease 
of lithium and niobium ions, since both samples have similar Ea(ac) values. 

The existence of two zones with different morphology (surface and bulk), in the 92Si 
composition samples TET, indicate that the dielectric response can be associated to an 
equivalent electric circuit model as shown in figure 42.  

 
Figure 42. Equivalent electric circuit model: i) sample (a – surface; b – bulk); ii) electric model where Ra 

and Ca represent the resistance and the capacity related with the sample surface characteristics, Rb and 
Cb the resistance and capacity related to the bulk characteristics; iii) approximate model. 

In the dielectric analysis, the electric circuit comes down to a combination of three capacitors 
in series: two related with the sample surfaces and the third with the bulk characteristics. 
Knowing that the thickness of the samples are about 1.0 mm, the thickness of the surface 
part where the particles are embedded is below 3 μm (sample 700A), the dielectric constant 
(ε ') of LiNbO3 is higher than 103 at 300 K and 1 kHz [29], being much higher than the ε ' of 
the bulk sample zone, assumed to consist mainly of glass matrix (
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´ 4.0SiOε ≈ ), it is 
reasonable to consider that the dielectric behavior can be controlled by the characteristics of 
the bulk. Briefly, the analysis of the electrical circuit consisting of three capacitors in series 
shows that the equivalent capacity is 
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If we consider that Ca >> Cb than  Ceq ≈ Cb. Therefore the increase of ε' in the samples series 
treated at 750 ° C, with the increase of the external electric field amplitude may be associated 
with an increase in the number of dipoles present in the bulk region of the samples. In these 
samples it was observed a decrease in the LiNbO3 particle size, with the increase of the 
applied electric field amplitude. This reduction is also associated with the decrease of 
intensity of the Raman band centered at 630 cm-1 related to the presence of LiNbO3 particles 
[24], indicating a decrease in the number of dipoles associated with those particles. By 
increasing the electric field amplitude applied during the heat treatment, the σdc increases. 
This behavior must be related to the presence of a higher number of Li+ and Nb5+ ions 
inserted structurally in the glass matrix. Thus it can be assumed an increase in the number 
of electric dipoles in the bulk zone with the increase of the amplitude of the electric field. 
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In the samples series TET at 700 °C, the behavior of ε', with the increase of the external 
electrical field amplitude, is opposite to the one observed in the samples TET at 750 °C. The 
increase of the particle size in the samples TET at 700 °C, with the increase of the external 
electrical field amplitude, was observed by SEM and by Raman spectroscopy (increase of the 
intensity of the band centered at 630 cm-1). This fact will cause a reduction in the number of 
dipoles in the sample bulk zone, thereby reducing the ε' value. The same occurs in the 
sample TET at 650 °C. Thus, these results suggest that in the samples TET at 650 °C and 700 
ºC the Nb5+ and Li+ ions migrate from the bulk zone to the surface, contributing to the 
increase of the particles size. 

The dielectric response, using the impedance formalism (Z*), as a function of frequency and 
temperature for the 92Si composition samples was adjusted to the physical model consisting 
on the equivalent circuit shown in figure 43 [R1(RCPE1)].  

 
Figure 43. Equivalent electric circuit model. 

It is noted that this model fits the experimental data reasonably, showing for all the samples 
a value of the parameter n very close to 1 (> 0.9), indicating that CPE element behaves very 
close to a capacitor. The value of R1 ~0 was considered in all samples. 

In the 88Si composition samples it was detected two relaxation mechanisms, which were 
fitted, using the CNLLS algorithm, to the equivalent circuit model shown in figure 33 
([R0(R1CPE1)(R2CPE2)]). From the obtained values, it should be noted that the parameters n1 
and n2, associated to the elements and CPE1 and CPE2, respectively, are always higher than 
0.73, which shows that also in this composition, the elements CPE tend to exhibit a behavior 
similar to a capacitive element. The relaxation mechanism, found in the high frequency 
region (R2CPE2) is assigned to the characteristics of the vitreous matrix ("bulk"), i.e., with the 
relaxation of dipoles associated with the ions structurally inserted in the glass matrix. The 
relaxation at the lowest frequencies was associated with surface features, namely those 
related with the dipoles related with the particles detected at the samples surfaces. The 
presence of those particles, related with the LiNbO3 crystalline phase, which is characterized 
by possessing dipoles which electrical depolarization is difficult, justifies the higher 
relaxation time. The fact that the relaxation time associated with the first depolarization 
mechanism, observed in the 88Si composition, is of the same order of magnitude to that 
observed in the 92Si samples composition, suggests that the electrical units responsible for 
both are the same, i.e., the dipoles associated with lithium and niobium ions inserted 
structurally in the glass matrix. In the 88Si composition, the relaxation time τZ1, related with 
the R1CPE1, and associated with the relaxation mechanism at the low frequency zone, is 
higher (~ 10-2 s) than the τZ2, which also indicates that the units responsible for this relaxation 
are more difficult to depolarize.  
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In the 92Si composition, the Z* behavior as a function of frequency, for the TET samples 
treated at 700 ºC is opposite to that observed in the samples TET at 750 ºC, with the 
increase of the external electric field amplitude (the series TET at 650 and 700 ºC have a 
similar behavior). In the samples TET at 750 ºC, the increase of the amplitude of the 
external electrical field, promote an increase in the values of the R and Y0 parameters. 
This behavior should be associated with the increase of the number of particles in the 
sample bulk zone. In the samples TET at 650 and 700 °C, the number of electrical units 
within the sample (bulk region) decreases with the increase of the amplitude of the 
external electrical field, and therefore, increases the number of surface particles, justifying 
the Z*(ω) opposite behavior. 

The 92Si composition presents dielectric constant (ε ') and dielectric loss (tan δ   =   ε'' / ε' ) 
values, much lower than those observed in the 88Si composition samples. The justification 
for this value disparity is the larger number of electric dipoles existing in the 88Si 
composition sample. In this composition, the decrease of ε', from the sample TT at 600 ºC to 
the sample TT at 650 ºC, measured at room temperature and 1 kHz, is due to the presence, in 
the sample TT650, of particle agglomeration and also to high size particles, which promotes 
the decrease of the number of dipoles associated with lithium and niobium ions structurally 
inserted in the glass matrix. Furthermore it is likely that the crystal orientation of the 
particles and agglomerates, do not present a preferential grow direction contributing to the 
decrease of the dipole moment [36;37]. 

The parameter tan δ  (92Si composition) increases in the samples TET at 750 °C, with the 
increase of the amplitude of the external electrical field, mainly due to the increase of the ε'' 
component. This behavior will cause an increase in the conductivity, which is corroborated 
by the R parameter behavior. The decrease in the value of τZ, in the samples TET at 750 °C 
with the increase of the amplitude of the electric field, suggests that the electrical units, 
present in these samples, follow the ac electric field more easily. In the TET samples treated 
at 650 °C, the behavior of tan δ (with increasing the amplitude of the external electric field) is 
opposite to that observed in the samples TET at 750 °C. This can be attributed to a 
significant increase in the ac resistivity. Moreover ε' decreases due to the increase of the 
surface particles amount and thus reducing the amount of ions in the glass bulk zone. 

The presence in samples of the 88Si composition of two relaxation peaks, in the Z* spectrum, 
similar to those already observed in other glass containing LiNbO3 crystals [38;39;40] 
suggests that the dc conductivity at low temperature and the dielectric relaxation at high-
frequency can be assigned to the ion conduction and ionic polarization, respectively. The σdc 
behavior at temperatures higher than 300 K and the relaxation process in the low frequency 
range should be assigned to interfacial electrode-sample polarization [38;39;40]. 

10. Main conclusions 

1. The sol-gel method allows the preparation of glasses and glass ceramics with 
compositions that by the melt-quenching method are extremely difficult to prepare. 
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In the samples series TET at 700 °C, the behavior of ε', with the increase of the external 
electrical field amplitude, is opposite to the one observed in the samples TET at 750 °C. The 
increase of the particle size in the samples TET at 700 °C, with the increase of the external 
electrical field amplitude, was observed by SEM and by Raman spectroscopy (increase of the 
intensity of the band centered at 630 cm-1). This fact will cause a reduction in the number of 
dipoles in the sample bulk zone, thereby reducing the ε' value. The same occurs in the 
sample TET at 650 °C. Thus, these results suggest that in the samples TET at 650 °C and 700 
ºC the Nb5+ and Li+ ions migrate from the bulk zone to the surface, contributing to the 
increase of the particles size. 

The dielectric response, using the impedance formalism (Z*), as a function of frequency and 
temperature for the 92Si composition samples was adjusted to the physical model consisting 
on the equivalent circuit shown in figure 43 [R1(RCPE1)].  

 
Figure 43. Equivalent electric circuit model. 

It is noted that this model fits the experimental data reasonably, showing for all the samples 
a value of the parameter n very close to 1 (> 0.9), indicating that CPE element behaves very 
close to a capacitor. The value of R1 ~0 was considered in all samples. 

In the 88Si composition samples it was detected two relaxation mechanisms, which were 
fitted, using the CNLLS algorithm, to the equivalent circuit model shown in figure 33 
([R0(R1CPE1)(R2CPE2)]). From the obtained values, it should be noted that the parameters n1 
and n2, associated to the elements and CPE1 and CPE2, respectively, are always higher than 
0.73, which shows that also in this composition, the elements CPE tend to exhibit a behavior 
similar to a capacitive element. The relaxation mechanism, found in the high frequency 
region (R2CPE2) is assigned to the characteristics of the vitreous matrix ("bulk"), i.e., with the 
relaxation of dipoles associated with the ions structurally inserted in the glass matrix. The 
relaxation at the lowest frequencies was associated with surface features, namely those 
related with the dipoles related with the particles detected at the samples surfaces. The 
presence of those particles, related with the LiNbO3 crystalline phase, which is characterized 
by possessing dipoles which electrical depolarization is difficult, justifies the higher 
relaxation time. The fact that the relaxation time associated with the first depolarization 
mechanism, observed in the 88Si composition, is of the same order of magnitude to that 
observed in the 92Si samples composition, suggests that the electrical units responsible for 
both are the same, i.e., the dipoles associated with lithium and niobium ions inserted 
structurally in the glass matrix. In the 88Si composition, the relaxation time τZ1, related with 
the R1CPE1, and associated with the relaxation mechanism at the low frequency zone, is 
higher (~ 10-2 s) than the τZ2, which also indicates that the units responsible for this relaxation 
are more difficult to depolarize.  
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In the 92Si composition, the Z* behavior as a function of frequency, for the TET samples 
treated at 700 ºC is opposite to that observed in the samples TET at 750 ºC, with the 
increase of the external electric field amplitude (the series TET at 650 and 700 ºC have a 
similar behavior). In the samples TET at 750 ºC, the increase of the amplitude of the 
external electrical field, promote an increase in the values of the R and Y0 parameters. 
This behavior should be associated with the increase of the number of particles in the 
sample bulk zone. In the samples TET at 650 and 700 °C, the number of electrical units 
within the sample (bulk region) decreases with the increase of the amplitude of the 
external electrical field, and therefore, increases the number of surface particles, justifying 
the Z*(ω) opposite behavior. 

The 92Si composition presents dielectric constant (ε ') and dielectric loss (tan δ   =   ε'' / ε' ) 
values, much lower than those observed in the 88Si composition samples. The justification 
for this value disparity is the larger number of electric dipoles existing in the 88Si 
composition sample. In this composition, the decrease of ε', from the sample TT at 600 ºC to 
the sample TT at 650 ºC, measured at room temperature and 1 kHz, is due to the presence, in 
the sample TT650, of particle agglomeration and also to high size particles, which promotes 
the decrease of the number of dipoles associated with lithium and niobium ions structurally 
inserted in the glass matrix. Furthermore it is likely that the crystal orientation of the 
particles and agglomerates, do not present a preferential grow direction contributing to the 
decrease of the dipole moment [36;37]. 

The parameter tan δ  (92Si composition) increases in the samples TET at 750 °C, with the 
increase of the amplitude of the external electrical field, mainly due to the increase of the ε'' 
component. This behavior will cause an increase in the conductivity, which is corroborated 
by the R parameter behavior. The decrease in the value of τZ, in the samples TET at 750 °C 
with the increase of the amplitude of the electric field, suggests that the electrical units, 
present in these samples, follow the ac electric field more easily. In the TET samples treated 
at 650 °C, the behavior of tan δ (with increasing the amplitude of the external electric field) is 
opposite to that observed in the samples TET at 750 °C. This can be attributed to a 
significant increase in the ac resistivity. Moreover ε' decreases due to the increase of the 
surface particles amount and thus reducing the amount of ions in the glass bulk zone. 

The presence in samples of the 88Si composition of two relaxation peaks, in the Z* spectrum, 
similar to those already observed in other glass containing LiNbO3 crystals [38;39;40] 
suggests that the dc conductivity at low temperature and the dielectric relaxation at high-
frequency can be assigned to the ion conduction and ionic polarization, respectively. The σdc 
behavior at temperatures higher than 300 K and the relaxation process in the low frequency 
range should be assigned to interfacial electrode-sample polarization [38;39;40]. 

10. Main conclusions 

1. The sol-gel method allows the preparation of glasses and glass ceramics with 
compositions that by the melt-quenching method are extremely difficult to prepare. 
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2. The drying process keeps the 92Si composition gel transparent and the 88Si translucent. 
The heat treatment with or without the presence of the external electrical field, makes 
the 92Si glass composition translucent. Samples of the 88Si composition, after TT at 
temperatures above 750 ºC, became opaque. 

3. The detection of LiNbO3 crystal phase is observed in the 92Si sample composition TT at 
temperatures above 650 °C and in the 88Si composition at temperatures above 600 °C. 
Increasing the annealing temperature it is promoted the appearance of secondary 
crystalline phases. 

4. SEM revealed that crystallization in both 92Si and 88Si compositions are predominantly 
at the glass surface. 

5. Samples of the 92Si composition, TET at temperatures below 650 ºC, promote the 
formation of LiNbO3 crystallites 

6. Increasing the amplitude of the electric field in the 92Si sample series treated at 650 and 
700 °C favors the increase in the particle size. The TET at 750 ºC presents the opposite 
behavior. 

7. The decrease in the surface particle size associated with an increase in the number of 
dipoles within the sample, justifies the maximum value of ε' observed (9,44). Thus, the 
study of the dielectric constant enables to establish if the crystallization occurs, 
preferably in the sample surface or in the bulk zone. 

8. The high values of ε', measured in the low frequency region (<1 kHz) in the 88Si 
samples, are due to interfacial polarization. The increase in the amount of surface 
particles promotes a decrease of ε', indicates that these particles grow without a 
preferential crystalline orientation. 

9. The 88Si composition sample treated at 650 °C shows particle agglomerates that are 
dissolved, with increasing the thermal treatment temperature. This structural change is 
substantiated by the SEM results and by the decreasing of the width and increasing of 
the intensity of the Raman bands. The results of σdc strengthen the hypothesis that the 
formation of secondary phases (Li2Si2O5 and Li3NbO4), in the 88Si samples composition 
comes from the dissolution of the LiNbO3 agglomerated particles. 

10. The results of the Raman spectroscopy indicate that the niobium ions are inserted in the 
glass matrix as network modifiers. 

11. The samples of these two compositions present two different temperature zones with 
different activation energies indicating the presence of two different conduction 
mechanisms. In the samples of the 88Si composition it was also detected the presence of 
two dielectric relaxation mechanisms. The Ea(dc) associated with the region of low 
temperatures and the dielectric relaxation mechanism associated with the high frequency 
region are assigned to ionic conduction and ionic polarization, respectively. The relaxation 
mechanism observed in the low frequency region and the Ea(dc) associated with the region 
of high temperatures, are due to interfacial polarization phenomena. 

12. The CNLLS algorithm associated with an electrical equivalent circuit model was used to 
adjust the dielectric behavior. The detection of two different relaxation mechanisms in 
the 88Si samples led to the use of the electrical equivalent circuit shown in figure 41. 
The results obtained by fitting the experimental data showed that this model may 
describe the dielectric behavior of these samples. 
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region are assigned to ionic conduction and ionic polarization, respectively. The relaxation 
mechanism observed in the low frequency region and the Ea(dc) associated with the region 
of high temperatures, are due to interfacial polarization phenomena. 

12. The CNLLS algorithm associated with an electrical equivalent circuit model was used to 
adjust the dielectric behavior. The detection of two different relaxation mechanisms in 
the 88Si samples led to the use of the electrical equivalent circuit shown in figure 41. 
The results obtained by fitting the experimental data showed that this model may 
describe the dielectric behavior of these samples. 
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1. Introduction 

Metals play a significant role in human life since the Bronze Age. Metals’ important 
advantages include higher toughness and predictable fracture behavior in all directions, 
which are fundamentally essential for engineering applications. In coarse-grain 
polycrystalline alloys, the plastic deformation is mediated by dislocations within the grains. 
Micromechanisms of dislocation-based plasticity have been well investigated. Taylor, 
Polanyi, and Orowan’s speculative models and Hirsch and Whelan’s experimental results 
clearly demonstrate that the existence of dislocations in the metals, like a double-edged 
sword, enhances the ductility, while reducing the theoretical strengths of most of the metallic 
crystalline systems [1]. However, the toughness depends on the integration of both strength 
and ductility. Hence, designing of advanced metallic materials to answer the challenging 
strength-ductility dilemma become an urgent call. There is natural limitation on the 
conventional polycrystalline metallic alloys. In practical uses, there are always some inherent 
defects in the crystalline phases, which degrade the alloys properties. Recently, the limitation 
of the crystalline-material strength was passed when the metallic alloys with amorphous 
structures were successfully synthesized in many material systems through advanced 
manufacturing methods[2]. Although most of the metallic elements exiting in the nature are 
present with crystalline structures which are the most stable structures with the lowest 
energy state, sometimes they can be made by various ways into metastable amorphous solid 
forms, such as rapid quenching techniques [3-5], mechanical alloying [6-8], accumulative roll 
bonding [9-12], and vapor condensation [13]. The characteristics of the mechanical, 
thermodynamic properties of such category of metallic materials are very similar to ceramic 
glasses, and thus they are also called as metallic glasses. Moreover, by introducing specific 
crystalline phases, such as crystalline dendrites, in an amorphous matrix, bulk metallic glass-
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1. Introduction 

Metals play a significant role in human life since the Bronze Age. Metals’ important 
advantages include higher toughness and predictable fracture behavior in all directions, 
which are fundamentally essential for engineering applications. In coarse-grain 
polycrystalline alloys, the plastic deformation is mediated by dislocations within the grains. 
Micromechanisms of dislocation-based plasticity have been well investigated. Taylor, 
Polanyi, and Orowan’s speculative models and Hirsch and Whelan’s experimental results 
clearly demonstrate that the existence of dislocations in the metals, like a double-edged 
sword, enhances the ductility, while reducing the theoretical strengths of most of the metallic 
crystalline systems [1]. However, the toughness depends on the integration of both strength 
and ductility. Hence, designing of advanced metallic materials to answer the challenging 
strength-ductility dilemma become an urgent call. There is natural limitation on the 
conventional polycrystalline metallic alloys. In practical uses, there are always some inherent 
defects in the crystalline phases, which degrade the alloys properties. Recently, the limitation 
of the crystalline-material strength was passed when the metallic alloys with amorphous 
structures were successfully synthesized in many material systems through advanced 
manufacturing methods[2]. Although most of the metallic elements exiting in the nature are 
present with crystalline structures which are the most stable structures with the lowest 
energy state, sometimes they can be made by various ways into metastable amorphous solid 
forms, such as rapid quenching techniques [3-5], mechanical alloying [6-8], accumulative roll 
bonding [9-12], and vapor condensation [13]. The characteristics of the mechanical, 
thermodynamic properties of such category of metallic materials are very similar to ceramic 
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composite materials demonstrate the improved plasticity and toughness, compared with 
monolithic amorphous materials [14]. These metallic systems have the capacity of 
revolutionizing current metal-forming technologies and manufacturing industries.  

2. The development of metallic glasses 

In 1960, Klement et al. [15] developed the first metallic glasses of Au75Si25 by the rapid 
quenching techniques for cooling the metallic liquids at very fast rates of 105-106 K/s. Their 
work quickly initiated broad interest among the scientists and engineers because they 
showed a new ”heat treatment” without nucleation and growth of crystalline phase when it 
cooled fast enough to frozen the liquefied configuration. Later on, the ternary amorphous 
alloys of Pd-Si-X (X = Ag, Cu or Au) were discovered successfully by Chen and Turnbull 
[16], and the Pd-T-Si (T = Ni, Co or Fe) ternary amorphous alloys which included the 
magnetic atoms were also developed in the same period [17]. The maximum size of these 
metallic glasses could be as large as 1 mm in diameter by using the die casting and roller-
quenching method. The effects of the alloy systems, compositions and the existence of a 
glass transition was demonstrated, it leaded to the first systematic studies in the formation, 
structure and property investigations of amorphous alloys. Because of their fundamental 
science interests and engineering application potential, the metallic glasses have attracted 
great attention since then. The geometry of metallic glasses, however, is limited to thin foils 
or lines since the formation of glass states needs super-fast cooling rates, which are not easy 
for industrial mass produciton. How to determine the glass forming ability (GFA) of 
amorphous alloys and increase the diameter of specimens becomes the important topic in 
that time. Turnbull and Fisher [18] advanced a criterion to predict the glass forming ability 
of an alloy. According to their criterion, the reduced glass transition temperature Trg, equal 
to the glass transition temperature Tg over liquids temperature Tl, or Trg = Tg/Tl is the primary 
factor. If Tg is larger and Tl smaller, the value of Trg will be higher so that such a liquid can 
be easily undercooled into a glassy state at a lower cooling rate. Although there are several 
new criteria proposed following them [19-20], the Trg has been proved to be useful to reflect 
the GFA of metallic glasses including BMGs.  

In 1974, the rods of Pd-Cu-Si alloy about 1~3 mm in diameter, the first bulk metallic glasses 
were prepared by Chen [17] using simple suction-casting methods. In 1982, Turnbull’s 
group [21-22] pushed the diameter of critical casting thickness of the Pd-Ni-P alloys up to 10 
mm by processing the Pd–Ni–P melt in a boron oxide flux and eliminated the heterogeneous 
nucleation. A series of solid state amophization techniques that are completely different 
from the mechanism of rapid quenching had been developed during that time. For example, 
mechanical alloying, strain-induced amorphization in multilayers, ion beam mixing, 
hydrogen absorption, and inverse melting [23]. The thin films or powders of metallic glasses 
can be acquired as well as by interdiffusion and interfacial reaction of the temperature just 
below the glass transition temperature.  

In the late 1980s, Inoue’s group [24-25] in the Tohoku University, Japan, developed new 
groups of multicomponent metallic glass systems with lower cooling rates in Mg-, Ln-, Zr-, 

 
Cooling – As a “Heat Treatment” for the Mechanical Behavior of the Bulk Metallic Glass Alloys 

 

369 

Fe-, Pd-, Cu-, Ti- and Ni- based systems. The Inoue group found exceptional glass forming 
ability in La-Al-Ni and La-Al-Cu ternary alloys system [24]. By casting the alloy melt in 
water-cooling Cu molds, the cylindrical samples with diameters up to 5 mm or sheets with 
similar thicknesses were made fully glassy in the La55Al25Ni20 alloy. Similarly, the 
La55Al25Ni10Cu10 alloy, fabricated by the same method, was even big with a diameter up to 9 
mm.  

In the 1990s, the Inoue group further developed a series of multicomponent Zr-based bulk 
metallic glasses, such as Zr-Cu-Ni, Zr-Cu-Ni-Al, etc. , along with Mg-based, e. g. Mg–Cu–Y 
and Mg–Ni–Y alloys, all exhibiting a high Glass Forming Ability (GFA) and thermal stability 
[26-29]. For one of the Zr-based BMGs, Zr65Al7. 5Ni10Cu17. 5, the critical casting thickness was 
up to 15 mm, and the largest critical casting thickness was 72 mm in the Pd–Cu–Ni–P family 
[30]. With Inoue’s advancement of the aforementioned bulk metallic glass alloys, the BMGs 
were no longer laboratory curiosity. The possibility of promising engineering applications 
became reality. One of the examples was that the Zr-based bulk metallic glasses were 
applied in the industries just three years after it was invented [31]. Subsequently, a set of the 
very famous empirical rules in order to direct the selection of alloying elements and 
composition of glass forming alloys have been summarized by Inoue and Johnson as follows 
[32-33]: (1) Multicomponent alloys with three or more elements; (2) More than 12% atomic 
radius difference among them; (3) Negative heat of mixing between constituent elements; (4) 
The deep eutectic rule based on the Trg criterion. These rules concluded critical criteria for 
the design of the BMGs until 1999. However, the exception was found in the binary systems, 
such as the Ni-Nb [34], the Ca-Al [35] the Zr-Ni [36], and the Cu-Zr [37-38] alloys. The above 
systems can also produce BMGs with the size up to several millimeters without the 
limitations of the eutectics. In summary, the formation mechanism and criteria for the 
binary BMGs might not follow the traditional multi-component systems. These results 
suggest that there are many other potential forming systems of the metallic glasses to be 
discovered.  

3. How to describe the mechanical behavior of the bulk metallic glasses 

Over the past four decades, considerable research efforts have been made on the BMGs due 
to their potential opportunity based on the high yield strength, relatively high fracture 
toughness, low internal friction, high fatigue resistance, as well as better wear and corrosion 
resistance [31-32, 39]. Although the bulk metallic glasses (BMGs) are one of such species of 
materials which are considered for future industrial applications, the insufficient plastic 
deformation at room temperature is still the Achilles’ hell for the industrial applications 
regardless of its highly scientific value. In general, metallic glasses (MGs) are disordered 
materials which lack the periodicity of long range ordering in the atom packing, but the 
atomic arrangement in amorphous alloys is not completely random as liquid. In fact, many 
scholars believe that amorphous structures are composed of short range ordering, such as 
icosahedra clusters or other packing forms related to the intermetallic compounds that 
would form in the corresponding equilibrium phase diagram [40-41]. The short range order 
is identified as a structure consisting of an atom and its nearest neighbors perhaps two or 
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composite materials demonstrate the improved plasticity and toughness, compared with 
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new criteria proposed following them [19-20], the Trg has been proved to be useful to reflect 
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were prepared by Chen [17] using simple suction-casting methods. In 1982, Turnbull’s 
group [21-22] pushed the diameter of critical casting thickness of the Pd-Ni-P alloys up to 10 
mm by processing the Pd–Ni–P melt in a boron oxide flux and eliminated the heterogeneous 
nucleation. A series of solid state amophization techniques that are completely different 
from the mechanism of rapid quenching had been developed during that time. For example, 
mechanical alloying, strain-induced amorphization in multilayers, ion beam mixing, 
hydrogen absorption, and inverse melting [23]. The thin films or powders of metallic glasses 
can be acquired as well as by interdiffusion and interfacial reaction of the temperature just 
below the glass transition temperature.  

In the late 1980s, Inoue’s group [24-25] in the Tohoku University, Japan, developed new 
groups of multicomponent metallic glass systems with lower cooling rates in Mg-, Ln-, Zr-, 

 
Cooling – As a “Heat Treatment” for the Mechanical Behavior of the Bulk Metallic Glass Alloys 

 

369 

Fe-, Pd-, Cu-, Ti- and Ni- based systems. The Inoue group found exceptional glass forming 
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and Mg–Ni–Y alloys, all exhibiting a high Glass Forming Ability (GFA) and thermal stability 
[26-29]. For one of the Zr-based BMGs, Zr65Al7. 5Ni10Cu17. 5, the critical casting thickness was 
up to 15 mm, and the largest critical casting thickness was 72 mm in the Pd–Cu–Ni–P family 
[30]. With Inoue’s advancement of the aforementioned bulk metallic glass alloys, the BMGs 
were no longer laboratory curiosity. The possibility of promising engineering applications 
became reality. One of the examples was that the Zr-based bulk metallic glasses were 
applied in the industries just three years after it was invented [31]. Subsequently, a set of the 
very famous empirical rules in order to direct the selection of alloying elements and 
composition of glass forming alloys have been summarized by Inoue and Johnson as follows 
[32-33]: (1) Multicomponent alloys with three or more elements; (2) More than 12% atomic 
radius difference among them; (3) Negative heat of mixing between constituent elements; (4) 
The deep eutectic rule based on the Trg criterion. These rules concluded critical criteria for 
the design of the BMGs until 1999. However, the exception was found in the binary systems, 
such as the Ni-Nb [34], the Ca-Al [35] the Zr-Ni [36], and the Cu-Zr [37-38] alloys. The above 
systems can also produce BMGs with the size up to several millimeters without the 
limitations of the eutectics. In summary, the formation mechanism and criteria for the 
binary BMGs might not follow the traditional multi-component systems. These results 
suggest that there are many other potential forming systems of the metallic glasses to be 
discovered.  

3. How to describe the mechanical behavior of the bulk metallic glasses 

Over the past four decades, considerable research efforts have been made on the BMGs due 
to their potential opportunity based on the high yield strength, relatively high fracture 
toughness, low internal friction, high fatigue resistance, as well as better wear and corrosion 
resistance [31-32, 39]. Although the bulk metallic glasses (BMGs) are one of such species of 
materials which are considered for future industrial applications, the insufficient plastic 
deformation at room temperature is still the Achilles’ hell for the industrial applications 
regardless of its highly scientific value. In general, metallic glasses (MGs) are disordered 
materials which lack the periodicity of long range ordering in the atom packing, but the 
atomic arrangement in amorphous alloys is not completely random as liquid. In fact, many 
scholars believe that amorphous structures are composed of short range ordering, such as 
icosahedra clusters or other packing forms related to the intermetallic compounds that 
would form in the corresponding equilibrium phase diagram [40-41]. The short range order 
is identified as a structure consisting of an atom and its nearest neighbors perhaps two or 
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three atom distance. Recently, the study of medium range order is highlighted as a new 
ordering range between the short range order and the long range order in the amorphous 
structure [42]. When an amorphous structure is achieved by quenching, it may be composed 
of icosahedral local short-range ordering, network-forming clusters medium-range 
ordering, and other unidentified-random local structures [42-43], that is, a complex 
association in their topology. How to build the atomic structural model in BMGs and how to 
fill three dimension spaces with these local structural units are still important issues 
although only limited research has been done so far [44-47]. Due to the difference in the 
structural systems between metallic glasses and crystalline alloys, it has an unusual 
performance on the mechanical properties [48-51]. For example, most metallic glasses 
exhibit evident brittle fracture under an uniaxial tensile loading, but sometimes give very 
limited plasticity before failure by means of shear-band propagation. Also, BMGs can 
perform a large global plasticity through the generation of multiple shear bands during 
unconfined or confined compression test. Activities of shear band are viewed as the main 
factor on the plastic deformation of BMGs. The more shear bands on the lateral surface of 
deformed samples, the larger plasticity is obtained. Liu et al. [52] show profuse shear bands 
on a lateral surface of a Zr-based BMG sample after failure. It can be seen the high-density 
shear bands are distributed corresponding to large plasticity. Despite a wealth of 
investigations, many questions about shear bands and their microstructures are still unclear 
so far. For instance, how does a shear band initiate in the MG and develop in to a mature 
shear band from its embryo, how do shear bands interact with each other, and how would 
the shear band develop in a composite surroundings such as interactions with embedding 
crystals? These issues not only depend on the effect of temperature but are also related to 
the strain rate and other else. The width of a typical shear band is around 101 nm[53], and 
the size scale used to define the structures of metallic glasses is within 1-3 nm.  

The studies in the microstructures of metallic glasses in this shortest length scale by 
laboratory X-Ray, scanning electron microscope (SEM), and Transmission electron 
microscopy (TEM) are usually excellent and interesting, but they are relatively less in the 
theoretic models either in the statistic or continuum simulation computing than those in 
experiments. Through the studies of simulation methods to compare with experimental 
data, such as electron scattering data and pair distribution functions, it is expected to be able 
to investigate the shear-band mechanisms and the microstructures of BMGs in depth. Also, 
a completely theoretic model could be built up due to the combination of computing model 
and experiments, not only to explain the current experimental phenomena but also to 
predict the probative behavior in the future.  

Molecular dynamics (MD) simulation is one of important simulation methods provided 
significant insight into material properties under the atomic level. The major advantage of 
MD simulations is to see a detailed picture of the model under available investigation, and 
so they have been very instrumental in explaining the connection of macroscopic properties 
to atomic scale [54]. For instances, MD simulation has been carried out successfully in the 
studies of various metallic systems such as point defect movement [55], dislocation 
mechanisms [56-57], and grain-boundary structures in polycrystalline materials [58-61] in 
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recent years. However, a number of limitations in the simulations will also be confronted, 
while simulations are treated as key insights in the study. Generally, there are three 
limitations in the current MD simulation, namely the availability of MD potential, time-scale 
limitations, and the limit on the system size. Two of the later can be alleviated in the 
promotion of computer efficiency and by adding the parallelization techniques in program, 
but the former is still challenged on the accuracy of material specificity and on the 
development for the multicomponent system, especially for the BMGs. Hence, some 
pioneering attempts [42, 62-64] have shown the possibility of the MD to resolve the 
mysterious of the BMGs.  

4. Microstructures in metallic glasses 

In 1959, a structural model of dense random packing of hard spheres is first suggested by 
Bernal [65] to be a simple model for metal liquids, and subsequently indicated by Cohen 
and Turnbull [66] that this simple model can be also applied to describe the metallic 
glasses. In 1979, Wang [67] supposed that the amorphous metal alloys may be a special 
class of the glassy state whose short-range structure is random Kasper polyhedral close 
packing of soft atoms similar to those in the crystalline counterparts. This short-range 
structure is described based on a new type of glassy structure with a high degree of dense 
randomly packed atomic configurations. The density measurements show that the density 
difference is in the range 0. 3~1. 0% between bulk metallic glasses and fully crystallized 
state [68-69]. There is neither splitting of the second peak nor pre-peak at the lower wave 
vector as seen in the reduced density function curve of the BMGs [68, 70-71]. These results 
confirm that the multicomponent BMGs has a homogeneously mixed atomic configuration 
corresponding to a high dense randomly packing. One of the most important topological 
short range structures developed among glasses and supercooled liquids are the local 
icosahedral clusters, which are revealed by many simulation studies [72-76]. An 
icosahedron is the central atom which forms a fivefold symmetry arrangements with each 
of its 12 neighbors. In contrast is a regular fragment of an FCC order, and the same pair 
will become an HCP order if the bottom close-packed plane is shifted as the same as the 
top plane. This fivefold symmetry and icosahedral clusters is also detected from the 
experiments of liquids and metallic glasses [77-78], even though in an immiscible binary 
system with positive heat of mixing [74-76]. The binding energy of an icosahedral cluster of 
13 Lennard-Jones (LJ) atoms is 8. 4% lower than an FCC or HCP arrangement [79]. The 
critical size for a transition from icosahedral cluster to icosahedral phase is about 8 nm [25]. 
Icosahedral packing is a basic structural unit in extended amorphous systems, and the 
existence of icosahedral clusters offer seeds for the precipitation of the icosahedral phase. 
The icosahedral quasicrystalline phase will precipitate in the primary crystallization 
process and then transforms to stable crystalline phases when the amorphous alloys is 
annealing at higher temperatures [80-82].  

In recent years, an order effect, called the medium range order, existing over length scale 
larger than the short range order but not extends to the long range order as crystalline state, 
has been detected in the some amorphous alloys [83-85]. Although the icosahedral type 
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three atom distance. Recently, the study of medium range order is highlighted as a new 
ordering range between the short range order and the long range order in the amorphous 
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ordering, and other unidentified-random local structures [42-43], that is, a complex 
association in their topology. How to build the atomic structural model in BMGs and how to 
fill three dimension spaces with these local structural units are still important issues 
although only limited research has been done so far [44-47]. Due to the difference in the 
structural systems between metallic glasses and crystalline alloys, it has an unusual 
performance on the mechanical properties [48-51]. For example, most metallic glasses 
exhibit evident brittle fracture under an uniaxial tensile loading, but sometimes give very 
limited plasticity before failure by means of shear-band propagation. Also, BMGs can 
perform a large global plasticity through the generation of multiple shear bands during 
unconfined or confined compression test. Activities of shear band are viewed as the main 
factor on the plastic deformation of BMGs. The more shear bands on the lateral surface of 
deformed samples, the larger plasticity is obtained. Liu et al. [52] show profuse shear bands 
on a lateral surface of a Zr-based BMG sample after failure. It can be seen the high-density 
shear bands are distributed corresponding to large plasticity. Despite a wealth of 
investigations, many questions about shear bands and their microstructures are still unclear 
so far. For instance, how does a shear band initiate in the MG and develop in to a mature 
shear band from its embryo, how do shear bands interact with each other, and how would 
the shear band develop in a composite surroundings such as interactions with embedding 
crystals? These issues not only depend on the effect of temperature but are also related to 
the strain rate and other else. The width of a typical shear band is around 101 nm[53], and 
the size scale used to define the structures of metallic glasses is within 1-3 nm.  

The studies in the microstructures of metallic glasses in this shortest length scale by 
laboratory X-Ray, scanning electron microscope (SEM), and Transmission electron 
microscopy (TEM) are usually excellent and interesting, but they are relatively less in the 
theoretic models either in the statistic or continuum simulation computing than those in 
experiments. Through the studies of simulation methods to compare with experimental 
data, such as electron scattering data and pair distribution functions, it is expected to be able 
to investigate the shear-band mechanisms and the microstructures of BMGs in depth. Also, 
a completely theoretic model could be built up due to the combination of computing model 
and experiments, not only to explain the current experimental phenomena but also to 
predict the probative behavior in the future.  

Molecular dynamics (MD) simulation is one of important simulation methods provided 
significant insight into material properties under the atomic level. The major advantage of 
MD simulations is to see a detailed picture of the model under available investigation, and 
so they have been very instrumental in explaining the connection of macroscopic properties 
to atomic scale [54]. For instances, MD simulation has been carried out successfully in the 
studies of various metallic systems such as point defect movement [55], dislocation 
mechanisms [56-57], and grain-boundary structures in polycrystalline materials [58-61] in 
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recent years. However, a number of limitations in the simulations will also be confronted, 
while simulations are treated as key insights in the study. Generally, there are three 
limitations in the current MD simulation, namely the availability of MD potential, time-scale 
limitations, and the limit on the system size. Two of the later can be alleviated in the 
promotion of computer efficiency and by adding the parallelization techniques in program, 
but the former is still challenged on the accuracy of material specificity and on the 
development for the multicomponent system, especially for the BMGs. Hence, some 
pioneering attempts [42, 62-64] have shown the possibility of the MD to resolve the 
mysterious of the BMGs.  

4. Microstructures in metallic glasses 

In 1959, a structural model of dense random packing of hard spheres is first suggested by 
Bernal [65] to be a simple model for metal liquids, and subsequently indicated by Cohen 
and Turnbull [66] that this simple model can be also applied to describe the metallic 
glasses. In 1979, Wang [67] supposed that the amorphous metal alloys may be a special 
class of the glassy state whose short-range structure is random Kasper polyhedral close 
packing of soft atoms similar to those in the crystalline counterparts. This short-range 
structure is described based on a new type of glassy structure with a high degree of dense 
randomly packed atomic configurations. The density measurements show that the density 
difference is in the range 0. 3~1. 0% between bulk metallic glasses and fully crystallized 
state [68-69]. There is neither splitting of the second peak nor pre-peak at the lower wave 
vector as seen in the reduced density function curve of the BMGs [68, 70-71]. These results 
confirm that the multicomponent BMGs has a homogeneously mixed atomic configuration 
corresponding to a high dense randomly packing. One of the most important topological 
short range structures developed among glasses and supercooled liquids are the local 
icosahedral clusters, which are revealed by many simulation studies [72-76]. An 
icosahedron is the central atom which forms a fivefold symmetry arrangements with each 
of its 12 neighbors. In contrast is a regular fragment of an FCC order, and the same pair 
will become an HCP order if the bottom close-packed plane is shifted as the same as the 
top plane. This fivefold symmetry and icosahedral clusters is also detected from the 
experiments of liquids and metallic glasses [77-78], even though in an immiscible binary 
system with positive heat of mixing [74-76]. The binding energy of an icosahedral cluster of 
13 Lennard-Jones (LJ) atoms is 8. 4% lower than an FCC or HCP arrangement [79]. The 
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existence of icosahedral clusters offer seeds for the precipitation of the icosahedral phase. 
The icosahedral quasicrystalline phase will precipitate in the primary crystallization 
process and then transforms to stable crystalline phases when the amorphous alloys is 
annealing at higher temperatures [80-82].  

In recent years, an order effect, called the medium range order, existing over length scale 
larger than the short range order but not extends to the long range order as crystalline state, 
has been detected in the some amorphous alloys [83-85]. Although the icosahedral type 
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model gives a sound description on the structure in the short range order of metallic glasses 
but fails beyond the nearest-neighbor shell. For instance, how can the medium range order 
be defined with the local structural unit, and how would the local structural units be 
connected to full three-dimensional space? Miracle [86] suggested a compelling structural 
model for metallic glasses based on the dense packing of atomic clusters. An FCC packing of 
overlapping clusters is taken as the building scheme for medium range order in metallic 
glasses. Figure 1 illustrate his promoted model of medium range order. A reality check for 
these previous structural concepts was proposed by Sheng et al. [42] with experiments and 
simulations. They indicate the icosahedral ordering of single-solute-centered quasi-
equivalent clusters is an efficient packing scheme, but is not the only type of medium range 
order. For each one of the metallic glasses, the several types of local coordination polyhedra 
units are geometrically different, and not identical in their topology and coordination 
number. They can be considered quasi-equivalent, or cluster-like units for a given glass, 
supporting the framework of cluster packing. The cluster connection diagrams for the 
several metallic glasses maybe represents the important question of how the clusters are 
connected and packed to fill the three-dimensional space, giving rise to the medium range 
order. It is short range for the packing of clusters but already medium range from the 
standpoint of atomic correlation beyond one cluster.  

A new insight, imperfect ordered packing, which is closely related to the cooling rate, is 
exposed on the medium range order embedded in the disordered atomic matrix by selected 
simulation of high-resolution electron microscopy image [87]. It points out that the packing 
character of medium range ordering structures can be of two types, i. e. icosahedron-like 
and lattice-like, and indicates that the solidification from melts or crystallization of metallic 
glasses is controlled by preferential growth of the most stable imperfect ordered packing. 
On the other hand, Fan et al. [88-89] proposed a structural model for bulk amorphous alloys 
based on the pair distribution functions measured using neutron scattering and reverse 
Monte Carlo simulations. There are many clusters of imperfect icosahedral and cubic forms. 
These clusters are randomly distributed, strongly connected, and result in the space between 
the clusters. The space between the clusters forms free volume, which provides a degree of 
freedom for the rotation of the clusters under applied load. This cooperative rotation of 
clusters forms a layer motion (i. e. shear bands), and plastically deforms the amorphous 
alloys. This model implies that the mechanical properties, e. g. strength and ductility, are 
dominated by the combination of the bonding characteristics inside and between these 
clusters. Since the microstructure of the bulk metallic glass decides the properties, it is 
important to characterize why and how the microstructure changes subjected to fabrication 
and deformation. The transmission-electron-microscopy (TEM) technique has offered direct 
observations of local structural characteristics for materials optimization [14]. However, due 
to the finite sampling space, special care is required to extract the ensemble-average 
information from the taken image. On the other hand, the neutrons and the high-energy 
synchrotron x-ray can penetrate the bulk materials, which can give complimentary 
statistically-sufficient averaged results [14,90-91]. Recently, with the advance of the 
synchrotron x-ray and neutron facilities, the neutron and synchrotron x-ray diffractometers 
are equipped with furnaces and other instruments. Hence, the scattering/diffraction 
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measurements become real-time in-situ observations. The application of the small-angle 
neutron scattering (SANS) is one of the complementary approaches to gauge a greater 
volume without destructive sampling. Prof. William Johnson has shown how to combine the 
aforementioned TEM and SANS to investigate the microstructure evolution of the bulk 
amorphous metallic glasses [92]. Dr. Xun-Li Wang demonstrates the in-situ synchrotron x-
ray study of phase transformation behaviors in the bulk metallic glass by simultaneous 
synchrotron x-ray diffraction and small angle scattering [93]. The special features of the 
neutron and synchrotron diffractometers bridges the traditional bulk stress-strain 
measurements with the microscopic-level understanding [94].  

 
Figure 1. Medium range order model: A two-dimensional representation of a dense cluster-packing 
structure illustrating the interpenetrating clusters of their efficient atomic packing around each solute α 
and β.  
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model gives a sound description on the structure in the short range order of metallic glasses 
but fails beyond the nearest-neighbor shell. For instance, how can the medium range order 
be defined with the local structural unit, and how would the local structural units be 
connected to full three-dimensional space? Miracle [86] suggested a compelling structural 
model for metallic glasses based on the dense packing of atomic clusters. An FCC packing of 
overlapping clusters is taken as the building scheme for medium range order in metallic 
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these previous structural concepts was proposed by Sheng et al. [42] with experiments and 
simulations. They indicate the icosahedral ordering of single-solute-centered quasi-
equivalent clusters is an efficient packing scheme, but is not the only type of medium range 
order. For each one of the metallic glasses, the several types of local coordination polyhedra 
units are geometrically different, and not identical in their topology and coordination 
number. They can be considered quasi-equivalent, or cluster-like units for a given glass, 
supporting the framework of cluster packing. The cluster connection diagrams for the 
several metallic glasses maybe represents the important question of how the clusters are 
connected and packed to fill the three-dimensional space, giving rise to the medium range 
order. It is short range for the packing of clusters but already medium range from the 
standpoint of atomic correlation beyond one cluster.  

A new insight, imperfect ordered packing, which is closely related to the cooling rate, is 
exposed on the medium range order embedded in the disordered atomic matrix by selected 
simulation of high-resolution electron microscopy image [87]. It points out that the packing 
character of medium range ordering structures can be of two types, i. e. icosahedron-like 
and lattice-like, and indicates that the solidification from melts or crystallization of metallic 
glasses is controlled by preferential growth of the most stable imperfect ordered packing. 
On the other hand, Fan et al. [88-89] proposed a structural model for bulk amorphous alloys 
based on the pair distribution functions measured using neutron scattering and reverse 
Monte Carlo simulations. There are many clusters of imperfect icosahedral and cubic forms. 
These clusters are randomly distributed, strongly connected, and result in the space between 
the clusters. The space between the clusters forms free volume, which provides a degree of 
freedom for the rotation of the clusters under applied load. This cooperative rotation of 
clusters forms a layer motion (i. e. shear bands), and plastically deforms the amorphous 
alloys. This model implies that the mechanical properties, e. g. strength and ductility, are 
dominated by the combination of the bonding characteristics inside and between these 
clusters. Since the microstructure of the bulk metallic glass decides the properties, it is 
important to characterize why and how the microstructure changes subjected to fabrication 
and deformation. The transmission-electron-microscopy (TEM) technique has offered direct 
observations of local structural characteristics for materials optimization [14]. However, due 
to the finite sampling space, special care is required to extract the ensemble-average 
information from the taken image. On the other hand, the neutrons and the high-energy 
synchrotron x-ray can penetrate the bulk materials, which can give complimentary 
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are equipped with furnaces and other instruments. Hence, the scattering/diffraction 
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measurements become real-time in-situ observations. The application of the small-angle 
neutron scattering (SANS) is one of the complementary approaches to gauge a greater 
volume without destructive sampling. Prof. William Johnson has shown how to combine the 
aforementioned TEM and SANS to investigate the microstructure evolution of the bulk 
amorphous metallic glasses [92]. Dr. Xun-Li Wang demonstrates the in-situ synchrotron x-
ray study of phase transformation behaviors in the bulk metallic glass by simultaneous 
synchrotron x-ray diffraction and small angle scattering [93]. The special features of the 
neutron and synchrotron diffractometers bridges the traditional bulk stress-strain 
measurements with the microscopic-level understanding [94].  

 
Figure 1. Medium range order model: A two-dimensional representation of a dense cluster-packing 
structure illustrating the interpenetrating clusters of their efficient atomic packing around each solute α 
and β.  
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5. Deformation mechanisms 

Unlike the dislocation mechanisms for plastic deformation in crystalline alloys, the amorphous 
alloys only allow limited atomic displacements to resist deformation as a result of the glassy 
structure with a high degree of dense randomly packed atomic configurations, when the 
applied stress is on the amorphous alloys [25,95]. The BMGs have higher tensile fracture 
strength □σ f of 0. 8-2. 5 GPa, Vickers hardness Hv of 200-600, and lower Young’s modulus E of 
47~102 GPa, than ordinary metallic crystals [25]. It is considered that the significant difference 
in the mechanical properties is due to the discrepancy in the deformation and fracture 
mechanisms between bulk metallic glasses and crystalline alloys. It has been widely accepted 
that shear-band propagation is the major cause affecting the plasticity and toughness of the 
amorphous alloys. Plastic deformation in metallic glasses is generally associated with 
inhomogeneous flow in highly localized shear layers with a thickness of about 10 nm. When 
the shear band went through in the metallic glasses, it is often accompanied with locally rising 
high temperature to influence the shear flow. From tensile experiments, there was local 
melting occurs under high strain rate situations such as dynamic loading through unstable 
fracture [96]. Even under slower loading rates, a veined vein pattern is developed indicating a 
decrease in the glass viscosity. Due to the highly localized nature of flow and the lack of 
microstructural features in the metallic glass to distract the flow, shear band propagation 
typically leads to catastrophic failure. The strain softening and thermal softening mechanisms 
are closely associated with the localization of shear band [97]. Generally speaking, the metallic 
glasses have high fracture toughness but brittle as well as negligible plasticity. For instance, the 
Zr-based bulk metallic glasses present high Charpy impact fracture energies ranging from 110-
140 kJ/m2 and high fracture toughness limit [98]. Their fatigue limit is close to those of the 
crystalline alloys. However, standard stress–strain fatigue tests show that the Vitreloy alloy 
(commercial Zr-based BMG) has an extremely low resistance to crack initiation and a crack 
propagates rapidly once it is formed. If this alloy does start to yield or fracture, it fails quickly. 
Geometrical confinement of shear bands can dramatically enhance overall plasticity. 
Furthermore, the plastic yield point of most bulk metallic glasses is located within a small 
range around σ y  = 2% at room temperature [99]. Composite approach is used to enhance the 
ductility and toughness of metallic glasses in recent fabricating efforts[100]. Its behavior is like 
a typical bulk metallic glasses initially but performs as a perfectly plastic deformation after 
passing the yielding point of 2%. This Pt-Cu-Ni-P bulk metallic glass has a high Poisson ratio 
of 0. 42, which causes the tip of a shear band to extend rather than to initiate a crack. The above 
mechanism results in the formation of multiple shear bands and is the origin of the large 
ductility [101]. Due to the absence of dislocation and grain boundary structures, the plastic 
deformation mechanism of metallic glasses is well known as shear-band evolution that deeply 
associates with the mechanical properties and failure behavior in bulk metallic glasses. 
Nevertheless, the shear band is not the basic defect unit in the deformation mechanisms in the 
metallic glasses under microscopic scale. In the 1960s, Cohen and Turnbull [102] as well as 
Spaepen [103] suggested a concept of the free volume which is considered as vacancy-like 
defect in the metallic glasses, and Argon [104] proposed a theoretical model of plastic flow in 
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metallic glasses, termed shear transformation zone (STZ), which is the fundamental shear unit 
consisting of a free volume site and its close adjacent atoms in amorphous metals.  

In the conceptual framework of free volume, the mechanical coupling is weak to the 
surrounding of free volumes, and hence the inelastic relaxation becomes possible by local 
atom rearrangement, without affecting the surroundings significantly [105]. Thus, free volume 
regions could be the preferred sites where easy caused the glass structure destabilization by 
either temperature or applied stresses. The concept of free volume is most frequently used in 
explaining the deformation behaviors and atomic relaxations in the MGs due to its convenient 
for a measurement (density or enthalpy change), and easy understanding, that is, a necessary 
open space allowed for a shear process to operate. For instance, a simple relationship 
ν ν β=/f m . □ ΔH  assumes that enthalpy ΔH  is proportional to the variation of the average 
free volume per atom ν ν/f m  [106]. Thus, based on the enthalpy recovery measurements, the 
reduction of free volume difference via structural relaxation, ν ν/f m , was determined. Also, a 
free volume exhaustion mechanism was proposed by Yang et al. [107] to explain the interesting 
fact that propagation of shear bands in metallic glasses can be retarded, with decreasing 
temperature and shear strains, in the lack of work hardening mechanisms. It is generally 
thought that the shear bands could form as a result of the movement and accumulation of free 
volumes (dilatation expansion). Atomic simulations also show that the local free volumes 
increase in the BMG provides an open space for the movements of atoms and is associated 
with the localization of shear band, and the shear softening results from the production of 
excessive free volume in the shear band [108-110]. Despite the successful description on the 
strain softening, heterogeneous deformation of MGs, and various mechanical properties of 
experimental observations, the validity of the free volume theory is questionable, and its 
atomic basis is still being challenged by atomic simulations. One can easy find the ambiguous 
characteristics that the free-volume sites may initiate plastic deformation and also can be the 
result of plastic deformation simultaneously, but not the deformation process itself [111]. 
Besides, the free-volume model has not made clear motion and rearrangement of constitute 
atoms within shear bands during plastic flow. To clearly identify the “free volumes” is almost 
impossible either in experiments or simulations that results in the barrier on the building 
complete physic model so far. Generally, the concept of free volume is successful as a 
phenomenology but not as a microscopic theory [105].  

6. The model of shear transformation zones 

According to Argon’s shear transformation zone (STZ) model [112], shear deformation takes 
place by spontaneous and cooperative reorganization of a small cluster of randomly close-
packed atoms [113]. An STZ can supply a small increment of shear strain under the action of 
an applied shear stress [114], and thus creates a localized distortion of the surroundings to 
accomplish the shear-band formation. The size of STZ is predicted among the order of 100 
atoms from energetic considerations [115-116] and is consistent with the model of molecular 
dynamics simulation in the investigation of Cu-Ti system [117]. Liu’s [118] schematic view on 
formation of the first STZs in the year of 2012 suggests that a metallic glass system is assumed 
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strength □σ f of 0. 8-2. 5 GPa, Vickers hardness Hv of 200-600, and lower Young’s modulus E of 
47~102 GPa, than ordinary metallic crystals [25]. It is considered that the significant difference 
in the mechanical properties is due to the discrepancy in the deformation and fracture 
mechanisms between bulk metallic glasses and crystalline alloys. It has been widely accepted 
that shear-band propagation is the major cause affecting the plasticity and toughness of the 
amorphous alloys. Plastic deformation in metallic glasses is generally associated with 
inhomogeneous flow in highly localized shear layers with a thickness of about 10 nm. When 
the shear band went through in the metallic glasses, it is often accompanied with locally rising 
high temperature to influence the shear flow. From tensile experiments, there was local 
melting occurs under high strain rate situations such as dynamic loading through unstable 
fracture [96]. Even under slower loading rates, a veined vein pattern is developed indicating a 
decrease in the glass viscosity. Due to the highly localized nature of flow and the lack of 
microstructural features in the metallic glass to distract the flow, shear band propagation 
typically leads to catastrophic failure. The strain softening and thermal softening mechanisms 
are closely associated with the localization of shear band [97]. Generally speaking, the metallic 
glasses have high fracture toughness but brittle as well as negligible plasticity. For instance, the 
Zr-based bulk metallic glasses present high Charpy impact fracture energies ranging from 110-
140 kJ/m2 and high fracture toughness limit [98]. Their fatigue limit is close to those of the 
crystalline alloys. However, standard stress–strain fatigue tests show that the Vitreloy alloy 
(commercial Zr-based BMG) has an extremely low resistance to crack initiation and a crack 
propagates rapidly once it is formed. If this alloy does start to yield or fracture, it fails quickly. 
Geometrical confinement of shear bands can dramatically enhance overall plasticity. 
Furthermore, the plastic yield point of most bulk metallic glasses is located within a small 
range around σ y  = 2% at room temperature [99]. Composite approach is used to enhance the 
ductility and toughness of metallic glasses in recent fabricating efforts[100]. Its behavior is like 
a typical bulk metallic glasses initially but performs as a perfectly plastic deformation after 
passing the yielding point of 2%. This Pt-Cu-Ni-P bulk metallic glass has a high Poisson ratio 
of 0. 42, which causes the tip of a shear band to extend rather than to initiate a crack. The above 
mechanism results in the formation of multiple shear bands and is the origin of the large 
ductility [101]. Due to the absence of dislocation and grain boundary structures, the plastic 
deformation mechanism of metallic glasses is well known as shear-band evolution that deeply 
associates with the mechanical properties and failure behavior in bulk metallic glasses. 
Nevertheless, the shear band is not the basic defect unit in the deformation mechanisms in the 
metallic glasses under microscopic scale. In the 1960s, Cohen and Turnbull [102] as well as 
Spaepen [103] suggested a concept of the free volume which is considered as vacancy-like 
defect in the metallic glasses, and Argon [104] proposed a theoretical model of plastic flow in 
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metallic glasses, termed shear transformation zone (STZ), which is the fundamental shear unit 
consisting of a free volume site and its close adjacent atoms in amorphous metals.  

In the conceptual framework of free volume, the mechanical coupling is weak to the 
surrounding of free volumes, and hence the inelastic relaxation becomes possible by local 
atom rearrangement, without affecting the surroundings significantly [105]. Thus, free volume 
regions could be the preferred sites where easy caused the glass structure destabilization by 
either temperature or applied stresses. The concept of free volume is most frequently used in 
explaining the deformation behaviors and atomic relaxations in the MGs due to its convenient 
for a measurement (density or enthalpy change), and easy understanding, that is, a necessary 
open space allowed for a shear process to operate. For instance, a simple relationship 
ν ν β=/f m . □ ΔH  assumes that enthalpy ΔH  is proportional to the variation of the average 
free volume per atom ν ν/f m  [106]. Thus, based on the enthalpy recovery measurements, the 
reduction of free volume difference via structural relaxation, ν ν/f m , was determined. Also, a 
free volume exhaustion mechanism was proposed by Yang et al. [107] to explain the interesting 
fact that propagation of shear bands in metallic glasses can be retarded, with decreasing 
temperature and shear strains, in the lack of work hardening mechanisms. It is generally 
thought that the shear bands could form as a result of the movement and accumulation of free 
volumes (dilatation expansion). Atomic simulations also show that the local free volumes 
increase in the BMG provides an open space for the movements of atoms and is associated 
with the localization of shear band, and the shear softening results from the production of 
excessive free volume in the shear band [108-110]. Despite the successful description on the 
strain softening, heterogeneous deformation of MGs, and various mechanical properties of 
experimental observations, the validity of the free volume theory is questionable, and its 
atomic basis is still being challenged by atomic simulations. One can easy find the ambiguous 
characteristics that the free-volume sites may initiate plastic deformation and also can be the 
result of plastic deformation simultaneously, but not the deformation process itself [111]. 
Besides, the free-volume model has not made clear motion and rearrangement of constitute 
atoms within shear bands during plastic flow. To clearly identify the “free volumes” is almost 
impossible either in experiments or simulations that results in the barrier on the building 
complete physic model so far. Generally, the concept of free volume is successful as a 
phenomenology but not as a microscopic theory [105].  

6. The model of shear transformation zones 

According to Argon’s shear transformation zone (STZ) model [112], shear deformation takes 
place by spontaneous and cooperative reorganization of a small cluster of randomly close-
packed atoms [113]. An STZ can supply a small increment of shear strain under the action of 
an applied shear stress [114], and thus creates a localized distortion of the surroundings to 
accomplish the shear-band formation. The size of STZ is predicted among the order of 100 
atoms from energetic considerations [115-116] and is consistent with the model of molecular 
dynamics simulation in the investigation of Cu-Ti system [117]. Liu’s [118] schematic view on 
formation of the first STZs in the year of 2012 suggests that a metallic glass system is assumed 
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to be sheared under a constant strain rate. Considering the intrinsic heterogeneity and 
preexisting flaws resulted from casting, the first STZ generates easily under the action of a 
stress smaller than macro yielding stress. Since the first STZ alters the initial strain field, the 
surrounding material is subjected to a self-generated dynamic and thermal noise. With the aid 
of the heterogeneous strain field and thermal noise, the secondary STZ emerges subsequently 
in the neighborhood of the first STZ. As a consequence, a shear band nucleus or an embryo of 
avalanche forms, which induces the yielding of the macroscopic material. STZs have equal 
chances to propagate forward or backward along the shear plane. For simplicity, here, we only 
report the case that the STZ starts at one edge and propagates in one direction. Compared with 
abstract free-volume concept, the STZ mechanism is easy to be studied in the atomic models. A 
number of MD simulation studies by Falk and Langer summarized the crucial features of STZ 
mechanisms as follows [111, 119]: (a) once a STZ has transformed and relieved a certain 
amount of shear stress, it cannot transform again in the same direction. Thus, the system 
saturates and becomes jammed. (b) STZs can be created and destroyed at rates proportional to 
the rate of irreversible plastic deformation, and plastic flow can take place only when new 
zones are being created as fast as existing zones are being transformed. (c) The attempt 
frequency of the transition is tied to the noise in the system, which is driven by the strain rate. 
The stochastic nature of these fluctuations is assumed to arise from random motions associated 
with the disorder in the system. (d) The transition rates between jammed and flowing are 
strongly sensitive to the applied stress. Recently, they also proposed a criterion (effective 
temperature) that determines which materials exhibit shear bands based on the initial 
conditions alone, based on their STZ theory [120-122]. The behavior of the effective 
temperature as a function of time for a system that localizes and a system that does not localize 
[120]. Their numerical works show that perturbations to the effective temperature grow due to 
instability in the transient dynamics, but unstable systems do not always develop shear bands. 
Nonlinear energy dissipation processes interact with perturbation growth to determine 
whether a material exhibits strain localization [120]. Argon considered the shear deformation 
of shear-transformation zones (STZs) as a disk of two-layer atoms around a free-volume site, 
which had a shear strain of γ0 ≈ 1 [112]. With a shear stress, τ , the plastic work can be 
expressed as τγ Ω0 , where Ω  is the volume of the STZ. The deformation of a unit STZ is 
visualized as an adiabatic process, and the instantaneous temperature increase in the STZ is 

calculated as [123]: 
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capacity, and α ≈ 0. 9 is the ratio of the plastic work converted to heat. Other simulation 
studies in the nature of STZ model are keeping on publish [124] and become worthy of 
investigating this crucial issue in depth.  

7. Theory of shear banding and shear band model 

According to the experimental observations, the width of a shear band is about 100 nm, which 
is the same as its offset shear displacement [125-126], and propagation time of shear bands is 
about 10-5 second [127]. Because shear bands are thin, move fast, and are short-lived, to 
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observe the dynamic evolution of the shear bands in the metallic glasses is highly difficult. 
Building the atomic scale model of shear band such as the development of a shear band inside 
a binary bulk metallic glass model is very beneficial for studying the shear band mechanism 
[110]. A simple conceptual quantity excess volume,ν ν ν= −excess voro atom , is used to investigate 
the relation between the free volume changes and shear localization. They suggested that 
shear banding results from the volume-expansion-induced mechanical softening [109-110, 128-
129]. A loop of “local volume increase → local shear softening → large local strain → local 
volume increase” may be the basic mechanism for deformation and shear banding in MGs. 
Similar results are observed in the shear-band simulation works of the Mg-Cu systems by 
Bailey et al. [130], the interactions of the shear bands with the free surfaces as well as with each 
other result in an initial temperature rise, but the rise of temperature are delayed somewhat 
with respect to the localization of plastic flow itself. Shimizu et al. proposed an aged-
rejuvenation-glue-liquid (ARGL) model of shear band in BMGs [131]. That is a more complete 
theoretical model of shear band than that of others so far. They proposed that the critical 
condition of initiating a mature shear band (MSB) is not the nucleation of embryonic shear 
band (ESB), but its propagation. The ESB is easy forming in the MGs. However, to propagate 
an ESB, the far-field shear stress must exceed the quasi-steady-state glue traction stress of 
shear-alienated glass until the glass transition temperature is approached internally due to 
frictional heating, at which point ESB matures as a runway shear crack [131]. In contrast, when 
applied stress is below the glue traction, the ESB does not propagate, become diffuse, and 
eventually die. At the same time, an incubation length scale linc is necessary for this maturation 
for the BMGs, below which sample size-sale shear localization does not happen. The 
incubation length ( )α τ−

22 2~ /inc v g env glue sl c T T c , where□ α □ is the thermal diffusivity, cv is its 
volumetric specific heat, Tenv is initial temperature, is the cs shear wave speed. Through the 
calculation of this form, the linc is about 10 nm for Zr-based BMGs [131-132]. Furthermore, it is 
often questioned whether the shear band mechanisms with regard to metallic glasses is similar 
to the dislocation mechanisms for crystalline structure, although they are of different 
definitions. Schuh and Lund [114] found that the plasticity in metallic glasses is consistent with 
the Mohr-Coulomb criterion by the STZ theory as well as molecular simulation works, and 
predicted a transition from dislocation-dominated yield processes (following the von Mises 
criterion) to STZ-dominated yield (following the Mohr–Coulomb criterion) as grain size 
decreases toward zero for nanocrystalline materials. Ogata et al. [133] simulated the nucleation 
of local shear transformation zone (STZ) and shear band, under volume-conserving simple 
shear deformation in molecular dynamics. A significant shear–normal stress coupling which 
suggests the modified Mohr-Coulomb yield criterion has also been demonstrated. They 
suggested that the dislocation concept may be applicable to bulk metallic glasses with 
modifications such as taking into account the structural features of bulk metallic glasses 
instead of the Burgers vector concept in crystals. The plastic deformation always accompanies 
the localized heating within shear band that is an important key-point to result in the strain-
softening mechanisms and thermal softening on the fracture surface [134]. Understanding the 
temperature rise in shear bands can also help to improve the ductility and toughness of the 
metallic glasses. A substantial increase in temperature will correspond with a drop in viscosity 
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to be sheared under a constant strain rate. Considering the intrinsic heterogeneity and 
preexisting flaws resulted from casting, the first STZ generates easily under the action of a 
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The stochastic nature of these fluctuations is assumed to arise from random motions associated 
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temperature) that determines which materials exhibit shear bands based on the initial 
conditions alone, based on their STZ theory [120-122]. The behavior of the effective 
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instability in the transient dynamics, but unstable systems do not always develop shear bands. 
Nonlinear energy dissipation processes interact with perturbation growth to determine 
whether a material exhibits strain localization [120]. Argon considered the shear deformation 
of shear-transformation zones (STZs) as a disk of two-layer atoms around a free-volume site, 
which had a shear strain of γ0 ≈ 1 [112]. With a shear stress, τ , the plastic work can be 
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visualized as an adiabatic process, and the instantaneous temperature increase in the STZ is 

calculated as [123]: 
ατγ ατγ ατ
ρ ρ ρ

Ω
Δ = = ≈

Ω
0 0

p p p
T

C C C
, where ρ  is the density, pC  is the heat 

capacity, and α ≈ 0. 9 is the ratio of the plastic work converted to heat. Other simulation 
studies in the nature of STZ model are keeping on publish [124] and become worthy of 
investigating this crucial issue in depth.  

7. Theory of shear banding and shear band model 
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observe the dynamic evolution of the shear bands in the metallic glasses is highly difficult. 
Building the atomic scale model of shear band such as the development of a shear band inside 
a binary bulk metallic glass model is very beneficial for studying the shear band mechanism 
[110]. A simple conceptual quantity excess volume,ν ν ν= −excess voro atom , is used to investigate 
the relation between the free volume changes and shear localization. They suggested that 
shear banding results from the volume-expansion-induced mechanical softening [109-110, 128-
129]. A loop of “local volume increase → local shear softening → large local strain → local 
volume increase” may be the basic mechanism for deformation and shear banding in MGs. 
Similar results are observed in the shear-band simulation works of the Mg-Cu systems by 
Bailey et al. [130], the interactions of the shear bands with the free surfaces as well as with each 
other result in an initial temperature rise, but the rise of temperature are delayed somewhat 
with respect to the localization of plastic flow itself. Shimizu et al. proposed an aged-
rejuvenation-glue-liquid (ARGL) model of shear band in BMGs [131]. That is a more complete 
theoretical model of shear band than that of others so far. They proposed that the critical 
condition of initiating a mature shear band (MSB) is not the nucleation of embryonic shear 
band (ESB), but its propagation. The ESB is easy forming in the MGs. However, to propagate 
an ESB, the far-field shear stress must exceed the quasi-steady-state glue traction stress of 
shear-alienated glass until the glass transition temperature is approached internally due to 
frictional heating, at which point ESB matures as a runway shear crack [131]. In contrast, when 
applied stress is below the glue traction, the ESB does not propagate, become diffuse, and 
eventually die. At the same time, an incubation length scale linc is necessary for this maturation 
for the BMGs, below which sample size-sale shear localization does not happen. The 
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calculation of this form, the linc is about 10 nm for Zr-based BMGs [131-132]. Furthermore, it is 
often questioned whether the shear band mechanisms with regard to metallic glasses is similar 
to the dislocation mechanisms for crystalline structure, although they are of different 
definitions. Schuh and Lund [114] found that the plasticity in metallic glasses is consistent with 
the Mohr-Coulomb criterion by the STZ theory as well as molecular simulation works, and 
predicted a transition from dislocation-dominated yield processes (following the von Mises 
criterion) to STZ-dominated yield (following the Mohr–Coulomb criterion) as grain size 
decreases toward zero for nanocrystalline materials. Ogata et al. [133] simulated the nucleation 
of local shear transformation zone (STZ) and shear band, under volume-conserving simple 
shear deformation in molecular dynamics. A significant shear–normal stress coupling which 
suggests the modified Mohr-Coulomb yield criterion has also been demonstrated. They 
suggested that the dislocation concept may be applicable to bulk metallic glasses with 
modifications such as taking into account the structural features of bulk metallic glasses 
instead of the Burgers vector concept in crystals. The plastic deformation always accompanies 
the localized heating within shear band that is an important key-point to result in the strain-
softening mechanisms and thermal softening on the fracture surface [134]. Understanding the 
temperature rise in shear bands can also help to improve the ductility and toughness of the 
metallic glasses. A substantial increase in temperature will correspond with a drop in viscosity 
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governed by the presence of free volume within the metallic glasses [135]. From the calculation 
of heat conduction theory and STZ modeling, Yang et al. [123] demonstrated that the 
temperature of shear bands at the fracture strength is strikingly similar to their glass transition 
temperature for a number of BMG systems. This offered a new guideline for the expansion of 
ultra-high strength bulk metallic glasses from their glass transition temperature, density, and 
heat capacity values.  

8. Conclusions 

In summery, the fabrication techniques of the bulk metallic glasses are reviewed chronically. 
The fundamental concepts of the unique microstructures of the bulk metallic glasses 
according to different manufacturing are introduced. Moreover, the proposed, but still 
under debate, various deformation mechanisms are discussed. We wish to draw more 
attentions from the readers to explore the exciting potential and underneath mechanisms of 
the bulk metallic glasses.  
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governed by the presence of free volume within the metallic glasses [135]. From the calculation 
of heat conduction theory and STZ modeling, Yang et al. [123] demonstrated that the 
temperature of shear bands at the fracture strength is strikingly similar to their glass transition 
temperature for a number of BMG systems. This offered a new guideline for the expansion of 
ultra-high strength bulk metallic glasses from their glass transition temperature, density, and 
heat capacity values.  

8. Conclusions 

In summery, the fabrication techniques of the bulk metallic glasses are reviewed chronically. 
The fundamental concepts of the unique microstructures of the bulk metallic glasses 
according to different manufacturing are introduced. Moreover, the proposed, but still 
under debate, various deformation mechanisms are discussed. We wish to draw more 
attentions from the readers to explore the exciting potential and underneath mechanisms of 
the bulk metallic glasses.  
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1. Introduction 

1.1. General 

It is well known that a lot of ground granulated blast furnace slag (ggbfs) is produced in the 
steel-iron industry every year throughout the world. By utilizing this by-product it would help 
reduce the environmental problems and also provide significant economic benefits. The results 
of several researches have also shown that the use of replacement materials in mortars and 
concretes improves durability, which is crucial for structures built in aggressive environments, 
e.g. in marine structures and structures such as large tunnels and bridges with long life spans. 
For every ton of Portland cement manufactured, approximately one ton of CO2, in addition to 
greenhouse gases, is released into the atmosphere. Therefore, if the part of the Portland cement 
can be replaced by waste materials, e.g., slag, then the amount of cement needed and hence, 
the amount of CO2 released into the atmosphere can be reduced (Lodeiro, Macphee, et al., 
2009). Consequently, ggbfs is being widely used as a cement replacement in Portland cement 
mortar and concrete for improving mechanical and durability properties.  

The use of ggbfs has certain advantages because of its excellent cementitious properties over 
OPC and it is sometimes used due to the technological, economic and environmental 
benefits. However, the use of slag has been limited because of the disadvantage of its low 
early strength (Bougara, Lynsdale, et al., 2009). The major factors affecting the early age 
strength development of mortars and concrete are as follows:  

• Mortar mixture proportions including water-binder and sand-binder ratios and the use 
of supplementary cementing materials such as ggbfs,  

• Kind of formwork and size of structural elements, and 
• Environmental conditions (Barnett, Soutsos, et al., 2006).  

Concretes made with ggbfs have many advantages including improved durability, 
workability and economic benefits.  
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Mortar is a workable paste used to bind construction blocks together and fill the gaps 
between them. The blocks may be stone, brick, cinder blocks, etc. Modern mortars are 
typically made from a mixture of sand, a binder such as cement or lime, and water. Based on 
(ACI, 2006) there are four different types of mortars commonly used in building projects 
namely Type N, Type M, Type S, and Type O. Type N mortar is a medium strength mortar, 
which means that it is suitable for use both on indoor projects and on outdoor projects that 
are above grade. Type M mortar is a high strength mortar. Due to the strength of Type M it 
is usually used in heavy load bearing walls, although it is also sometimes used in other 
heavy duty applications like masonry that is below grade or that comes in contact with the 
earth such as retaining walls or foundations. Type S mortar is also a relatively high strength 
mortar which is suitable for below grade projects and heavier outdoor projects. Type O 
mortar is the lowest strength mortar and is suitable only for indoor, lightweight 
applications. The most commonly used mortars for most home improvement projects are 
Type N and Type S. Type N is chosen for lighter weight or indoor projects, and Type S for 
projects that require a heavier duty mortar. All of the different types of mortar are made 
with the same ingredients. The only difference is the proportions of each ingredient in the 
mix whether for availability considerations or for minimizing the number of different 
mortar types on the job site. The OPC-slag mortars can be classified into three groups as 
OPC mortars (OMs), slag mortars (SMs), and OPC-slag mortars (OSMs).  

1.2. Research significance 

Based on the related literature review there is not much research work regarding activation 
of OPC-slag mortars, and this is the main purpose of this investigation. In this study, the 
thermal activation method was used. The compressive strength loss was studied in this 
research at early and later ages. Strength development of OPC-slag mortars without and 
with use of activation method was also studied for duration up to 90 days and some 
regression relationships was suggested. Using the suggested relationships a criterion to 
forecast the strength behavior of OPC-slag mortars at later ages is established. 

1.3. Research objectives 

The objectives of this research are as follows: 

• To determine the optimum replacement level of slag and the control ordinary Portland 
cement-slag mortar mix. 

• To investigate the effects of thermal activation method on both the early and ultimate 
compressive strengths and also strength loss of the control ordinary Portland cement-
slag mortar. 

1.4. Scope of work  

The objective of this study is to use higher percentage of replacement slag as possible 
without any reduction in mechanical properties of mortar such as compressive strength. 
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Different amounts of slag as replacement for cement were used and the optimum level of 
replacement was determined. In this investigation only one source of slag was used and the 
optimum level of replacement was used throughout the study. The optimum level was 
based on high early strength and lowest strength loss for the mortar mixes. 

The focus of this project is to activate OPC-slag mortars using heat treatment (thermal 
activation method). In this activation method different temperatures within the range of 40 
°C to 90 °C were used for activation. The mortars were heated for duration of 2 to 26 hours. 
The mechanical properties studied in this research are compressive strength at the both 
early and later ages, strength loss and strength development at later ages of OPC-slag 
mortars in duration of up to 90 days. The compressive strengths throughout the study were 
tested for the specimens at 1, 3, 7, 28, 56, and 90 days.  

2. Determination of optimum level  

2.1. Introduction 

Before discussing the activation method, the determination of the optimum level of 
replacement of slag in OPC-slag mortars is discussed.  

2.2. Replacement level 

This section reports on the testing of fourteen OPC-slag mortars (OSMs) and two control 
OPC mortars (OMs) and slag mortars (SMs). The main aim is to determine the level of 
cement replacement with slag to achieve higher early strength with reasonable flow. The 
variable is the level of ggbfs in the binder. Graded silica sand was used in all mixes. It was 
determined that the optimum level of replacement slag is within the range of 40% to 50% of 
OPC (Ahmed, Ohama, et al., 1999). The optimum level is defined as the replacement level of 
slag with the highest compressive strength, when used in the mortar while strength loss is 
the lowest.  

2.2.1. Optimum replacement level 

It is intended to find the optimum cement at replacement level with slag that gives the 
highest early strength at 7 days and especially 3 days without the use of any activation 
method. From Figure 1 it is clear that whenever the level of replacement is more than 40% 
the early strength at 3 days will be reduced. It can also be seen that although for 
replacement levels 10%, 20%, and 30% the early strength at 3 days is approximately the 
same, but, generally with an increase in the slag level from 10% to 40% the early strength 
increases. However, the early strength at the 40% level is the highest, i.e. 42.4 MPa. Based on 
the results obtained it can be seen that by increasing the replacement level to more than 
40%, the early strengths decreased significantly. This shows that the optimum level of 
replacement is 40% at 3 days. The same variations for 7-day strengths were observed albeit 
with slight changes. At 40% optimum level of replacement slag, the strength at 7 days is 55.8 
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Different amounts of slag as replacement for cement were used and the optimum level of 
replacement was determined. In this investigation only one source of slag was used and the 
optimum level of replacement was used throughout the study. The optimum level was 
based on high early strength and lowest strength loss for the mortar mixes. 

The focus of this project is to activate OPC-slag mortars using heat treatment (thermal 
activation method). In this activation method different temperatures within the range of 40 
°C to 90 °C were used for activation. The mortars were heated for duration of 2 to 26 hours. 
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the early strength at 3 days will be reduced. It can also be seen that although for 
replacement levels 10%, 20%, and 30% the early strength at 3 days is approximately the 
same, but, generally with an increase in the slag level from 10% to 40% the early strength 
increases. However, the early strength at the 40% level is the highest, i.e. 42.4 MPa. Based on 
the results obtained it can be seen that by increasing the replacement level to more than 
40%, the early strengths decreased significantly. This shows that the optimum level of 
replacement is 40% at 3 days. The same variations for 7-day strengths were observed albeit 
with slight changes. At 40% optimum level of replacement slag, the strength at 7 days is 55.8 
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MPa, which is 20% higher than that of OPC mortar. Furthermore, this will continue to gain 
strength with age.  

 
Notes: OSM/i= OPC-slag mortar for i% replacement with slag, OM= OPC mortar, SM= slag mortar. 

Figure 1. Variations of compressive strength for different slag contents (%) 

The use of different amounts of slag in OPC-slag mortars results in different compressive 
strengths. Before applying the proposed activation method it is required that several 
mortars are made with the use of different levels of slag to obtain indication of strengths. 
Based on this, it was decided to cast samples with 0, 10, 20, 30, 35, 40, 45, 50, 60, 70, 80, 90, 
and 100% replacement with slag to ascertain the optimum level. The specimens were 
prepared and hardened samples were tested at 3, 7, 28, and 56 days for compressive 
strength. Finally, it was revealed that the highest compressive strengths were obtained for 
samples having replacement level in the range of 40% and 50%. The results showed that 
there was some strength loss at 56 days compared to 28 days when 40% replacement level 
was used. In this case, the strength at 28 days was 64.9 MPa, which reduced to 57.9 MPa at 
56 days giving a 10.8% loss in strength. In contrast no strength loss was observed at later 
ages when 50% replacement level was used. A comparison of the results obtained for both 
percentage levels of slag showed that 50% is the optimum. The strengths for both levels of 
replacement were very close but, the 50% replacement with slag did not show any 
subsequent loss in strength. Consequently, in the continuation of the research work this 
level was taken as the optimum and used for the preparation of mortar samples.  

2.3. Summary  

In this section it was attempted to determine the best replacement level for slag. Different 
levels of replacement slag were used to make mixes, i.e. 10, 20, 30, 40, 50, 60, 70, 80, and 90%. 
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Finally, with comparison of the results obtained for compressive strengths the best level of 
replacement was determined at 50%. In determination of the best level two factors are 
considered i.e. early strength at 3 and 7 days and also strength loss that should be minimized. 
In following parts of the research the best level i.e. 50% was used as the optimum level.  

3. Thermal activation method  

The objective of this research is to produce a data inventory of the early age mechanical 
properties, namely the compressive strength of mortars cured at different temperature, as 
well as the relationship between compressive strength with temperature and the 
relationship between the compressive strength of specimens cured in air and water at room 
temperature for 3 and 7 days, for 40% and 50% levels of cement replacement with slag. 
Thirty-seven mixes of OPC-slag mortars and two OPC mortars were prepared as control. 
For each mix, two factors are important for consideration. First, using a higher percentage of 
slag is desirable as it has some economic and environmental advantages and in addition, it 
helps to improve the durability of the mortars. Secondly, for early strength, it is clear that 
increasing the level of replacement slag causes early strength to be reduced, as the ggbfs has 
lower initial heat of hydration than that of OPC. In addition, for early strength the use of a 
low level of replacement slag is neither economic nor durable. Thus it is desirable to 
ascertain the optimum temperature and its duration that will give the highest early strength 
at 3 and 7 days. All the mix proportions made for water-binder and sand-binder ratios of 
0.33 and 2.25, respectively, for 40% and 50% replacement level with slag.  

3.1. Optimum temperature 

In this investigation the effects of different temperatures i.e. 50 ºC, 60 ºC, and 70 ºC were 
studied on the early strengths at 3 and 7 days of OPC-slag mortars by using 50% replacement 
with slag. The results are shown in Figure 2. It is clear that 60 ºC provided the most 
enhancements on early age strength therefore; it is selected as the optimum temperature. 

The results obtained in the study for compressive strength based on duration of heat curing 
are given in Table 1. Based on this, it can be seen that the specimens have higher strengths at 
3 and 7 days without use of heat curing and with use of heat curing for duration of 2 hours 
when they are cured in water compared to curing in air under room temperature. 

This has been proven for both OPC-slag mortars with 50% OPC replacement with slag and   
OPC-slag mortars with 40% OPC replacement with slag. However, as soon as the duration of 
heat curing is increased to 4 hours and above, the aforesaid statement is reversed. The strength 
of specimens cured in the air under room temperature is improved compared to those cured in 
the water. It seems that this is due to the air temperature and high relative humidity of the 
room’s air. As it will be seen in following study, it can be said that both combined effects of 
temperature and relative humidity are more efficient in strength improvement. Hence, it 
seems that probably the effect of temperature for duration of at least 4 hours beside the high 
relative humidity of room’s air results in the higher strength for the specimens cured in the air 
under room temperature after heat curing. This fact is shown in Figure 3 (a) and (b).  
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Finally, with comparison of the results obtained for compressive strengths the best level of 
replacement was determined at 50%. In determination of the best level two factors are 
considered i.e. early strength at 3 and 7 days and also strength loss that should be minimized. 
In following parts of the research the best level i.e. 50% was used as the optimum level.  

3. Thermal activation method  

The objective of this research is to produce a data inventory of the early age mechanical 
properties, namely the compressive strength of mortars cured at different temperature, as 
well as the relationship between compressive strength with temperature and the 
relationship between the compressive strength of specimens cured in air and water at room 
temperature for 3 and 7 days, for 40% and 50% levels of cement replacement with slag. 
Thirty-seven mixes of OPC-slag mortars and two OPC mortars were prepared as control. 
For each mix, two factors are important for consideration. First, using a higher percentage of 
slag is desirable as it has some economic and environmental advantages and in addition, it 
helps to improve the durability of the mortars. Secondly, for early strength, it is clear that 
increasing the level of replacement slag causes early strength to be reduced, as the ggbfs has 
lower initial heat of hydration than that of OPC. In addition, for early strength the use of a 
low level of replacement slag is neither economic nor durable. Thus it is desirable to 
ascertain the optimum temperature and its duration that will give the highest early strength 
at 3 and 7 days. All the mix proportions made for water-binder and sand-binder ratios of 
0.33 and 2.25, respectively, for 40% and 50% replacement level with slag.  

3.1. Optimum temperature 

In this investigation the effects of different temperatures i.e. 50 ºC, 60 ºC, and 70 ºC were 
studied on the early strengths at 3 and 7 days of OPC-slag mortars by using 50% replacement 
with slag. The results are shown in Figure 2. It is clear that 60 ºC provided the most 
enhancements on early age strength therefore; it is selected as the optimum temperature. 

The results obtained in the study for compressive strength based on duration of heat curing 
are given in Table 1. Based on this, it can be seen that the specimens have higher strengths at 
3 and 7 days without use of heat curing and with use of heat curing for duration of 2 hours 
when they are cured in water compared to curing in air under room temperature. 

This has been proven for both OPC-slag mortars with 50% OPC replacement with slag and   
OPC-slag mortars with 40% OPC replacement with slag. However, as soon as the duration of 
heat curing is increased to 4 hours and above, the aforesaid statement is reversed. The strength 
of specimens cured in the air under room temperature is improved compared to those cured in 
the water. It seems that this is due to the air temperature and high relative humidity of the 
room’s air. As it will be seen in following study, it can be said that both combined effects of 
temperature and relative humidity are more efficient in strength improvement. Hence, it 
seems that probably the effect of temperature for duration of at least 4 hours beside the high 
relative humidity of room’s air results in the higher strength for the specimens cured in the air 
under room temperature after heat curing. This fact is shown in Figure 3 (a) and (b).  
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Figure 2. The effects of different temperatures on early age strength of OSMs/50 

 
Duration 
(hours) 

For OSMs/40 For OSMs/50 
3 days 7 days 3 days 7 days 

ac wc ac wc ac wc ac wc 
0 33.2 34.5 40.3 47.4 33.6 35.6 37.0 49.6 
2 36.6 38.4 44.8 49.8 36.4 37.6 42.5 50.0 
4 39.7 35.4 46.2 43.2 42.6 37.7 47.5 47.3 
6 45.0 41.2 47.2 44.0 45.5 40.9 51.5 49.8 
8 49.6 41.6 52.3 44.8 46.4 43.4 53.1 49.0 

10 47.3 40.4 55.6 50.9 50.4 44.0 55.0 48.4 
12 49.0 42.5 50.9 46.4 52.6 41.8 57.6 48.3 
14 52.6 47.0 56.4 48.5 48.3 41.2 60.0 52.5 
16 51.7 45.9 59.0 54.8 51.2 48.4 61.2 53.4 
18 55.2 46.1 59.7 50.2 53.5 48.4 59.9 52.4 
20 53.1 49.0 61.1 51.2 55.3 49.9 61.6 55.3 
22 50.7 43.7 58.8 56.0 50.5 48.4 61.0 56.0 
24 54.6 50.1 60.4 56.8 51.5 48.5 62.3 55.6 
26 52.5 49.0 57.1 53.7 53.0 46.6 61.2 54.8 

For optimum OSM/50 at six ages- air cured under room temperature 
f1= 15.5 f3= 55.1 f7= 61.4 f28= 71.2 f56= 69.6 f90= 73.6 

ac= air curing under room temperature; wc= water curing; all strengths are in MPa. 

Table 1. Compressive strength (f) versus duration of heat curing for OSMs/40 and OSMs/50 at  
60 ºC 
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Figure 3. Compressive strength versus duration of heat curing of OSMs/50 and OSMs/40 cured in water 
and air under room temperature.  

Based on the results given in Table 1, it can be seen that heat curing at 60 °C for 20 hours, the 
maximum early strength of 61.6 MPa is attributed to OPC-slag mortar with 50% 
replacement with slag. It can be seen that the increment percentage is by about 0.62% when 
compared to a heating time of 16 hours. This shows that if the duration of heat curing is 

(a) OPC-slag mortar with 50% OPC replacement with slag at 60 °C 

(b) OPC-slag mortar with 40% OPC replacement with slag at 60 °C 
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Figure 3. Compressive strength versus duration of heat curing of OSMs/50 and OSMs/40 cured in water 
and air under room temperature.  

Based on the results given in Table 1, it can be seen that heat curing at 60 °C for 20 hours, the 
maximum early strength of 61.6 MPa is attributed to OPC-slag mortar with 50% 
replacement with slag. It can be seen that the increment percentage is by about 0.62% when 
compared to a heating time of 16 hours. This shows that if the duration of heat curing is 
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increased over 20 hours, the increase at 7 days strength is not appreciable. Hence, it can be 
deduced from Figures 3 and 4 that heat curing at 60 °C for 20 hours is the optimum heat 
curing for the materials used in the study. 

3.2. Temperature and humidity effects 

From the H- 3 sets mix as shown in Table 2 the effects of ambient temperatures and relative 
humidity were considered on the strength improvement of the specimens. The specimens 
were first made and demoulded 24 hours after casting, and then heated at 60 °C for 20 hours 
and finally, cured in three curing regimes, i.e. at room temperature, in water at 25 ºС - 26 ºС, 
and in water at 32 ºС. After 3 and 7 days the strength of specimens was determined. The 
results are given in Table 2.  

Based on the given data in Table 2, it is clear that for curing regimes with different 
temperature and the same relative humidity, higher strengths are attributed to higher 
temperature regimes. For curing regimes with different relative humidity and the same 
temperature, higher strengths are attributed to lower relative humidity regimes. From the 
comparison of the three curing regimes it is seen that the strengths of specimens cured in 
water at 32 ºС are less than those cured at room temperature. This shows that the increase of 
early age strength is a function of both temperature and relative humidity effects. In fact, it 
can be deduced that neither relative humidity nor temperature has the highest strength 
improvement alone, but rather a combination of both effects are effective on strength 
development. From the results it is clear that the trend of strength development at 7 days is 
similar to that at 3 days. It is seen that the strength of specimens at 7 days cured at room 
temperature and in water at 32 ºС are the same, which shows that the effect of relative 
humidity over duration of 3 to 7 days is more than that of temperature. It is seen that the 
highest strengths at 3 and 7 days are attributed to curing at room temperature.  

The percentages of strength growth (i) for duration of 3 to 7 days can be obtained as follows: 
For air cured specimens under room temperature i= 0.97, for water at 25 – 26 ºС i= 0.90, and 
for water cured at 32 ºС i= 0.89; where i= ratio f3/f7. These results show that whenever the 
specimens are cured at room temperature, about 97% of the strength is achieved at 3 days. 
This is a major advantage in the precast concrete industry when the specimens are cured at 
room temperature. For the specimens cured at room temperature, the maximum relative 
humidity attainable was 85%, while for the specimens cured in water it was 100%. 

Based on the results obtained it is evident that the effect of temperature on the strength 
improvement at 3 and 7 days is higher than that of relative humidity. This is because the 
strengths of the specimens cured at room temperature and in water at 32 ºС are higher than 
those in water at 25 ºС at 3 and 7 days by about 14% and 10%, respectively.  

It can be seen that with the use of heat curing at 60 ºС for 20 hours the strength at 3 days is, 
on average, about 97% of the strength at 7 days for specimens cured at room temperature, 
while, on average, this ratio is about 90% for curing in water at 25 ºС and 32 ºС. This shows 
that curing at room temperature after heat curing improves the early strength at 3 days 
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extensively, which is very cost effective and applicable in the precast concrete industry. This 
result also shows that the heat treatment is a useful and efficient method for the activation of 
ordinary Portland cement-slag mortars and concretes which requires only slat duration and 
without the use of water to cure the specimens. An elevated curing temperature accelerates 
the chemical reaction of hydration and increases the early age strength. However, during 
the initial period of hydration an open and unfilled pore structure of cement paste forms 
which has a negative effect on  the properties of hardened concrete, especially at later ages 
(Fu, Y., 1996; Neville, A.M. , 2008). Hardened mortars and concretes can reach their 
maximum strength within several hours through elevated temperature curing. However, 
the ultimate strength of hardened mortars and concretes has been shown to decrease with 
curing temperature (Carino, 1984). It was found that by increasing the curing temperature 
from 20 ºC to 60 ºC and the duration of heat curing to 48 hours causes a continuous increase 
in compressive strength (Brooks & Al-kaisi, 1990). Studies by (Hanson, 1963; Pfeifer & 
Marusin, 1991; Shi, 1996) have shown that there is a threshold maximum heat curing 
temperature value in the range of 60 ºC to 70 ºC, beyond which heat treatment is of little or 
no benefit to the engineering properties of concrete. 

Based on the given data in Table 1 it can be seen that the highest strengths at 3 and 7 days of 
OPC-slag mortars for 40% replacement with slag and OPC-slag mortars for 50% replacement 
with slag is attributed to the specimens cured in air under room temperature as:   
 

Curing 
regime 

air curing under room 
temperature 

Water 
32 ºC 

Water 25 -26  ºC 

f3 58.2 53.3 48.9 
f7 59.9 59.9 54.5 

f3/f7 0.97 0.89 0.90 
fi are strength in MPa. 

Table 2. Compressive strengths (f) at 3 and 7 days for three curing regimes of H- 3 sets mix 

OPC-slag mortars for 40% OPC replacement with slag: f3= 55.2 at 18 hours and f7= 61.1 MPa 
at 20 hours; OPC-slag mortars for 50% replacement with slag: f3= 55.3 and f7= 61.6 MPa, the 
both for 20 hours. The 3 and 7 days strengths of OPC mortars’ specimens cured at room 
temperature and in water are f3= 45.4, and f7= 51.4 MPa, and f3= 43.8, and f7= 47.8 MPa, 
respectively. It is noted that the maximum 3 and 7 days strengths of OPC-slag mortars for 
40% replacement with slag and OPC-slag mortars for 50% replacement with slag specimens 
are 21.7% and 19.0% which are 21.8% and 20.0% more than those of OPC mortars’ 
specimens cured at room temperature at the same age, respectively. It is seen that there is 
strength loss at 56 days compared to 28 days by about 2.2%. This has been previously 
reported by other researchers (Kosmatka, Panarese, et al., 1991). The main objective of 
elevated temperature curing is to achieve early strength development. However, it is 
generally acknowledged that there is also strength loss as a result of heat curing (Bougara, 
Lynsdale, et al., 2009). Another mix proportion of OPC-slag mortars for 50% replacement 
with slag was made by using the optimum heat curing at 60 ºC for 20 hours and specimens 
were tested at ages of 1, 3, 7, 28, 56, and 90 days. To determine the trend of strength 
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increased over 20 hours, the increase at 7 days strength is not appreciable. Hence, it can be 
deduced from Figures 3 and 4 that heat curing at 60 °C for 20 hours is the optimum heat 
curing for the materials used in the study. 

3.2. Temperature and humidity effects 

From the H- 3 sets mix as shown in Table 2 the effects of ambient temperatures and relative 
humidity were considered on the strength improvement of the specimens. The specimens 
were first made and demoulded 24 hours after casting, and then heated at 60 °C for 20 hours 
and finally, cured in three curing regimes, i.e. at room temperature, in water at 25 ºС - 26 ºС, 
and in water at 32 ºС. After 3 and 7 days the strength of specimens was determined. The 
results are given in Table 2.  

Based on the given data in Table 2, it is clear that for curing regimes with different 
temperature and the same relative humidity, higher strengths are attributed to higher 
temperature regimes. For curing regimes with different relative humidity and the same 
temperature, higher strengths are attributed to lower relative humidity regimes. From the 
comparison of the three curing regimes it is seen that the strengths of specimens cured in 
water at 32 ºС are less than those cured at room temperature. This shows that the increase of 
early age strength is a function of both temperature and relative humidity effects. In fact, it 
can be deduced that neither relative humidity nor temperature has the highest strength 
improvement alone, but rather a combination of both effects are effective on strength 
development. From the results it is clear that the trend of strength development at 7 days is 
similar to that at 3 days. It is seen that the strength of specimens at 7 days cured at room 
temperature and in water at 32 ºС are the same, which shows that the effect of relative 
humidity over duration of 3 to 7 days is more than that of temperature. It is seen that the 
highest strengths at 3 and 7 days are attributed to curing at room temperature.  

The percentages of strength growth (i) for duration of 3 to 7 days can be obtained as follows: 
For air cured specimens under room temperature i= 0.97, for water at 25 – 26 ºС i= 0.90, and 
for water cured at 32 ºС i= 0.89; where i= ratio f3/f7. These results show that whenever the 
specimens are cured at room temperature, about 97% of the strength is achieved at 3 days. 
This is a major advantage in the precast concrete industry when the specimens are cured at 
room temperature. For the specimens cured at room temperature, the maximum relative 
humidity attainable was 85%, while for the specimens cured in water it was 100%. 

Based on the results obtained it is evident that the effect of temperature on the strength 
improvement at 3 and 7 days is higher than that of relative humidity. This is because the 
strengths of the specimens cured at room temperature and in water at 32 ºС are higher than 
those in water at 25 ºС at 3 and 7 days by about 14% and 10%, respectively.  

It can be seen that with the use of heat curing at 60 ºС for 20 hours the strength at 3 days is, 
on average, about 97% of the strength at 7 days for specimens cured at room temperature, 
while, on average, this ratio is about 90% for curing in water at 25 ºС and 32 ºС. This shows 
that curing at room temperature after heat curing improves the early strength at 3 days 

 
Using "Heat Treatment" Method for Activation of OPC-Slag Mortars 393 

extensively, which is very cost effective and applicable in the precast concrete industry. This 
result also shows that the heat treatment is a useful and efficient method for the activation of 
ordinary Portland cement-slag mortars and concretes which requires only slat duration and 
without the use of water to cure the specimens. An elevated curing temperature accelerates 
the chemical reaction of hydration and increases the early age strength. However, during 
the initial period of hydration an open and unfilled pore structure of cement paste forms 
which has a negative effect on  the properties of hardened concrete, especially at later ages 
(Fu, Y., 1996; Neville, A.M. , 2008). Hardened mortars and concretes can reach their 
maximum strength within several hours through elevated temperature curing. However, 
the ultimate strength of hardened mortars and concretes has been shown to decrease with 
curing temperature (Carino, 1984). It was found that by increasing the curing temperature 
from 20 ºC to 60 ºC and the duration of heat curing to 48 hours causes a continuous increase 
in compressive strength (Brooks & Al-kaisi, 1990). Studies by (Hanson, 1963; Pfeifer & 
Marusin, 1991; Shi, 1996) have shown that there is a threshold maximum heat curing 
temperature value in the range of 60 ºC to 70 ºC, beyond which heat treatment is of little or 
no benefit to the engineering properties of concrete. 

Based on the given data in Table 1 it can be seen that the highest strengths at 3 and 7 days of 
OPC-slag mortars for 40% replacement with slag and OPC-slag mortars for 50% replacement 
with slag is attributed to the specimens cured in air under room temperature as:   
 

Curing 
regime 

air curing under room 
temperature 

Water 
32 ºC 

Water 25 -26  ºC 

f3 58.2 53.3 48.9 
f7 59.9 59.9 54.5 

f3/f7 0.97 0.89 0.90 
fi are strength in MPa. 

Table 2. Compressive strengths (f) at 3 and 7 days for three curing regimes of H- 3 sets mix 

OPC-slag mortars for 40% OPC replacement with slag: f3= 55.2 at 18 hours and f7= 61.1 MPa 
at 20 hours; OPC-slag mortars for 50% replacement with slag: f3= 55.3 and f7= 61.6 MPa, the 
both for 20 hours. The 3 and 7 days strengths of OPC mortars’ specimens cured at room 
temperature and in water are f3= 45.4, and f7= 51.4 MPa, and f3= 43.8, and f7= 47.8 MPa, 
respectively. It is noted that the maximum 3 and 7 days strengths of OPC-slag mortars for 
40% replacement with slag and OPC-slag mortars for 50% replacement with slag specimens 
are 21.7% and 19.0% which are 21.8% and 20.0% more than those of OPC mortars’ 
specimens cured at room temperature at the same age, respectively. It is seen that there is 
strength loss at 56 days compared to 28 days by about 2.2%. This has been previously 
reported by other researchers (Kosmatka, Panarese, et al., 1991). The main objective of 
elevated temperature curing is to achieve early strength development. However, it is 
generally acknowledged that there is also strength loss as a result of heat curing (Bougara, 
Lynsdale, et al., 2009). Another mix proportion of OPC-slag mortars for 50% replacement 
with slag was made by using the optimum heat curing at 60 ºC for 20 hours and specimens 
were tested at ages of 1, 3, 7, 28, 56, and 90 days. To determine the trend of strength 
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development for the mentioned mortar cured at room temperature, the regression technique 
was used. The equations obtained for this mortar and also OPC mortar cured in water are as 
below: 

 fT- ac= 5.2128* Ln (t) + 50.644 with R2= 0.9305  (1)  

For OPC-slag mortar cured in air under room temperature, made using optimum heat 
curing at 60 ºC for 20 hours, and  

 fOM- wc= 6.1673* Ln (t) + 35.141 with R2= 0.9738  (2)  

For OPC mortar cured in water; where f is compressive strength in MPa, ac and wc denote 
air and water curing under room temperature, respectively and t is the age of the specimen 
in days. The best fit curves are shown in Figure 4.  
 

N
o 
 

Age 
(d) 

 

Binomial 
relationships 

Linear 
relationships 

CR 

For OPC-slag mortars for 40% replacement with slag, i.e. OSMs/40 
1 3 f= -0.0455X2+ 1.865X+ 32.921; R2= 0.9261 

 
f= 0.6825 X + 38.651 

R2= 0.7545 
air 

2 3 f=-0.0131X2+ 0.8806 X + 34.825; R2= 0.8502 f= 0.5391 X + 36.191 
R2= 0.8252 

wate
r 

3 7 f= -0.0347 X2 1.5959 X + 40.621; R2= 0.9107 f= 0.6927 X + 44.234 
R2= 0.8068 

air 

4 7 f= 0.0163 X2- 0.0222 X + 46.327; R2= 0.6305 f= 0.4011 X + 44.634 
R2= 0.5815 

wate
r 

For OPC-slag mortars for 50% replacement with slag, i.e. OSMs/50 
5 3 f= -0.0487 X2+ 1.9196 X + 34.298; R2= 0.9271 f= 0.6526 X + 39.366 

R2= 0.7212 
air 

6 3 f= -0.0184 X2+ 0.9857 X + 35.234; R2= 0.8492 f= 0.5066 X + 37.154 
R2= 0.7954 

wate
r 

7 7 f= -0.0479 X2+0.1079 X + 38.56; R2= 0.9598 f= 0.8628 X + 43.54 
R2= 0.8291 

air 

8 7 f= 0.0115 X2+ 0.0108 X + 48.789; R2= 0.7742 f= 0.3089 X + 47.597 
R2= 0.7232 

wate
r 

X= heat duration in hours, f is compressive strength in MPa, R2   is coefficient of 
determination,  CR= curing regime, d= days 

Table 3. Relationship between compressive strength (f) versus  heat duration  

The relationships between compressive strength and duration of heat curing at room 
temperature and in water for OPC-slag mortars at 40% OPC replacement with slag and 
OPC-slag mortars at 50% OPC replacement with slag is shown in Table 3. It can be seen that 
the best equations are binomial and attributed to the specimens cured at room temperature. 
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It is also seen that the best fit curve at 3 and 7 days strengths are power equations. 
According to the results obtained in the study, it can be said that thermal activation is one of 
the best techniques for the activation of OPC-slag mortars.  
 

No Age (days) Power regression relationship Curing 
1 3 f OSM/50 = 1.3991* x 0.9147 ;  R2=  0.8857 air 
2 7 f OSM/50 = 0.4548* x 1.2047;  R2= 0.9334 air 
3 3 f OSM/50 = 2.098*  x 0.8064;  R2= 0.7349 water 
4 7 f OSM/50 = 5.9897*  x 0.5511;  R2= 0.6897 water 

x= compressive strength of OSM/40 in MPa, R2= coefficient of determination. 

Table 4. Relationships between compressive strengths (f)  of  OSMs/50 and OSMs/40  

 
Notes: OM= OPC mortar, T= OPC-slag mortar for 50% OPC replacement with slag made by using the  optimum heat 
curing, f= Compressive strength of the specimens in MPa, ac and wc denote air and water curing under room 
temperature, respectively.  

Figure 4. Strength development for OPC mortar and OPC-slag mortar made by using the optimum heat 
curing 

Based on the results presented in Table 4, it can be seen that there is an acceptable power 
relationship at 3 and 7 days strengths between OPC-slag mortars for 50% OPC replacement 
with slag and OPC-slag mortars for 40% OPC replacement with slag for the specimens cured 
at room temperature.  

The given relationships in Table 4 were determined by using the regression technique. Based 
on the relationships it is seen that the coefficient of determination R2 of regression for 
relationships between the strengths at 3 and 7 days of water cured OPC-slag mortars for 50% 
OPC replacement with slag and OPC-slag mortars for 40% OPC replacement with slag is 
small. This shows that there is no acceptable relationship between the strengths of water cured 
specimens. However, there is a proper relationship for those cured at room temperature. 
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development for the mentioned mortar cured at room temperature, the regression technique 
was used. The equations obtained for this mortar and also OPC mortar cured in water are as 
below: 

 fT- ac= 5.2128* Ln (t) + 50.644 with R2= 0.9305  (1)  

For OPC-slag mortar cured in air under room temperature, made using optimum heat 
curing at 60 ºC for 20 hours, and  

 fOM- wc= 6.1673* Ln (t) + 35.141 with R2= 0.9738  (2)  

For OPC mortar cured in water; where f is compressive strength in MPa, ac and wc denote 
air and water curing under room temperature, respectively and t is the age of the specimen 
in days. The best fit curves are shown in Figure 4.  
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Binomial 
relationships 

Linear 
relationships 

CR 

For OPC-slag mortars for 40% replacement with slag, i.e. OSMs/40 
1 3 f= -0.0455X2+ 1.865X+ 32.921; R2= 0.9261 

 
f= 0.6825 X + 38.651 

R2= 0.7545 
air 

2 3 f=-0.0131X2+ 0.8806 X + 34.825; R2= 0.8502 f= 0.5391 X + 36.191 
R2= 0.8252 

wate
r 

3 7 f= -0.0347 X2 1.5959 X + 40.621; R2= 0.9107 f= 0.6927 X + 44.234 
R2= 0.8068 

air 

4 7 f= 0.0163 X2- 0.0222 X + 46.327; R2= 0.6305 f= 0.4011 X + 44.634 
R2= 0.5815 

wate
r 

For OPC-slag mortars for 50% replacement with slag, i.e. OSMs/50 
5 3 f= -0.0487 X2+ 1.9196 X + 34.298; R2= 0.9271 f= 0.6526 X + 39.366 

R2= 0.7212 
air 

6 3 f= -0.0184 X2+ 0.9857 X + 35.234; R2= 0.8492 f= 0.5066 X + 37.154 
R2= 0.7954 

wate
r 

7 7 f= -0.0479 X2+0.1079 X + 38.56; R2= 0.9598 f= 0.8628 X + 43.54 
R2= 0.8291 

air 

8 7 f= 0.0115 X2+ 0.0108 X + 48.789; R2= 0.7742 f= 0.3089 X + 47.597 
R2= 0.7232 

wate
r 

X= heat duration in hours, f is compressive strength in MPa, R2   is coefficient of 
determination,  CR= curing regime, d= days 

Table 3. Relationship between compressive strength (f) versus  heat duration  

The relationships between compressive strength and duration of heat curing at room 
temperature and in water for OPC-slag mortars at 40% OPC replacement with slag and 
OPC-slag mortars at 50% OPC replacement with slag is shown in Table 3. It can be seen that 
the best equations are binomial and attributed to the specimens cured at room temperature. 
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It is also seen that the best fit curve at 3 and 7 days strengths are power equations. 
According to the results obtained in the study, it can be said that thermal activation is one of 
the best techniques for the activation of OPC-slag mortars.  
 

No Age (days) Power regression relationship Curing 
1 3 f OSM/50 = 1.3991* x 0.9147 ;  R2=  0.8857 air 
2 7 f OSM/50 = 0.4548* x 1.2047;  R2= 0.9334 air 
3 3 f OSM/50 = 2.098*  x 0.8064;  R2= 0.7349 water 
4 7 f OSM/50 = 5.9897*  x 0.5511;  R2= 0.6897 water 

x= compressive strength of OSM/40 in MPa, R2= coefficient of determination. 

Table 4. Relationships between compressive strengths (f)  of  OSMs/50 and OSMs/40  

 
Notes: OM= OPC mortar, T= OPC-slag mortar for 50% OPC replacement with slag made by using the  optimum heat 
curing, f= Compressive strength of the specimens in MPa, ac and wc denote air and water curing under room 
temperature, respectively.  

Figure 4. Strength development for OPC mortar and OPC-slag mortar made by using the optimum heat 
curing 
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with slag and OPC-slag mortars for 40% OPC replacement with slag for the specimens cured 
at room temperature.  

The given relationships in Table 4 were determined by using the regression technique. Based 
on the relationships it is seen that the coefficient of determination R2 of regression for 
relationships between the strengths at 3 and 7 days of water cured OPC-slag mortars for 50% 
OPC replacement with slag and OPC-slag mortars for 40% OPC replacement with slag is 
small. This shows that there is no acceptable relationship between the strengths of water cured 
specimens. However, there is a proper relationship for those cured at room temperature. 
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This appears to be due to the behaviour of specimens cured in water, which are still not 
clear and that is specific for the duration of 7 days. This means that the effect of water on the 
strength of water cured specimens is different for the durations of 3 and 3 to 7 days.  

3.3. Ettringite formation 

In this study four extra sets of specimens were tested for SEM images and EDX analyses of 
H- 4 sets mix given in Table 5 after curing for 7 days. SEM images and EDX analyses were 
tested on four specimens of the four sets. Each specimen was analyzed to determine if 
ettringite was present. If ettringite was detected its morphology was noted. It is impossible 
to quantify ettringite because of the scaling factor and depth of uncertainties of the electron 
microscope. However, it is significant to note that very small samples measuring 
approximately 5 mm in diameter yielded large quantities of ettringite. Ettringite was 
identified visually and from the EDX analysis. The morphologies of the observed ettringite 
are summarized in Table 5. Samples typically produced ettringite with similar morphologies 
including lamellar and needles. Ettringite was found in cavities and in the cement matrix.  
 

Set  No. Curing regime Ettringite formation 
Set 1 With heat curing, air cured Thick and long needles 
Set 2 With heat curing, water cured Needles with lamellar 
Set 3 Without heat curing, air cured Needles with lamellar 
Set 4 Without heat curing, water cured Needles with dense lamellar 

Heat treatment was done after demoulding at 60 °C in duration of 20 hours. 

Table 5. Summary of scanning  electron microscopy morphology  for H- 4 sets mix after 7 days curing 

The mechanism of DEF expansion is a highly debated issue. Ettringite Crystal Growth 
Theory and Uniform Paste Expansion Theory are the two predominant theories. (Shoaib, 
Balaha, et al., 2000) and (Wang, Pu, et al., 1995) suggested the Ettringite Crystal Growth 
Theory, which attributes the expansion to pressure exerted by the growing ettringite crystals 
in the micro cracks between the cement paste and the aggregate.  

(Wang, Scrivener, et al., 1994) proposed the Uniform Paste Expansion Theory, which 
suggests that the concrete expands and then the ettringite forms in the newly created gaps. 
(Yang, R., Lawrence, et al., 1996) found no evidence to support the Uniform Paste Theory 
concluding that the ettringite present in the mortar produced the expansion. (Lewis, M. C. & 
Scrivener, 1996) suggests that both mechanisms are possible and depending on the 
environmental condition one may be more prevalent. Although other mechanisms have 
been suggested, expansion most probably results from crystal growth pressure. There are 
differences of opinion as to whether expansion in mortars or concretes is driven by growth 
of ettringite crystals at aggregate interfaces or by processes occurring in the paste. If the later 
expands, gaps will be formed around aggregate particles (Wang, Scrivener, et al., 1994), and 
ettringite or other phases may recrystallize in them, simultaneously or subsequently. Based 
on the paste expansion theory the widths of peripheral cracks are proportional to aggregate 
size; cracks at the interfaces are initially empty. Assuming that expansion occurs through 
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crystal growth pressure, significant growth pressures could not be obtained in relatively 
large cracks and pastes expand, albeit slowly. Three factors influencing expansion will be 
considered namely chemistry, paste microstructure, and mortar or concrete microstructure. 
Proportionality between crack width and aggregate size, which can only be explained by 
paste expansion, was first reported by (Johansen, Thaulow, et al., 1993). For the H- 4 sets 
mix 24 hours after casting, the first two sets of the specimens were demoulded and without 
heat curing but were cured in water and air under room temperature for 7 days, 
respectively. Another two sets were heated at 60 ºC temperature for 14 hours and then cured 
the same as the former sets. Ettringite was observed in all of the sets of specimens i.e. with 
and without heat curing, but with different amounts of crystal size. The results are shown in 
Figure 5. 

The morphology and crystal size of ettringite varies under the different curing conditions 
the specimens were subjected to. Most of the SEM observation shows that ettringite is 
normally a slender, needle-like crystal with a prismatic hexagonal cross-section. Its size 
depends on w/c ratio, that is, the effective space that ettringite is able to occupy (Barnett, 
Soutsos, et al., 2006). It can grow up to 100 mμ  long for high w/c ratios. The particle-size of 
Al-bearing agents is also a main factor affecting the size of ettringite. Large particles of Al-
bearing agents form a large amount of small ettringite crystal and the period of expansion 
can last longer. Small particles will produce large size crystals quickly at any early stage 
because of the large surface area and fast reaction rate. The ettringite crystals will also be 
smaller in size in the presence of calcium hydroxide (CH) (Barnett, Soutsos, et al., 2006). The 
form of ettringite is relevant to studies of the mechanism of expansion. (Lerch, Ashton, et al., 
1929) reported that synthetic ettringite consists of long slender needles that often form 
sphere-like. (Mehta, P.K., 1976) also reported the presence of spheroid ettringite. (Ogawa & 
Roy, 1982) found that during the hydration, the ettringite formed as very small irregular 
particles around Al-bearing particles in the early stage, and then changes to long needle-like 
crystals arranged radially around the Al-bearing particles. This formation was associated 
with the start of expansion (Barnett, Soutsos, et al., 2006). 

Comparison between Figure 5 (a), (b), (c) and (d) show that for each test and in all curing 
regimes ettringite crystals were detected. For the four sets of tests, the ettringite crystals 
formed under room temperature curing, i.e. Figure 5 (a), and were more and bigger than 
those under water curing. Probably, this is the reason for the higher strength improvement 
of the specimens cured in air under room temperature compared to curing in water. It can 
be observed that the thickest and the longest ettringite crystals are attributed to the 
specimens that were cured in the heating process at 60 ºC for 14 hours after casting, and 
then cured at room temperature for 7 days as shown in Figure 5 part (a). The strength 
obtained at 7 days for the specimens was about 64 MPa. With the comparison of SEM 
images and the strengths obtained from the four sets of specimens, it can be deduced that 
heat curing at 60 ºC for 14 hours increases the rate of ettringite formation and thus the early 
strength. Whenever there is a greater quantity of ettringite formed it contributes to the 
higher strength. The details obtained for the compressive strengths at 7 and 28 days, of H- 4 
sets mixes are given in Table 6.  
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This appears to be due to the behaviour of specimens cured in water, which are still not 
clear and that is specific for the duration of 7 days. This means that the effect of water on the 
strength of water cured specimens is different for the durations of 3 and 3 to 7 days.  

3.3. Ettringite formation 

In this study four extra sets of specimens were tested for SEM images and EDX analyses of 
H- 4 sets mix given in Table 5 after curing for 7 days. SEM images and EDX analyses were 
tested on four specimens of the four sets. Each specimen was analyzed to determine if 
ettringite was present. If ettringite was detected its morphology was noted. It is impossible 
to quantify ettringite because of the scaling factor and depth of uncertainties of the electron 
microscope. However, it is significant to note that very small samples measuring 
approximately 5 mm in diameter yielded large quantities of ettringite. Ettringite was 
identified visually and from the EDX analysis. The morphologies of the observed ettringite 
are summarized in Table 5. Samples typically produced ettringite with similar morphologies 
including lamellar and needles. Ettringite was found in cavities and in the cement matrix.  
 

Set  No. Curing regime Ettringite formation 
Set 1 With heat curing, air cured Thick and long needles 
Set 2 With heat curing, water cured Needles with lamellar 
Set 3 Without heat curing, air cured Needles with lamellar 
Set 4 Without heat curing, water cured Needles with dense lamellar 

Heat treatment was done after demoulding at 60 °C in duration of 20 hours. 

Table 5. Summary of scanning  electron microscopy morphology  for H- 4 sets mix after 7 days curing 

The mechanism of DEF expansion is a highly debated issue. Ettringite Crystal Growth 
Theory and Uniform Paste Expansion Theory are the two predominant theories. (Shoaib, 
Balaha, et al., 2000) and (Wang, Pu, et al., 1995) suggested the Ettringite Crystal Growth 
Theory, which attributes the expansion to pressure exerted by the growing ettringite crystals 
in the micro cracks between the cement paste and the aggregate.  

(Wang, Scrivener, et al., 1994) proposed the Uniform Paste Expansion Theory, which 
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(Yang, R., Lawrence, et al., 1996) found no evidence to support the Uniform Paste Theory 
concluding that the ettringite present in the mortar produced the expansion. (Lewis, M. C. & 
Scrivener, 1996) suggests that both mechanisms are possible and depending on the 
environmental condition one may be more prevalent. Although other mechanisms have 
been suggested, expansion most probably results from crystal growth pressure. There are 
differences of opinion as to whether expansion in mortars or concretes is driven by growth 
of ettringite crystals at aggregate interfaces or by processes occurring in the paste. If the later 
expands, gaps will be formed around aggregate particles (Wang, Scrivener, et al., 1994), and 
ettringite or other phases may recrystallize in them, simultaneously or subsequently. Based 
on the paste expansion theory the widths of peripheral cracks are proportional to aggregate 
size; cracks at the interfaces are initially empty. Assuming that expansion occurs through 
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crystal growth pressure, significant growth pressures could not be obtained in relatively 
large cracks and pastes expand, albeit slowly. Three factors influencing expansion will be 
considered namely chemistry, paste microstructure, and mortar or concrete microstructure. 
Proportionality between crack width and aggregate size, which can only be explained by 
paste expansion, was first reported by (Johansen, Thaulow, et al., 1993). For the H- 4 sets 
mix 24 hours after casting, the first two sets of the specimens were demoulded and without 
heat curing but were cured in water and air under room temperature for 7 days, 
respectively. Another two sets were heated at 60 ºC temperature for 14 hours and then cured 
the same as the former sets. Ettringite was observed in all of the sets of specimens i.e. with 
and without heat curing, but with different amounts of crystal size. The results are shown in 
Figure 5. 

The morphology and crystal size of ettringite varies under the different curing conditions 
the specimens were subjected to. Most of the SEM observation shows that ettringite is 
normally a slender, needle-like crystal with a prismatic hexagonal cross-section. Its size 
depends on w/c ratio, that is, the effective space that ettringite is able to occupy (Barnett, 
Soutsos, et al., 2006). It can grow up to 100 mμ  long for high w/c ratios. The particle-size of 
Al-bearing agents is also a main factor affecting the size of ettringite. Large particles of Al-
bearing agents form a large amount of small ettringite crystal and the period of expansion 
can last longer. Small particles will produce large size crystals quickly at any early stage 
because of the large surface area and fast reaction rate. The ettringite crystals will also be 
smaller in size in the presence of calcium hydroxide (CH) (Barnett, Soutsos, et al., 2006). The 
form of ettringite is relevant to studies of the mechanism of expansion. (Lerch, Ashton, et al., 
1929) reported that synthetic ettringite consists of long slender needles that often form 
sphere-like. (Mehta, P.K., 1976) also reported the presence of spheroid ettringite. (Ogawa & 
Roy, 1982) found that during the hydration, the ettringite formed as very small irregular 
particles around Al-bearing particles in the early stage, and then changes to long needle-like 
crystals arranged radially around the Al-bearing particles. This formation was associated 
with the start of expansion (Barnett, Soutsos, et al., 2006). 

Comparison between Figure 5 (a), (b), (c) and (d) show that for each test and in all curing 
regimes ettringite crystals were detected. For the four sets of tests, the ettringite crystals 
formed under room temperature curing, i.e. Figure 5 (a), and were more and bigger than 
those under water curing. Probably, this is the reason for the higher strength improvement 
of the specimens cured in air under room temperature compared to curing in water. It can 
be observed that the thickest and the longest ettringite crystals are attributed to the 
specimens that were cured in the heating process at 60 ºC for 14 hours after casting, and 
then cured at room temperature for 7 days as shown in Figure 5 part (a). The strength 
obtained at 7 days for the specimens was about 64 MPa. With the comparison of SEM 
images and the strengths obtained from the four sets of specimens, it can be deduced that 
heat curing at 60 ºC for 14 hours increases the rate of ettringite formation and thus the early 
strength. Whenever there is a greater quantity of ettringite formed it contributes to the 
higher strength. The details obtained for the compressive strengths at 7 and 28 days, of H- 4 
sets mixes are given in Table 6.  
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Figure 5. SEM images and EDX analyses for H-4 set mix specimens 

(a) Set No. 1 (b) Set No. 2

(d) Set No. 4 (c) Set No. 3 
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Curing 
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Strength 
(MPa) 

Type of curing regime 

Without use of heat curing Heat curing at 60 ºC for 14 hours 

Water cured 
(25 ºC - 26 ºC ) 

Room temp. 
Cured (32 ºC) 

Water cured 
(25 ºC - 26 ºC ) 

Room temp. 
Cured (32 ºC) 

f7 53.7 38.7 57.6 64.0 

f28 61.6 44.5 63.2 64.2 

f7/f28 0.87 0.87 0.91 1.00 

f28/f7 1.15 1.15 1.10 1.00 

SEM 
images 

Figure 5, (d) Figure 5, (c) Figure 5, (b) Figure 5, (a) 

Table 6. Compressive strength  (f) at 7 and 28 days for H- 4 sets mix 

Based on the given data in Table 6 it is evident that the highest strength is obtained from air 
curing at room temperature after heat curing at 60 ºС for 14 hours. Generally speaking, the 
results obtained can be discussed according to the different curing regimes.  

The strength of specimens cured in air at room temperature after subjected to heat curing is 
the highest. This is followed by the specimens cured in water after heat curing and 
specimens cured under the same conditions but without heat curing. The lowest strength 
was obtained for the specimens cured in air at room temperature without heat curing. It was 
also observed that the thickest and the longest ettringite crystals were formed in the 
specimens with the highest strength as shown in Figure 5.  

Similar to the strength at 7 days, it is seen that among the four curing regimes the strength of 
specimens at 28 days is the highest for those cured at room temperature after heat curing at 
60 °C for 14 hours. From Table 6 it can be seen that the strength growth (i) at 28 to 7 days in 

different curing regimes is as follows: for without heat and curing in air at room 
temperature i= 1.15 and for curing in water i= 1.15. Use of heat curing at 60 ºС for 14 hours 
followed by curing in air at room temperature i= 1.00 and for curing in water; i= 1.10. 

From the results observed it is clear that in the cases without use of heat curing, the strength 
growth of 28 to 7 days is noticeable for both curing at room temperature and in water. The 
relative strength growth is on average about 1.15. This shows that there is a continuous 
hydration process progression for duration of 7 to 28 days. It seems that the latent potential 
of the specimens is gradually released, whilst whenever the specimens are heated, the whole 
latent potential is suddenly released during the initial days (in duration of the first days) 
due to the temperature effect. In the case with heat treatment, it is seen that the strength gain 
is completely different for the specimens cured at room temperature and in water. It is 
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Based on the given data in Table 6 it is evident that the highest strength is obtained from air 
curing at room temperature after heat curing at 60 ºС for 14 hours. Generally speaking, the 
results obtained can be discussed according to the different curing regimes.  

The strength of specimens cured in air at room temperature after subjected to heat curing is 
the highest. This is followed by the specimens cured in water after heat curing and 
specimens cured under the same conditions but without heat curing. The lowest strength 
was obtained for the specimens cured in air at room temperature without heat curing. It was 
also observed that the thickest and the longest ettringite crystals were formed in the 
specimens with the highest strength as shown in Figure 5.  

Similar to the strength at 7 days, it is seen that among the four curing regimes the strength of 
specimens at 28 days is the highest for those cured at room temperature after heat curing at 
60 °C for 14 hours. From Table 6 it can be seen that the strength growth (i) at 28 to 7 days in 

different curing regimes is as follows: for without heat and curing in air at room 
temperature i= 1.15 and for curing in water i= 1.15. Use of heat curing at 60 ºС for 14 hours 
followed by curing in air at room temperature i= 1.00 and for curing in water; i= 1.10. 

From the results observed it is clear that in the cases without use of heat curing, the strength 
growth of 28 to 7 days is noticeable for both curing at room temperature and in water. The 
relative strength growth is on average about 1.15. This shows that there is a continuous 
hydration process progression for duration of 7 to 28 days. It seems that the latent potential 
of the specimens is gradually released, whilst whenever the specimens are heated, the whole 
latent potential is suddenly released during the initial days (in duration of the first days) 
due to the temperature effect. In the case with heat treatment, it is seen that the strength gain 
is completely different for the specimens cured at room temperature and in water. It is 
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observed that there is no significant strength growth at 28 days compared to 7 days. In fact, 
it can be said that when the specimens are cured at room temperature after heat curing, the 
highest strengths are achieved during the first 7 days. This is a major advantage to the 
precast concrete industry. However, when the specimens are cured in water after heat 
curing more time is needed to achieve maximum strength. This shows that curing in water 
is not the best way to cure the specimens after heat treatment from the standpoint of 
strength gain at early ages. Hence, the comparison of curing regimes at room temperature 
and in water shows that the best curing regime after heat curing is air curing under room 
temperature, especially for the precast concrete industry. It is also seen that in the case 
without heat curing, on average, the strength at 7 days is 87% of the strength at 28 days for 
both curing at room temperature and in water, and with heat curing this ratio is increased 
on average to 95%. This means that heat curing improves the strength at 7 days by an 
average of about 9%.  

3.4. Strength loss 

The compressive strength loss of mortars and concretes containing supplementary 
cementitious materials is quite common. In the process of this research, strength loss has 
been observed several times for some of the mortars prepared. This is because for a variety 
of reasons; some of the observed reasons in the study are as follows: 

Several researchers reported that a high temperature improves strength at early ages (ACI, 
2001; Al-Gahtani, 2010; Shariq, Prasad, et al., 2010). At later ages, the important number of 
formed hydrates had no time to arrange suitably and this caused a loss of ultimate strength. 
This behaviour has been called the crossover effect (Powers, T.C., 1947). For OPC it appears 
that the ultimate strength decreases nearly linearly, with curing temperature 
(Ramezanianpour & Malhotra, 1995). 

Generally, the reason for the loss of strength can be due to internal or external factors. The 
internal factors are those linked to the chemical composition of the reacted products. The 
most efficient external factors are due to the variability of specimens and testing procedures. 
Another factor having high importance is the effect of temperature. The initial curing 
temperature has a significant effect and can reduce or increase strength at later ages. It 
seems that the main reason for strength loss at later ages is due to lack of inside water in 
specimens to complete the hydration and pozzolanic process progression. Usually for the 
duration of 1 to 28 days, the inside water due to the mixing water is available and adequate 
for the hydration process; however, beyond 28 days it is reduced and then insufficient for 
the process of hydration and pozzolanic reaction to progress; hence, strength loss occurs.  

3.5. Strength development  

Customarily, whenever it is wanted to understand the behaviour of a phenomenon, it is 
accepted to model its behaviour by the use of a diagram or mathematical relationship. Using 
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the relationships can approximately be forecasted the behaviour of the phenomenon at the 
later ages. In this research based on the results obtained for the OPC-slag mortars with 50% 
OPC replacement with slag under thermal activation method have been determined to 
forecast the variations of compressive strengths versus age of curing.  

Comparison of all the relationships shows that the most appropriate form of equation to 
describe the variations of strength versus age of curing is a logarithmic function in the 
form of    f= a*Ln (t) + b; where R2 is the coefficient of determination, a and b are constants 
for a specified mortar, f is compressive strength in MPa and t is the age of specimens in 
days.  

The best fitted curves strength developments are shown in Figure 6.  

 

 
Figure 6. Strength development curve fitting for the optimum OPC-slag mortar activated using thermal 
activation method and OPC mortars  

3.6. Summary  

For different duration several temperatures such as 50 °C, 60 °C, and 70 °C were used. Based 
on the results obtained it can be deduced that heat curing at 60 °C for 20 hours is the 
optimum. It should be noted that 40% and 50% levels of replacement of OPC with slag were 
used and the results were compared. In addition to temperature, the effects of relative 
humidity were also studied. Finally, the results of compressive strength at 3 and 7 days 
versus heat curing were determined for 40% and 50% levels of replacement. It was 
recognized that the formation of long and thick crystals of ettringite was the main reason for 
significant strength improvement at early ages when the specimens were heated and then 
cured in air under room temperature. The flowchart of thermal activation method is shown 
in Figure 7. 
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observed that there is no significant strength growth at 28 days compared to 7 days. In fact, 
it can be said that when the specimens are cured at room temperature after heat curing, the 
highest strengths are achieved during the first 7 days. This is a major advantage to the 
precast concrete industry. However, when the specimens are cured in water after heat 
curing more time is needed to achieve maximum strength. This shows that curing in water 
is not the best way to cure the specimens after heat treatment from the standpoint of 
strength gain at early ages. Hence, the comparison of curing regimes at room temperature 
and in water shows that the best curing regime after heat curing is air curing under room 
temperature, especially for the precast concrete industry. It is also seen that in the case 
without heat curing, on average, the strength at 7 days is 87% of the strength at 28 days for 
both curing at room temperature and in water, and with heat curing this ratio is increased 
on average to 95%. This means that heat curing improves the strength at 7 days by an 
average of about 9%.  

3.4. Strength loss 

The compressive strength loss of mortars and concretes containing supplementary 
cementitious materials is quite common. In the process of this research, strength loss has 
been observed several times for some of the mortars prepared. This is because for a variety 
of reasons; some of the observed reasons in the study are as follows: 

Several researchers reported that a high temperature improves strength at early ages (ACI, 
2001; Al-Gahtani, 2010; Shariq, Prasad, et al., 2010). At later ages, the important number of 
formed hydrates had no time to arrange suitably and this caused a loss of ultimate strength. 
This behaviour has been called the crossover effect (Powers, T.C., 1947). For OPC it appears 
that the ultimate strength decreases nearly linearly, with curing temperature 
(Ramezanianpour & Malhotra, 1995). 

Generally, the reason for the loss of strength can be due to internal or external factors. The 
internal factors are those linked to the chemical composition of the reacted products. The 
most efficient external factors are due to the variability of specimens and testing procedures. 
Another factor having high importance is the effect of temperature. The initial curing 
temperature has a significant effect and can reduce or increase strength at later ages. It 
seems that the main reason for strength loss at later ages is due to lack of inside water in 
specimens to complete the hydration and pozzolanic process progression. Usually for the 
duration of 1 to 28 days, the inside water due to the mixing water is available and adequate 
for the hydration process; however, beyond 28 days it is reduced and then insufficient for 
the process of hydration and pozzolanic reaction to progress; hence, strength loss occurs.  

3.5. Strength development  

Customarily, whenever it is wanted to understand the behaviour of a phenomenon, it is 
accepted to model its behaviour by the use of a diagram or mathematical relationship. Using 
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the relationships can approximately be forecasted the behaviour of the phenomenon at the 
later ages. In this research based on the results obtained for the OPC-slag mortars with 50% 
OPC replacement with slag under thermal activation method have been determined to 
forecast the variations of compressive strengths versus age of curing.  

Comparison of all the relationships shows that the most appropriate form of equation to 
describe the variations of strength versus age of curing is a logarithmic function in the 
form of    f= a*Ln (t) + b; where R2 is the coefficient of determination, a and b are constants 
for a specified mortar, f is compressive strength in MPa and t is the age of specimens in 
days.  

The best fitted curves strength developments are shown in Figure 6.  
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Figure 7. Thermal activation work phase 

4. Conclusions and recommendations  

4.1. Conclusions 

4.1.1. Introduction 

In this study 50% level of slag as the optimum was used as replacement for OPC. The thermal 
activation method (T) was used to activate ordinary Portland cement-slag mortars (OSMs).  

Determination of “optimum heat curing” based on the results obtained, 
 i.e. at 60 °C for 20 hours 

Recast optimum OSM/50 mix under “optimum heat curing” and 
determination of compressive strengths of the specimens up to 90 days 

Making of OPC-slag mortars for 40% and 50% OPC replacement with slag 

Determine the best relationship for strength development using optimum 
OSM/50 mix 

Heating of the specimens in water at 60 °C for durations of 2 to 26 hours 

Curing of the specimens in water and air under room temperature  
for duration of 7 days 

Determination of the compressive strengths of specimens at early ages, 
 i.e. 1, 3, and 7 days 
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4.1.2. Optimum replacement 

For the slag used in this investigation, the optimum cement replacement level from 
viewpoint of high early strength was proven within the range of 40% - 50%. By using the 
optimum level of replacement slag, i.e. 50%, noticeable strength levels of OPC-slag mortars 
are achievable without the use of any activation method. In contrary to OPC-slag mortar for 
40% replacement with slag, the other mortars made with different levels of replacement slag 
have shown higher 56-day strength compared to strength at 28-day, but the OPC-slag 
mortar for 40% OPC replacement with slag gives less 56-day strength compared to strength 
at 28-day by about 10.8%; namely compressive strength loss about 10.8%. Thus this strength 
loss phenomenon needs to be further investigated.  

The highest growth of 56-day strength compared to 28-day are attributed to slag mortars and 
OPC-slag mortars for 10% replacement with slag (OSM/10) as 31.5% and 21.7%, respectively. 
This shows that the strength of mortar including the highest level of replacement slag will be 
improved at later ages more than others. However, it is well known that the ultimate strength of 
slag mortars is not significant compared to the strength of the others at the same ages. Therefore, 
it can be deduced that the slag mortars are the best only from viewpoint of durability. 

4.1.3. Thermal activation method 

It has been shown that the strengths of specimens cured in water at 3 and 7 days for OPC-
slag mortar with 40% and 50% OPC replacement of slag, without and with use of heating for 
duration of 2 hours, are more than those cured in air under room temperature. However, as 
soon as the heating duration is increased to 4 hours and more, this effect is reversed. This is 
a new finding with a major advantage in precast concrete industry and also has many 
advantages in arid regions for curing of concrete structures. 

Based on the experimental results obtained in the study, it can be concluded that there is an 
optimum temperature for each specific material to obtain high early strength. It was 
determined that 60 °C is the optimum. Heating duration is also very important for obtaining 
high early strength. For the slag used in the study, duration of 20 hours is optimum. Usually, 
as heating time increases towards the optimum, the compressive strength will be increased. 

The maximum strengths obtained at 3 and 7 days for OPC-slag mortar with 50% OPC 
replacement of slag cured in air under room temperature are 55.3 and 61.6 MPa, 
respectively. It can be seen that these are 21.8% and 20.0% more than those of OPC mortar 
specimens cured in air under room temperature, and 26.1% and 29.0% more than those of 
OPC mortar specimens cured in water, respectively.  

It was proven that whenever the mortar is heated larger than the optimum duration, it could 
be seen that this will not lead to an increase in early strength. According to the results of the 
study and other researches, it can be deduced that the thermal activation is one of the most 
efficient and applicable techniques for activation of OPC-slag mortars. This is well known 
specially in precast concrete industry. 

The results obtained show that the best relationship of compressive strengths versus heating 
duration of the specimens cured in air under room temperature and water for OPC-slag 
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4.1.2. Optimum replacement 

For the slag used in this investigation, the optimum cement replacement level from 
viewpoint of high early strength was proven within the range of 40% - 50%. By using the 
optimum level of replacement slag, i.e. 50%, noticeable strength levels of OPC-slag mortars 
are achievable without the use of any activation method. In contrary to OPC-slag mortar for 
40% replacement with slag, the other mortars made with different levels of replacement slag 
have shown higher 56-day strength compared to strength at 28-day, but the OPC-slag 
mortar for 40% OPC replacement with slag gives less 56-day strength compared to strength 
at 28-day by about 10.8%; namely compressive strength loss about 10.8%. Thus this strength 
loss phenomenon needs to be further investigated.  

The highest growth of 56-day strength compared to 28-day are attributed to slag mortars and 
OPC-slag mortars for 10% replacement with slag (OSM/10) as 31.5% and 21.7%, respectively. 
This shows that the strength of mortar including the highest level of replacement slag will be 
improved at later ages more than others. However, it is well known that the ultimate strength of 
slag mortars is not significant compared to the strength of the others at the same ages. Therefore, 
it can be deduced that the slag mortars are the best only from viewpoint of durability. 

4.1.3. Thermal activation method 

It has been shown that the strengths of specimens cured in water at 3 and 7 days for OPC-
slag mortar with 40% and 50% OPC replacement of slag, without and with use of heating for 
duration of 2 hours, are more than those cured in air under room temperature. However, as 
soon as the heating duration is increased to 4 hours and more, this effect is reversed. This is 
a new finding with a major advantage in precast concrete industry and also has many 
advantages in arid regions for curing of concrete structures. 

Based on the experimental results obtained in the study, it can be concluded that there is an 
optimum temperature for each specific material to obtain high early strength. It was 
determined that 60 °C is the optimum. Heating duration is also very important for obtaining 
high early strength. For the slag used in the study, duration of 20 hours is optimum. Usually, 
as heating time increases towards the optimum, the compressive strength will be increased. 

The maximum strengths obtained at 3 and 7 days for OPC-slag mortar with 50% OPC 
replacement of slag cured in air under room temperature are 55.3 and 61.6 MPa, 
respectively. It can be seen that these are 21.8% and 20.0% more than those of OPC mortar 
specimens cured in air under room temperature, and 26.1% and 29.0% more than those of 
OPC mortar specimens cured in water, respectively.  

It was proven that whenever the mortar is heated larger than the optimum duration, it could 
be seen that this will not lead to an increase in early strength. According to the results of the 
study and other researches, it can be deduced that the thermal activation is one of the most 
efficient and applicable techniques for activation of OPC-slag mortars. This is well known 
specially in precast concrete industry. 

The results obtained show that the best relationship of compressive strengths versus heating 
duration of the specimens cured in air under room temperature and water for OPC-slag 
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mortars at 40% and 50% OPC replacement with slag are power equations. A relationship 
exists between the compressive strength of the specimens cured in air under room 
temperature and water for OPC-slag mortar at 40% and 50% OPC replacement with slag at 3 
days, but not at 7 days. Generally, comparison of OPC mortars heated in water bath or oven 
showed that water bath heat treatment gave better results than those of oven heated. It was 
also observed that the specimens gave higher strengths in air under room temperature 
compared to water curing after heating in the water bath at 60 ºC for a duration of 20 hours. 
This is a significant finding with a major advantage in construction and is also economic 
since water bath heating can be practically implemented. However, oven heated pre-curing, 
results in higher strengths whenever the specimens are cured in water after heating. 

4.2. Recommendations for future works 

Among the mixes prepared by using different levels of OPC replacement with slag, 
mixtures with 50% ggbfs and 50% OPC show the highest strength in the absence of any 
activation method.  

Based on the extra work done in this research by use of “mining sand” instead of “silica 
sand”, it was revealed that using mining sand is preferable to silica sands for activation of 
slag mortars, thus it is suggested to conduct a new study using mining sand.  

In this study a single source of ggbfs was used throughout. It is recognized that other 
sources may have somewhat different chemical compositions. Thus other sources of the 
material need to be evaluated in order to determine the influence of the activation methods 
used in this study to be generalized.  

Apendix 

Mix proportions 

No Mix name OPC
(g)

Slag
(g)

Flow
(mm)

SP
(g)

Water 
(g) 

1 OM-wc 1200 0 225 40 421.11 
2 OSM/10-wc 1080 120 225 68 421.11 
3 OSM/20-wc 960 240 220 65 421.11 
4 OSM/30-wc 840 360 220 60 421.11 
5 OSM/35-wc 780 420 230 40 421.11 
6 OSM/40-wc 720 480 210 48 421.11 
7 OSM/45-wc 660 540 235 40 421.11 
8 OSM/50-wc 600 600 235 40 421.11 
9 OSM/60-wc 480 720 220 35 421.11 
10 OSM/70-wc 360 840 230 35 421.11 
11 OSM/80-wc 240 960 225 33 421.11 
12 OSM/90-wc 120 1080 220 27 421.11 
13 SM-wc 0 1200 220 30 421.11 

Table 7. Mix proportions for determination of optimum level of replacement slag 
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No Mix name OPC 
(g) 

Slag 
(g) 

Water 
(g) 

SP 
(g) 

Flow 
(mm) 

For OPC mortars, room temperature and water cured 
1 OM- ac 1800 ----- 631.7 28 230 
2 OM- wc 1800 ----- 631.7 30 230 

For  OPC-slag mortars for 40% replacement with slag , 
cured in  water and air under  room temperature 

3 H0/0 720 480 421.11 28 225 
4 H60/2 1440 960 842.22 82 230 
5 H60/4,6 1440 960 842.22 90 230 

6 H60/8,10 1440 960 842.22 79 230 
7 H60/12,14 1440 960 842.22 79 230 
8 H60/16 1440 960 842.22 82 230 
9 H60/18,20 1440 960 842.22 73 230 

10 H60/22,24,26 2160 1440 1263.33 70 220 
For OPC-slag mortars for 50% replacement with slag, 

cured in  water and air under  room temperature 
11 H0/0 600 600 421.11 35 230 
12 H60/2 1200 1200 842.22 76 235 
13 H60/4,6 1200 1200 842.22 91 225 
14 H60/8,10 1200 1200 842.22 90 235 
15 H60/12,14 1200 1200 842.22 73 235 
16 H60/16 1200 1200 842.22 76 235 
17 H60/18,20 1200 1200 842.22 62 225 
18 H60/22,24,26 1800 1800 1263.33 60 220 

OSMs/50 test for three sets of specimens in cured room temperature and in water 25 ºC and 
32 ºC after heat treatment 60 ºC for duration 20 hours 

19 H- 3 sets mix 900 900 631.7 35 225 
OSMs/50 test for four sets of specimens cured in room temperature and in water after with 

and without use of heat treatment 60 ºC for duration 14 hours 
20 H- 4 sets mix 1200 1200 842.22 50 225 

For optimum OSM/50 at six ages, only room temperature cured 
21 H60/20 900 900 631.7 43 230 

H60/i,j,k means 60 ºC temperature with duration i, j, and k hours 

Notes: OSMs/50= OPC-slag mortars for 50% replacement with slag, OMs= OPC mortars,  SP= super plasticizer, ac= 
cured in air under room temperature, wc= water cured.  

Table 8. Mix proportions of OPC-slag mortars for thermal activation method  
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Abbreviations 
Abbreviation Statement
OPC ordinary Portland cement
ggbfs  ground granulated blast furnace slag 
OM  ordinary Portland cement mortar 
OSM  ordinary Portland cement-slag mortar 
SM  slag mortar
OSM/i  OPC-slag mortar for i% replacement with slag 
OSM/50-wc  control mix/ mortar
fi compressive strength at i days in MPa 
i  relative strength or strength ratio 
T  thermal activation method
Wc  water curing
Ac  curing in air under room temperature 
SD  standard deviation
R2    coefficient of determination
XRD  X-ray diffraction
SEM  scanning electron microscopy
EDX  energy dispersive X-ray analysis 
XRF  X-ray fluorescence
ASTM  American Society for Testing and Materials 
ACI  American Concrete Institute
BSI  British Standards Institute
SCA  Slag Concrete Association
MIA  Mortar Industry Association
CSA  Canadian Standards Association 
GSD  grain size distribution
FM  fineness modulus
SSA  specific surface area
SAI  slag activity index
SP  super plasticizer
s/b  sand-binder ratio
w/c  water-cement ratio
w/b  water-binder ratio
DEF  delayed ettringite formation
EEF  early ettringite formation
SEF  secondary ettringite formation
ASR  alkali silica reaction
C-S-H  calcium silicate hydrates
CH  hydroxide calcium
LOI  loss on ignition
RH  relative humidity
AFm (C3A.CaSO4.12H2O) aluminate-ferrite-monosubstituted or 
AFt (C3A.3CaSO4.32H2O) aluminate-ferrite-trisubstituted or ettringite 
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Abbreviation Statement
CaCO3   calcite
C3A.3CaSO4.32H2O ettringite
C3A.CaSO4.13H2O imonosulphate
C2ASH8  gehlenite hydrate
M6.Al2CO3 (OH)16. 4H2O hydrotalcite
Ca2SiO4.H2O  α- C2SH
 
H-3 sets mix is a control mix, which the specimens were first made and demoulded 24 hours
after casting, and then heated at 60 °С for 20 hours and finally, cured in three curing
regimes, i.e. at room temperature, in water at 25 - 26 °С, and in water at 32 °С. 
 
H-4 sets mix is a control mix, which the specimens were first made and demoulded 24 hours
after casting, and then pre-cured without and with the use of heat at 60 °С for 14 hours and 
finally, each set of specimens was cured in both curing regimes, i.e. at room temperature 
and in water at 25 - 26 °С.
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