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Preface

The invention of the scanning tunneling microscope in 1981, the development of atomic force
microscopy in 1984, and the discovery of fullerenes in 1985 are three major events that defined
the birth of nanotechnology. These three events triggered a series of new explorations and
applications of micro- and nanostructured materials, which have modified and different phys‐
ical and chemical properties compared to the same elements at larger scales. It is for this reason
that the precise control of individual components in nanostructures is crucial to realizing dif‐
ferent functionalities in applications in electronics, energy-conversion devices, biotechnolo‐
gies, and other specific applications. The morphology of the nanostructures depends not only
on the compatibility between their component phases but also on the mixing method and its
dispersion if chemical approaches are used. On the other hand, the use of physical methods,
self-assembly, and bottom-up approaches also allows bulk nanostructures to be synthesized.
The micro- and macroscopic properties of the system (optical or magnetic properties, conduc‐
tivity, etc.) can vary without changing the chemical composition of the original material simply
by controlling different parameters at the nanoscale of the materials.

In this book, the reader will discover the manufacture of nanostructures with current meth‐
odologies and their applications and uses in different techniques applied to engineering.

These aspects make the application and development of new composites attractive in differ‐
ent technologic fields, improving performance parameters in equipment with respect to en‐
ergy savings. In addition, new and improved technological applications are being
discovered in hitherto unthinkable fields of science.

This book is divided into the following parts:

Part 1: Engineering: Techniques and Processes.

Part 2: Engineering: Models and Applications.

This collection of articles presents a set of excellent studies using state-of-the-art methodolo‐
gies by professional researchers from different countries in the most diverse areas of knowl‐
edge and makes the book an excellent tool for those interested in looking for the latest
progressions in the topic of nanotechnology.

The editor and coeditors thank Ivana Glavic, the Author Service Manager Intech Open, for
her help in the production of this book.
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Abstract

Atomic layer deposition (ALD) is a standard technique employed to grow thin-film 
oxides for a variety of applications. We describe the technique and demonstrate its use 
for obtaining memristive devices. The metal/insulator/metal stack is fabricated by means 
of ALD-grown HfO2, deposited on top of a highly doped Si substrate with an SiO2 film 
and a Ti electrode. Enhanced device capabilities (forming free, self-limiting current, 
non-crossing hysteretic current-voltage features) are presented and discussed. Careful 
analysis of the stack structure by means of X-ray reflectometry, atomic force microscopy, 
and secondary ion mass spectroscopy revealed a modification of the device stack from 
the intended sequence, HfO2/Ti/SiO2/Si. Analytical studies unravel an oxidation of the Ti 
layer which is addressed for the use of the ozone precursor in the HfO2 ALD process. A 
new deposition process and the model deduced from impedance measurements support 
our hypothesis: the role played by ozone on the previously deposited Ti layer is found to 
determine the overall features of the device. Besides, these ALD-tailored multifunctional 
devices exhibit rectification capability and long enough retention time to deserve their 
use as memory cells in a crossbar architecture and multibit approach, envisaging other 
potential applications.

Keywords: atomic layer deposition, nonvolatile memory, forming free memristive 
device, complementary resistive switching cell, redox-based resistive random access 
memory, ReRAM

© 2018 The Author(s). Licensee IntechOpen. This chapter is 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

1.1. The ALD technique

The chemical vapor deposition (CVD) technique is a chemical reaction of a volatile com-
pound with other gases for the deposition of a solid on a substrate. This reaction takes place 
inside a reactor in which the reactants are inserted as gases. Temperature and pressure are 
the two main parameters to be controlled. Temperature affects the rate in a predictable man-
ner (Arrhenius behavior). The pressure range, even when it has a lower impact, determines 
whether the deposition mechanism will be surface-reaction limited or transport limited. 
During a transport-limited process, the deposition speed is very high, and the growth rate is 
very sensitive to the temperature. On the contrary, a surface-reaction regime can reach rates 
as low as an atomic layer per cycle by means of an oversupply of reactants available in the 
vicinity of the surface. This regime is more conditioned by the boundary layer than by the 
main flow of reactants, being less dependent on the temperature.

The atomic layer deposition (ALD) technique, though bearing many resemblances to CVD, 
excludes the gas phase reaction of the precursors. ALD is characterized by chemisorption steps 
while the physisorbed molecules are purged away during the necessary purge steps [1–3]. 
ALD relies on the activation of the surface on top of which the resultant layer is placed. This 
activation insures the growth to be self-limited to the minimum thickness determined by the 
reaction (usually an atomic layer). The substrate surface exhibits a certain density of surface 
sites, for example, OH groups, which serve as “anchors” for the metal precursor molecules. 
ALD requires four steps: I—chemisorption of the metal precursor to surface (OH) groups; 
II—release of the by-products during the purge; III—the reaction of the oxygen source with 
the remaining reactive groups at the metal ion; and IV—the purge of the by-products. After 
steps I–IV, the surface is again covered with (OH) groups, now on the deposited surface layer. 
The chemisorption of the precursor molecules to the surface, which can happen via different 
chemical reactions (1), stops suddenly when all surface sites are occupied. As a consequence, 
the ALD process exhibits extremely low deposition rates and an accurate control of the film 
thickness. The strict timely separation of the two precursor materials, which is achieved with 
the purge steps, gives the difference between ALD and CVD.

The key role played by the buffer material in the ALD technique can be identified from the 
described procedure. Surface preparation consists of the chamber introduction of some precur-
sor that reacts with the former and improves the adhesion of the deposited compound. After 
that, deposition is performed by cycles in order to grow, layer by layer, the required material 
in a controlled manner. In the case of binary oxides, each cycle requires an oxygen source and a 
metal precursor. The oxidant and precursor chemically react, giving rise to a conformal growth 
layer above the buffered surface. The reaction during each cycle is summarized in Eq. (1):

  AB  (precursor)  + CD  (precursor) AC  (solid formed at the surface)  + BD  (gas)   (1)

Before repeating each cycle, purge gases are inserted into the chamber to avoid further reac-
tions with possible remaining products. Once a complete run has occurred (activation, oxidant 
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and precursor, and purge gases), the process is repeated as many times as required to obtain 
the desired film thickness. It is worth to point out that the two gas-phase reactants are not in 
contact in the gas phase since the surface reactions are performed sequentially. The reaction 
(Eq. (1)) occurs when the second reactant reaches the surface. This sequence avoids possible 
reactions in the gas phase that could collapse at the surface forming undesired grains. Typical 
deposition rates are in the order of 0.1 nm per cycle [2].

ALD is a very versatile technique for many reasons. Among them, we emphasize here those 
that allow large-scale production: suitability to be applied in a wide temperature range, low 
cost, and easy scalability. Many reviews have addressed the fundamentals of ALD and its 
applications [1, 4]. Instead, the aim of the present study is to demonstrate how a spurious 
phase, produced by some inherent details of the technique, could be used to achieve devices 
with improved characteristics. This chapter highlights exactly such an issue in a concrete 
example: the deposition of a thin film of HfO2 by ALD on top of a Ti-buffered Si/SiO2 sub-
strate. We will show how an unconsidered change, produced by the nature of the oxidant 
itself, has occurred at the Ti buffer during the ALD cycle, determining the growth of an extra 
oxide layer of TiOx and thus providing interesting and useful features to the final device. 
We will take advantage of several microscopic and macroscopic techniques in order to fully 
characterize the resulting oxide layer, in order to fully elucidate the effect produced by the 
surface reaction.

In brief, we report here the structural evidence for the presence of TiOx below the HfO2 layer and 
discuss the key role of the O3 precursor in its formation during the ALD process. Although it is 
quite difficult to disentangle the oxidant and/or precursor effect, some signs seem to point to 
the former as the main responsible one of the produced changes. We also include macroscopic 
electrical evidence to support that the TiOx layer determines the occurrence of a very interesting 
metal-insulator-metal nonvolatile memory device. Besides, an additional deposition process 
was carried out in order to clarify whether we could be in presence of another unconsidered 
effect. Finally, we will introduce a phenomenological model to describe the electrical response 
and microscopic transport properties that support the microscopic picture achieved.

1.2. Details of the ALD technique and the device’s fabrication

For ALD-based HfO2 growth, the oxygen source is typically either H2O [4] or O3 [4] while the 
metal source could be for example Tetrakis(dimethylamino)hafnium (TDMAH) or TEMAH 
[5]. In our specific case, O3 and TDMAH were the oxygen and metal source, respectively, 
although we will also include some comparison with samples grown using H2O instead of O3. 
The substrate employed was commercial Si (highly doped)/thermally oxidized SiO2 (120 nm) 
of 1 cm2 size. The Ti layer (20 nm) was sputtered on top. After Ti sputtering, the ALD pro-
cess—using either ozone as oxygen source and TDMAH as the metal precursor—was car-
ried out to obtain a uniform 20 nm-thick HfO2 layer. After this deposition process an array 
of 5 lines by 16 columns was determined by means of optical photolithography, delimiting 
80 squared-shaped structures of 200 μm lateral size covered with sputtered Pd (40 nm)/Co 
(35 nm) acting as the top electrode (TE). To complete these two terminal devices, the access to 
the bottom contact was achieved by a scratch.

The Atomic Layer Deposition Technique for the Fabrication of Memristive Devices: Impact of the Precursor…
http://dx.doi.org/10.5772/intechopen.78937
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and precursor, and purge gases), the process is repeated as many times as required to obtain 
the desired film thickness. It is worth to point out that the two gas-phase reactants are not in 
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(Eq. (1)) occurs when the second reactant reaches the surface. This sequence avoids possible 
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electrical evidence to support that the TiOx layer determines the occurrence of a very interesting 
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For ALD-based HfO2 growth, the oxygen source is typically either H2O [4] or O3 [4] while the 
metal source could be for example Tetrakis(dimethylamino)hafnium (TDMAH) or TEMAH 
[5]. In our specific case, O3 and TDMAH were the oxygen and metal source, respectively, 
although we will also include some comparison with samples grown using H2O instead of O3. 
The substrate employed was commercial Si (highly doped)/thermally oxidized SiO2 (120 nm) 
of 1 cm2 size. The Ti layer (20 nm) was sputtered on top. After Ti sputtering, the ALD pro-
cess—using either ozone as oxygen source and TDMAH as the metal precursor—was car-
ried out to obtain a uniform 20 nm-thick HfO2 layer. After this deposition process an array 
of 5 lines by 16 columns was determined by means of optical photolithography, delimiting 
80 squared-shaped structures of 200 μm lateral size covered with sputtered Pd (40 nm)/Co 
(35 nm) acting as the top electrode (TE). To complete these two terminal devices, the access to 
the bottom contact was achieved by a scratch.
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1.3. The ReRAM scenario

As downscaling of storage devices is approaching its physical limits, new strategies based on 
emergent materials and non-previously explored effects are moving into the focus of intense 
research as FLASH memory replacement. In particular, the metal-insulator-metal (MIM) 
structures acting as memory cells are developing as prominent candidates for such replace-
ment. The resistive switching (RS) is the mechanism underlying the memory behavior. Its 
appealing features (speed, downscaling, retention, endurance) have evolved into a nowadays 
mature technology, coined as resistive random access memory (ReRAM).

The ability to produce a reversible change of conductance in these technologically simple 
structures (the RS effect) relies on the extremely large electric field applied to the strategically 
engineered thin insulating layer (i.e., between the metallic electrodes) but also on the choice 
of the electrodes’ material. Basically, the effect consists of a switching process between a high 
resistance state (HRS) and a low resistance state (LRS) through a soft dielectric breakdown of 
the insulating layer(s). The change from HRS to LRS is called the SET process and the opposite 
one (from LRS to HRS) is referred to as RESET. Thus, memristive cells are resistive switching 
units, and their unique properties are strongly dependent on the materials used and on the 
fabrication details. They could need an initial electroforming process or not, and the polarity 
could be a relevant parameter (bipolar switches) or not (unipolar switches). Comprehensive 
discussions on the resistive switching phenomena are found in Ref. [6].

The simplicity of the geometrical structure and the absence of transistors make the concept 
extremely interesting for low-power, high-density, and nonvolatile memory applications. 
However, a challenge to achieve a technological implementation, using the RS concept, is 
to be allowed to select a designated cell within a passive crossbar array without interference 
from neighboring cells (i.e., the sneak currents problem) [7].

A way to overcome the sneak currents problem includes the use of rectifying elements to 
isolate each nonvolatile memory cell. The integration of a rectifying element, to achieve bipo-
lar operation, would solve the sneak path problem “in situ.” But so far no sufficiently scal-
able material has been found yet [7]. Therefore, simple structures based on nanometer thick 
oxides are a major topic of work in scientific and industrial research. A detailed knowledge 
of expected behaviors allows material engineering. In that sense, rectifying metal/oxide junc-
tions, based on TiOx, ZnO, and on TaO2−x, has been recently described [8, 9], where upon 
appropriate oxygen vacancy accumulation the interface is switched to a non-rectifying resis-
tive device. In particular, structures based on HfO2 have shown excellent rectifying capabili-
ties [10, 11]. Besides, hafnium oxide is a preferred high-k material, and therefore it is one of 
the most promising ReRAM materials since it has been already added to the complementary 
metal-oxide semiconductor (CMOS). From the industrial point of view, this fact is an enor-
mous advantage and explains why so much effort is being done related with HfO2.

In this scenario, and responding to the actual trend on multifunctional components, there is a 
renewed interest on the mechanisms governing its dielectric behavior. These facts, combined 
with the observation of perpendicular magnetic anisotropy (which involves another promis-
ing low-power memory mechanism [12]) in Co films deposited on high-k materials [13] and 
FeFETs based on doped HfO2 [14], put devices based on HfO2 again in the focus of the attention.
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2. Understanding the origin of remarkable electrical properties in 
simple RS stacks based on ALD-deposited HfO2

2.1. Electrical characterization

The MIM stack was electrically characterized in a two-terminal configuration (see inset 
Figure 1a). We used a Keithley 4200 unit hooked through coaxial wires to a room-temperature 
probe station. Applying voltage while recording the current flowing through the stack allowed 
us to identify the general properties of the devices. In particular, sweeping voltage in a pulsed 
way is suitable for avoiding heating effects.

Figure 1a shows a typical current-voltage (I-V) dependence of a fabricated stack, obtained 
by sweeping voltage pulses, as demonstrated in the inset in Figure 1a. Four branches can be 
defined: (a) from 0 to +15 V, (b) from +15 to 0 V, (c) from 0 to −15 V, and (d) from −15 to 0 V. After 
deposition (pristine state), all devices are found in HRS (branch A in Figure 1a). When the 
positive voltage applied to the top electrode is increased, the device abruptly switches to LRS 
in a SET operation happening at around +5 V. No additional previous “forming” is required. 
Upon decreasing the stimulus (branch B), the I-V curve exhibits huge hysteresis (the semi-
logarithmic scale in Figure 1b highlights the change rate).

Further cycling with positive voltages reproduces the LRS, as shown in the second and fourth 
sweeps in Figure 1b. Thus, the programmed state is nonvolatile with respect to the time scale 
of the measurement.

When the polarity is reversed, the negative voltage cycle starts in the HRS (branch C in 
Figure 1a), even when the positive cycle finished in a LRS, that is, a rectifying response is 
found. This behavior is referred to as a non-crossing hysteresis in the literature [15]. From that 
HRS on, the description of the negative voltage cycle is completely analogous to the positive 

Figure 1. (a) Current as a function of voltage (I-V) measured with a pulsed sweep (see lower right inset). The upper left 
inset sketches the stack (TE stands for top electrode while SP is the way to access to the bottom contact of the structure). 
(b) I-V curve displayed in semi-logarithmic scale. As can be seen from the inset, the protocol consists in two repetitions 
of each polarity sweep in order to test the nonvolatile behavior.
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one, and the other SET operation is recorded each time the voltage reaches ~ 5 V. After a nega-
tive polarity sweeping loop, the positive HRS is recovered at the positive stimulus.

It is worth to point out that even when no trace of a RESET operation was observed, just upon 
zero voltage crossing the rectifying capability of these devices rebuilds a high-resistance level.

Memristive cells are classified into bipolar and unipolar behavior. Bipolar cells are those 
which demonstrate the SET and RESET operations in opposite voltage polarities, for example, 
SET at positive polarity and RESET at negative voltage. In turn, in unipolar cells the SET and 
RESET can occur at the same polarity (while other parameters need to be controlled, i.e., 
current compliance). Whether both polarities are required to operate the memristive cells or 
not is determined by the mechanism governing the switching. Despite the difference, typical 
memristive cells (being either bipolar or unipolar) depict crossing I-V curves, a behavior quali-
tatively different from the one obtained in our Pd/Co/HfO2/Ti/SiO2/Si samples. So far samples 
showing non-crossing I-V curves were referred to as complementary RS [7]. This behavior can 
be modeled as the response of two coupled bipolar memristive switches in series, in a back-
to-back configuration. Within this scheme, one of the two coupled memristive switches (or RS 
units) shows the SET operation at a positive voltage, while the other one exhibits the SET at 
a negative voltage. When the stimulus polarity change is produced, instead of maintaining 
the low-level resistance obtained during the positive excursion, it reveals the high-level resis-
tance corresponding to the second RS unit. The coupling between the two RS units would be 
responsible for RESET screening. The explanation for apparent RESET absence arises on the 
fact that alternating the voltage polarity leads us to measure the reversed RS unit. However, 
if we record the resistance level between consecutive pulses (applying a small pulse of the 
same polarity even when the sweeping curve goes through zero), we progressively observe 
the changes from HRS to LRS at certain polarity and from LRS to HRS at the opposite voltage 
polarity. Interestingly, the back-to-back configuration determines two different pair of states: 
positive high- and low-resistance states (pHRS and pLRS, respectively) and equivalently for 
negative polarity (nHRS and nLRS).

By following the resistance level, measured in between every two consecutive pulses dur-
ing the pulsed voltage sweep (green pulses in Figure 2b and d), the specific voltage values 
at which the SET and RESET occur (identified as the changes from HRS to LRS, and from 
LRS to HRS, respectively) can be identified. If the resistance level is recorded with a positive 
pulse (green pulses in Figure 2b), the pHRS and pLRS will be tested, while if the small pulse 
consists of a negative voltage value (green pulses in Figure 2d), the nHRS and nLRS will  
be under study. In that way, the two units can be split. By experimentally exploring the voltage 
required to observe each operation by a unique pulse (positive SET and RESET and negative 
SET and RESET), reduced protocols were achieved. Figure 2b and d sketch the protocols used 
to distinguish the two RS units. Instead of going through the whole sweep as in Figure 1, a 
unique voltage pulse is chosen to reach the LRS. In each case, positive and negative, the high-
est signal is used to SET the unit while the pulse with the inverted polarity is used to RESET 
it, and in between two pulses act as the reading voltages to quantify the resistance level. 
Figure 2a (Figure 2c) shows the resistance at pHRS and pLRS (nHRS and nLRS) as a function 
of the elapsed time. Figure 2a (Figure 2c) corresponds to applied values of +10 V (−10 V)  
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for SET operation and − 3.5 V (+3.5 V) for RESET while the resistance is recorded in between at 
+3 V (−3 V). All applied pulses last for 5 ms. Resistance levels measured at +3 V and − 3 V can 
be recognized as the two possible states displayed by the hysteretic curves shown in Figure 1. 
Although some dispersion can be appreciated within each defined state (pHRS, pLRS, nHRS, 
and nLRS), the rate between each pair of HRS and LRS remains of four orders of magnitude 
for at least 2000 repetitions.

To gain further insight into the electrical response of the device, we performed capacitance 
measurements. Capacitance is a differential quantity that has to be recorded applying an AC 
voltage; frequency and amplitude (levels) are the parameters of such an AC signal. To quan-
tify the capacitive contribution an electrical model is required. Two different models consider-
ing a capacitor and a resistor were employed: serially and parallely connected. In both cases, 
the capacitive term was equivalent pointing out the predominance of the capacitive over the 
resistive term. An LCR meter Agilent E4980 parameter analyzer was used to perform the 
measurements in a two-terminal configuration connected through coaxial wires to a probe 
station with a heating system.

Figure 3b was obtained applying a 100 kHz–100 mV AC signal while sweeping a superim-
posed DC voltage. Most relevant conclusions are obtained under different polarization condi-
tions or bias (DC voltage). Remarkably, no change of the capacitance is observed even though 
the applied DC sweep goes through the values expected to switch the electrical resistance of 
the device (Figure 3a) includes an I-V curve for comparison). Such independence as a function 

Figure 2. Resistance measured at 3 V after the SET and RESET operations for each RS unit. (a) Corresponds to pHRS and 
pLRS, with Vset = +10 V, Vread = +3 V, Vreset = −3.5 V (protocol sketched in (b)), while (c) represents nHRS and nLRS, 
with Vset = −10 V, Vread = −3 V, Vreset = +3.5 V (protocol sketched in d).
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of DC bias is usually attributed to a parallel-plate capacitor, that is, a MIM stack. Instead, two 
RS units are supposed to take part in a complex scenario of different states. The measurement 
of a constant value implies that whatever the involved switching mechanism is, at least the 
capacitive component will remain unaffected. Moreover, recording C-V at different frequen-
cies and/or temperatures (Figures 3c and 4a, respectively) also exhibits a value independent 
on the bias.

It is worth pointing out that capacitance appears unaffected by DC stimulus but is strongly 
dependent on the two additional parameters analyzed: AC frequency and temperature, 
Figures 3c and 4a, respectively. Since we are using a resistor-capacitor (RC) model and the 
comparison between the capacitance determined from a parallel array coincides exactly with 
the one measured considering a series array, the capacitive term seems to indicate an intrinsic 
feature of the stack. Within this scenario, in a simple RC circuit, capacitances should cor-
respond to the imaginary part of the complex impedance, at the so-called reactance term. The 
capacitive reactance depends on capacitance and frequency. However, once the capacitance 
term was identified, the simplified variable should not depend on the frequency. Usually, 
the dependence of this parameter of frequency is attributed to a wrong determination of the 
capacitive term and is more notorious in the high-frequency regime [11]. In this case, the 
full range of available frequencies (from 2 Hz to 1 MHz) was explored, obtaining a monoto-
nous dependence. Figure 3c demonstrates the frequency-dependent capacitance by plotting 
C recorded at four selected fixed frequencies as a function of voltage (each of them, in turn, 
independent from bias).

Regarding the measurements as a function of temperature, such dependence (Figure 4a) 
reminds us of a semiconductor material since the amount of available carriers increases [16]. 
However, as we mentioned, the constant capacitance is the signature of a MIM-like stack. 
How to reconcile an MIM indication, of an invariable capacitance as function of bias, with a 
semiconductor-like dependence with the frequency? Where does the semiconductor nature 

Figure 3. Capacitance as function of bias voltage (C-V) recorded at 100 kHz and room temperature (b). The upper panel 
(a) offers a reference with the switching observed during an I-V excursion. (c) C-V measured at room T under different 
AC frequencies.
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arise from? Some works report a semiconducting behavior of HfO2 at HRS [17] but since 
no change is observed beyond the SET value this cannot be a satisfactory explanation. To 
have a deep insight on this issue, the LRS was analyzed as a function of the temperature 
(Figure 4b). The current flowing across the stack, measured in a two-terminal connection at 
+15 V, increases with temperature which evidences a nonmetallic behavior (it could be an 
insulator or a semiconductor). Moreover, this would be in agreement with the capacitance 
dependence on the temperature. Nevertheless, it remains unclear as to how to justify the flat 
C-V observed for the whole bias range.

Beyond the mentioned dependencies, the absolute value of capacitance deserves to be dis-
cussed. If we proceed by considering a parallel-plate capacitor (Eq. (2)), as suggested from 
the C-V flat trend, the dielectric constant of HfO2 could be found considering the area and 
thickness as known parameters. Eq. (2) is the capacitance attributed to a parallel-plate capaci-
tor with metal electrodes of area A, a dielectric material characterized by εr (dielectric constant 
referred to the vacuum permittivity ε0), and thickness t:

  C =   
 ε  0    ε  r   A _____ t    (2)

However, such estimation offers in all the cases (different frequencies and temperatures) 
extremely low values of εr compared with the one expected (εr = 0.005 calculated from experi-
mental data against εr = 20 which was expected [18]). Even though a certain dispersion could 
be a reasonable (i.e., related with the particular deposition method), the estimated difference 
exceeds in orders of magnitude of the spread so far reported. Devices with different areas, 
HfO2 thicknesses, and TE materials were also measured supporting the dielectric constant 
obtained in samples with 20 nm-thick HfO2 and square (200 μm2) side top electrodes. Figure 5 
includes data from all those devices, showing capacitance scales as expected with area but 
not with thickness. In fact, three different HfO2 thicknesses were measured presenting the 
same absolute value. This independency with the HfO2 thickness suggests either that the 

Figure 4. (a) Capacitance as function of temperature. Each point represents the average value obtained within the ±15 V 
bias range. (b) Resistance measured at +15 V (pLRS) as function of temperature. The decrease is usually attributed to a 
nonmetallic behavior.
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AC frequencies.
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model is incorrect (capacitance does not originate from the TE/HfO2/Ti like in a parallel-plate 
capacitor fashion) or that HfO2 is not the dielectric of the capacitor that governs the general 
trend. Importantly, also, Au electrodes were tested without remarkable differences. Although 
a semiconductor behavior is deduced from the temperature dependence, a capacitive term 
related with some depletion layer formation is ruled out since the C-V trend should follow 
the width modulation with bias.

Another interesting issue is extracted from the extrapolated intercept in Figure 5. A zero inter-
cept is expected when a pure capacitor is measured. Instead, a nonzero value is related with 
an extra contribution usually from unconsidered terms, such as interfacial effects. However, if 
an interfacial effect is suspected, that should not be at the TE interface since the two explored 
materials seem to converge to the same intercept. The possibility of a nonzero intercept also 
highlights the need of measuring many areas in order to get the real slope. The upper-left 
inset demonstrates the difference between point-to-point slope determination and the real 
one provided by the area dependence.

So far, the capacitance dependence does not follow the expected trend with HfO2 thickness. 
In addition, the absolute value of the measured capacitance appears not to be related with 
the dielectric constant usually attributed to such materials. Something else determines the 
capacitive behavior, although a depletion layer formation was discarded based on the absence 
of dependence with bias voltage. Moreover, two different memristive cells were necessary 
to explain the non-crossing feature and the impossibility of appreciating RESET operations. 
There is no clue yet about where those RS units, acting as junctions, are located. However, 
once more if we consider two different elements a plausible picture is obtained. Figure 5c 
sketches two M-I-S (metal-insulator-semiconductor) devices connected in series. As it is 
well-known the sum of capacitors in series is governed by the smaller term, because the sum 

Figure 5. (a) Capacitance as function of area, including many different samples measured at 100 kHz. Capacitance scales 
as expected with area while no variation is observed for different HfO2 thicknesses. Considering different TE’s material 
does not reflect changes. (b) Sketch of a proposed explanation for the behavior observed in Figures 3, 4 and 5a).
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corresponds to the inversion value for each MIS. Since the inversion value of capacitance is 
not directly related to the dielectric material but to the semiconductor properties, that offers 
a possible explanation for the independence with HfO2 thickness. Also, given the fact that 
the semiconductor rules the absolute capacitance value, the temperature dependence can be 
satisfactory understood.

Interestingly, the accuracy of such an explanation arises on the fact of considering two MIS 
stacks with opposite-doped semiconductors but exactly the same flat-band condition, which 
means the voltage required to exactly compensate the band bending. That voltage is the one 
at which the change between accumulation and depletion occurs. Now, two new questions 
appear:

1. Why should the inversion capacitance for both MIS stacks be coincident? and

2. Why they switch from accumulation to inversion and vice versa at the very same voltage?

In the following we will try to identify the origin of these two elements within the stack 
composition to answer these questions.

2.2. Structural characterization

In order to determine each layer’s thickness, roughness, and density within the obtained 
stack, X-ray reflectivity (XRR) was recorded. Since the top electrodes are patterned, that is, 
Pd/Co does not constitute a uniform layer, the samples studied by XRR do not have the metal 
cover. This technique distinguishes materials by their electronic density. A typical measure-
ment consists of the grazing incidence of X-rays, starting with total reflection and followed 
by a pronounced decrease identified as the critical angle, when the X-rays start penetrating 
the material. Following oscillations are related to the interference pattern produced by the 
interference of X-rays reflected by the different interfaces present within the sample under 
study. The critical angle and the period are directly related to the density of the material on 
top and the total thickness, respectively. Further estimations require a model and, by fitting it, 
a deeper comprehension of the stack can be achieved. Figure 6a includes XRR experimental 
data and a fitting. The experimental data are shown normalized by the Fresnel coefficient  
(  R  

F
   = 16  π   2  /  Q   4  ) and the x-axis uses the propagation vector (Q) instead of 2θ. The good agree-

ment between experiment and fitting provides a reasonable confidence about the conclusions 
extracted from it. It is worth pointing out that some parameters were previously determined 
in order to reduce the parameter space and get a physical representative set of values, that 
is, the HfO2 roughness was fixed as the value obtained from atomic force microscopy (not 
shown). Results are summarized in Table 1.

As discussed, the contrast in this X-rays technique is related with the electronic density of 
the materials. This feature makes it impossible to distinguish between Ti and TiO2 layers. 
However, an important conclusion has to be highlighted; the Ti-related layer is 50% thicker 
than what it was supposed to be. Since the accurate control of Ti sputter deposition can be 
assured, this could consist of an indirect proof of oxidation.
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corresponds to the inversion value for each MIS. Since the inversion value of capacitance is 
not directly related to the dielectric material but to the semiconductor properties, that offers 
a possible explanation for the independence with HfO2 thickness. Also, given the fact that 
the semiconductor rules the absolute capacitance value, the temperature dependence can be 
satisfactory understood.

Interestingly, the accuracy of such an explanation arises on the fact of considering two MIS 
stacks with opposite-doped semiconductors but exactly the same flat-band condition, which 
means the voltage required to exactly compensate the band bending. That voltage is the one 
at which the change between accumulation and depletion occurs. Now, two new questions 
appear:

1. Why should the inversion capacitance for both MIS stacks be coincident? and

2. Why they switch from accumulation to inversion and vice versa at the very same voltage?

In the following we will try to identify the origin of these two elements within the stack 
composition to answer these questions.

2.2. Structural characterization

In order to determine each layer’s thickness, roughness, and density within the obtained 
stack, X-ray reflectivity (XRR) was recorded. Since the top electrodes are patterned, that is, 
Pd/Co does not constitute a uniform layer, the samples studied by XRR do not have the metal 
cover. This technique distinguishes materials by their electronic density. A typical measure-
ment consists of the grazing incidence of X-rays, starting with total reflection and followed 
by a pronounced decrease identified as the critical angle, when the X-rays start penetrating 
the material. Following oscillations are related to the interference pattern produced by the 
interference of X-rays reflected by the different interfaces present within the sample under 
study. The critical angle and the period are directly related to the density of the material on 
top and the total thickness, respectively. Further estimations require a model and, by fitting it, 
a deeper comprehension of the stack can be achieved. Figure 6a includes XRR experimental 
data and a fitting. The experimental data are shown normalized by the Fresnel coefficient  
(  R  

F
   = 16  π   2  /  Q   4  ) and the x-axis uses the propagation vector (Q) instead of 2θ. The good agree-

ment between experiment and fitting provides a reasonable confidence about the conclusions 
extracted from it. It is worth pointing out that some parameters were previously determined 
in order to reduce the parameter space and get a physical representative set of values, that 
is, the HfO2 roughness was fixed as the value obtained from atomic force microscopy (not 
shown). Results are summarized in Table 1.

As discussed, the contrast in this X-rays technique is related with the electronic density of 
the materials. This feature makes it impossible to distinguish between Ti and TiO2 layers. 
However, an important conclusion has to be highlighted; the Ti-related layer is 50% thicker 
than what it was supposed to be. Since the accurate control of Ti sputter deposition can be 
assured, this could consist of an indirect proof of oxidation.
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Note that for the underlying SiO2 layer the obtained density is quite precise. However, we 
did not expect the proper thickness for that layer because the angular resolution limits the 
maximum accessible value (usually below 150 nm).

To define whether a pure Ti or a TiO2 layer is present, secondary ion mass spectroscopy 
(SIMS) was performed at room temperature (Figure 6b). This is a destructive technique in 
which an Ar beam impacts the sample detaching its constituent atoms, which are collected by 
a detector. In this way, as the Ar beam etches the surface progressively, a profile composition 
is obtained (depending on the etching rate, the time variable can be regarded as the depth 
function). Starting with an exposed HfO2 layer, as the sputter time increases, traces attrib-
uted to deeper layers can be observed. When the HfO− signal decreases, Ti and TiO− traces 

Parameter From fitting Expected

HfO2 Thickness [nm] 26.5 20

Roughness [nm] Not fitted 1 (AFM determined)

Density [g/cc] 10.1 10.12

Ti/TiOx Thickness [nm] 27.8 20

Roughness [nm] 0.6/1.,9 —

Density [g/cc] 4.3/3.8 4.50/4.25

SiO2 Thickness [nm] 45.9 120

Roughness [nm] 0.3 —

Density [g/cc] 2.5 2.65

Table 1. Summary of parameters obtained from XRR fitting compared with expected values.

Figure 6. (a) X-ray reflectometry normalized with Fresnel coefficient (  R  F   = 16  π   2  /  Q   4  ) as a function of the incident 
propagation vector. A good agreement between experimental and fitting is achieved. (b) Secondary ion mass spectroscopy 
(SIMS) as a function of elapsed sputtering time. During the etching of the sample the signals of the expected species are 
recorded. The intensity, in logarithmic scale, relates with the relative presence of each compound while deeper layers 
are reached as sputter time passes through.
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increase pointing out the interface location. Figure 6b allows one to recognize oxygen pres-
ence through the full titanium layer. Complete oxidation of the titanium layer implies an 
absence of the Ti bottom electrode and, in that case, the bottom electrode would be formed by 
the highly doped silicon substrate. According to such an observation, and as it was suggested 
by electrical measurements, a thicker dielectric material has to be considered.

2.3. Additional deposition process

Thus, both electrical and chemical evidence indicate a clear layer modification by which the 
stack is significantly modified compared to the designed stack. Nonetheless, RS was positively 
affected in the way that some desirable properties were improved. From the technological 
point of view, extremely low leakage currents, free-forming behavior, complementary bipo-
lar junctions, and low power consumption are at the core of qualities that the next memory 
generation has to achieve. All these properties were attained by samples presented herein 
(for more details see Ref. [19]). Thus, it is of paramount importance to disentangle the oxygen 
source and metal precursor effects of the ALD HfO2 process on the titanium oxidation.

So far, ALD HfO2 deposition has not been reported for such underlying layers’ modifica-
tion. To validate our hypothesis about O3 influence, an additional fabrication proposal was 
dealt with. The aim of such exploration is to use H2O instead of O3 as an oxygen source, 
maintaining the hafnium precursor as before. As shown in Table 2, different combinations 
of layer thicknesses were explored. Thicker and thinner Ti layers (than the one used in the 
initial batch) will allow us to understand the impact of oxygen diffusion on the Ti metal-layer 
oxidation. Also, different HfO2 thicknesses will help to clarify whether the ALD cycles, the 
temperature persistence, or the longer diffusion times give rise to the discovered oxidation of 
the full Ti layer.

2.4. Microscopic picture beyond the macroscopic behavior

Structural and electrical characterizations do not show any significant variation with respect 
to usual HfO2-based RS devices reported elsewhere [20, 21]. All of them show a forming 
requirement and are needed to be externally limited to avoid current runaway. After the 
forming operation, states of high power consumption (mW) were observed. Besides, no 

SiO2 thickness Ti thickness HfO2 thickness Access to BE

120 nm 20 nm 10 nm Scratch

120 nm 20 nm 20 nm SiO2 removal from back contact

120 nm 10 nm 20 nm Scratch

120 nm 20 nm 20 nm SiO2 removal from back contact

120 nm — 20 nm Scratch

120 nm — — Scratch

Table 2. Details of complementary batch designed to disentangle oxidant and/or precursor effects.
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increase pointing out the interface location. Figure 6b allows one to recognize oxygen pres-
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absence of the Ti bottom electrode and, in that case, the bottom electrode would be formed by 
the highly doped silicon substrate. According to such an observation, and as it was suggested 
by electrical measurements, a thicker dielectric material has to be considered.

2.3. Additional deposition process
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affected in the way that some desirable properties were improved. From the technological 
point of view, extremely low leakage currents, free-forming behavior, complementary bipo-
lar junctions, and low power consumption are at the core of qualities that the next memory 
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source and metal precursor effects of the ALD HfO2 process on the titanium oxidation.
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double rectification was appreciated within the new batch. All those remarkably features, 
highlighted as desired in the former case (with ozone as oxidant), seem to be related with the 
TiOx layer formed in the experiments. Figure 7 constitutes one example of the referred char-
acteristics: forming operation, no-self limitation, and crossing behavior. Moreover, Yoon et al. 
[22] who follow a similar deposition process (O3-based ALD-deposited HfO2 over a Ti layer) 
demonstrate current-voltage dependence strikingly similar to that reported here. Although 
they attribute such behavior to the interface quality, structural analysis is missing, leading 
to thinking about an effect of Ti oxidation (in the following referred to as TiOx), analogous to 
what was demonstrated in this study. Figure 8 summarizes the subsequent steps that would 
explain the proposed stack composition of the ozone-based samples.

In this framework a picture of the involved mechanism in such unusual switching is required. 
Since the resultant stack was shown to be composed by a multilayer insulator (20 nm of HfO2, 
30 nm of TiOx, and 120 nm of SiO2), it is hard to justify any reversible switching operation.

We will now focus on the role of the SiO2 dielectric layer, which was thermally grown from 
the very initial Si wafer.

Thermal oxidation is closely related with semiconductor doping. Si doping, related with wafer 
resistivity (4–40 mΩ cm, provided by the manufacturer), is about 4.1018–4.1019 cm−3 and allows 
one to understand that although a semiconductor behavior is expected, such high doping 
screens its nature. Within this scenario Si behaves like a metal and explains capacitance indepen-
dence with respect to bias stimulus. Nonetheless, this issue hinders capacitance-temperature  
dependence explanation. Besides, a highly doped semiconductor affects the growth rate [23] 
and the impurity content of the resultant oxide [20]. This explains the current flow across a 
200 nm dielectric as trap assisted [16] and justifies such a low current level, even at LRS.

Within a multilayered dielectric, the voltage drop on each layer (Eq. (3)) is subjected to each 
layer’s permittivity, εl [24]. Although such an estimation seems very complex in this situation, 

Figure 7. Prototypical behavior of one sample SiO2 (120 nm)/Ti (10 nm)/HfO2 (20 nm)/Pt of the new fabrication process. 
After the first voltage excursion, the device is found in an irreversible low resistance state.
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at least it is possible to argue that HfO2 has a higher permittivity than it was ever reported to 
SiO2 [20] and lower than what could be attributed to TiO2 and its related sub-oxides (generally 
denoted as TiOx [25, 26]). Table 3 presents an estimation of voltage drops on each dielectric 
sub-layer. This means that most of the voltage drop is restricted to the SiO2 layer avoiding 
HfO2 and/or TiOx to be formed and/or switched.

   V  i   =  η  i   .  V  T  , where  η  i   =   
 t  i   __  ε  i     .  

1 ⁄ ∑ j       
 t  j   __  ε  j        (3)

The situation could be summarized as follows: a multilayered dielectric sandwiched between 
two metal-like electrodes (Pd/Co and highly doped Si) shows RS. Such behavior cannot be 
explained by usual HfO2 or TiO2 switching because of the voltage drop competition, associ-
ated with their individual dielectric constants. On the other hand, Eq. (3) relies on the fact 
that no charges are present at the interfaces and, consequently, no voltage drop is expected in 
those regions. It is not clear whether this assumption is correct or not but even if so, the volt-
age drop on the HfO2 and/or TiOx should be indeed lower than considered (making harder 
the switch of each layer).

We can also use the impedance spectroscopy (IS) technique to deepen the understanding of the 
mechanisms involved in the resistive switching. In this particular case, to measure the imped-
ance, in the range 100 Hz–10 MHz, we set the oscillator amplitude of the impedance analyzer 
to 5 mV and applied a DC bias of 3 V. In this context, the obtained results for the complex 
impedance are presented in a complex plane plot usually called the Nyquist diagram [27],  

Figure 8. Sketch of process flow and the changes produced during ALD process using ozone as oxidant.

The Atomic Layer Deposition Technique for the Fabrication of Memristive Devices: Impact of the Precursor…
http://dx.doi.org/10.5772/intechopen.78937

17
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Figure 7. Prototypical behavior of one sample SiO2 (120 nm)/Ti (10 nm)/HfO2 (20 nm)/Pt of the new fabrication process. 
After the first voltage excursion, the device is found in an irreversible low resistance state.
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at least it is possible to argue that HfO2 has a higher permittivity than it was ever reported to 
SiO2 [20] and lower than what could be attributed to TiO2 and its related sub-oxides (generally 
denoted as TiOx [25, 26]). Table 3 presents an estimation of voltage drops on each dielectric 
sub-layer. This means that most of the voltage drop is restricted to the SiO2 layer avoiding 
HfO2 and/or TiOx to be formed and/or switched.

   V  i   =  η  i   .  V  T  , where  η  i   =   
 t  i   __  ε  i     .  

1 ⁄ ∑ j       
 t  j   __  ε  j        (3)

The situation could be summarized as follows: a multilayered dielectric sandwiched between 
two metal-like electrodes (Pd/Co and highly doped Si) shows RS. Such behavior cannot be 
explained by usual HfO2 or TiO2 switching because of the voltage drop competition, associ-
ated with their individual dielectric constants. On the other hand, Eq. (3) relies on the fact 
that no charges are present at the interfaces and, consequently, no voltage drop is expected in 
those regions. It is not clear whether this assumption is correct or not but even if so, the volt-
age drop on the HfO2 and/or TiOx should be indeed lower than considered (making harder 
the switch of each layer).

We can also use the impedance spectroscopy (IS) technique to deepen the understanding of the 
mechanisms involved in the resistive switching. In this particular case, to measure the imped-
ance, in the range 100 Hz–10 MHz, we set the oscillator amplitude of the impedance analyzer 
to 5 mV and applied a DC bias of 3 V. In this context, the obtained results for the complex 
impedance are presented in a complex plane plot usually called the Nyquist diagram [27],  

Figure 8. Sketch of process flow and the changes produced during ALD process using ozone as oxidant.
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where minus the imaginary part of the impedance is plotted as function of the real one. In Figure 9a 
and b the Nyquist diagrams corresponding to pHRS and pLRS are shown. In these plots, each 
point corresponds to the imaginary and real components of the impedance at different frequen-
cies. It is interesting to remark that the capacitive behavior of the measured devices is evidenced 
by the negative values of the measured imaginary part of the impedance. If a model is proposed 
for the equivalent circuit of the device, the value of each equivalent component can be found.

In Figure 9a and b, the inset show the equivalent circuit used to model the impedance of each 
state. In the pHRS (Figure 9a), two blocks connected in series were necessary to properly 
fit the measurements while only one was required in the pLRS case (Figure 9b). Both the 
low- and high-resistance states have a common block composed of a resistor in parallel to 
a constant-phase element (CPE) [27]. In addition, the high-resistance state has also another 
block constituted by a resistor in parallel with a capacitor. The obtained values for all these 
elements are summarized in Table 4. A CPE is an artificial way of representing a wide disper-
sion of characteristic times. It can be thought as a capacitor but instead a unique resonant 
condition, a dispersion of them (usually related with different species underneath), is taken 
into account. Its mathematical expression is given by   Z  

CPE
   = A   (j𝜔𝜔)    −α   where A and α are related 

specifically with the system, while ω is the angular frequency.

Figure 9. Nyquist plot constructed from impedance measurements under +3 V bias and 5 mV AC signal in (a) pHRS, 
and (b) pLRS.

Material εi Thickness (nm) Vi (V)

HfO2 20 10 0.24

TiOx 80 (40) 30 0.18 (0.36)

SiO2 3.9 120 14.58 (14.40)

Total 160 15

Table 3. Voltage drop on each dielectric sublayer. Quantities between parentheses indicates voltage drop variation 
depending on the permittivity attributed to TiOx.
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In this case, we will not focus on the model for each state (pHRS and pLRS) but in the com-
parison of them. It is worth to point out that an equivalent behavior was obtained also in the 
comparison of the nHRS and nLRS. For that reason, in the following, we will refer generically 
to HRS and LRS even though only the positive case is being presented. Our aim is to get a 
more detailed comprehension of the switching behind the macroscopic behavior. Compared 
with Figure 9a, experimental data of Figure 9b could be mimicked with only one of the two 
arrays mentioned before. It seems that the LRS maintains the wide dispersion of species that 
gives rise to the CPE element while the parallel capacitor-resistor block disappeared. This 
finding, together with the fact that the parallel resistor-CPE remains constant, reveals that a 
diode has been overcome. A block consisting of a parallel capacitor-resistor is the usual model 
to represent a diode below the forward-biased threshold. Thus, the removal of that block to 
model the LRS implies a diode-like behavior during the HRS and consequently a barrier to 
overcome in order to get the conductive condition.

Finally, we suggest a plausible mechanism for switching operation: TiO2 interfaces with HfO2 
and SiO2 could play the role of a barrier, originating two junctions. Band bending would assist 
the current to flow through one of them, while the other has to be overcome after charge trap-
ping had taken place. That would offer possible states in the forbidden gap to the electrons. 
A condition for which this happens could be related with each sharp switching operation 
(observed in I-V dependence). This could be the reason why half of a loop in the DC I-V curve 
was also identified in Ref. [22]. In that case, TiOx had only one interface with an oxide suit-
able to be switched. Thus, a trapping-based mechanism would be attributed to such behavior 
which cannot be reflected by capacitance measurements. In such a way, no capacitance change 
could be expected. Moreover, the TiOx semiconductor nature would explain the capacitance-
temperature dependence that we observed. It is worth to point out that resistive switching 
mechanisms without ion movement requirement have attracted attention since it would be 
less downgrading to the memory cell neighborhood, in terms of chip integration [28].

3. Conclusions

We described the ALD technique in detail, pointing out many interesting, efficient and unique 
capabilities. Besides, we highlighted the problem found when there is an interaction of a 

pHRS pLRS

R-CPE R 1.1.107 Ω 9.6.106 Ω

m (CPE) 0.71 0.74

p (CPE) 3.7.10−10 2.8.10−10

R-C R 1.3.106 Ω —

C 4.7.1013 F —

Table 4. Parameters of the models used to fit the Cole-Cole diagrams of Figure 9a and b.
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material to be deposited or the precursors used in its growing process, with the pre-deposited 
layers on the substrate. We exemplified the case describing a particular case, where the non-
volatile memory device of the ReRAM type was grown.

The ALD technique was used to obtain HfO2-based devices with some remarkable features. The 
use of different precursors, and the fact that a non-negligible interaction between these precur-
sors and pre-existent stacks could produce unconsidered phases, has been discussed in detail. 
A careful analysis of the device’s structure (initially suggested by difficulties in the understand-
ing of measured electrical features) triggered the comprehension of the actual structure of the 
device. An additional oxide layer was formed because the precursor reacted with the buffer 
material, giving rise to a completely different stack. Remarkably, this fact rendered advanta-
geous properties which could be useful in the field of multifunctional memory applications.

While an MIM stack was expected (consisting of Pd/Co/HfO2/Ti), a post-deposition structural 
characterization proved oxidation of the metallic layer underlying the ALD-deposited oxide. 
Using water instead of ozone as an oxidant allowed to attribute titanium oxidation to the very 
high reactivity of the oxidant primary employed. Once the complete stack composition was 
determined, a feasible scenario about the switching mechanism was proposed. This gathers 
the evidence obtained, through electrical and structural measurements, in a unique picture 
that captures all features highlighted within memory behavior.
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Abstract

Precipitation-hardening behavior of various medium carbon bainitic steels with added
elements of Nb, Ti and V was systematically investigated. Complex nanocarbides com-
posed of Nb, Ti and V precipitated after aging in the steel with multiple additions of all
the elements, whereas those with added individual elements were simple MC types. The
amount of precipitation hardening (ΔHv) after aging at 873 K of the former steel was
approximately 90 ΔHv, while those of the latter were less than 40 ΔHv at best. Therefore,
significant precipitation hardening took place by multiple element addition. The different
amount of precipitation hardening depending on added elements was reasonably under-
stood by considering misfit parameters between carbides and ferrite matrix.

Keywords: medium carbon steel, precipitation hardening, carbide, misfit parameter

1. Introduction

For machinery parts, such as bolts and gears, medium carbon steels are regularly employed.
These steel parts are generally formed to prescribed shapes and designs through thermome-
chanical processes of hot and/or cold forging, and machining followed by heat treatments for
further strengthening. Recently, demands for high strength steels, with their reduction of cost in
addition to superior balance of mechanical properties, are increasing.

The dispersion of hard particles should be one of the most effective methods for strengthening.
For this purpose, microalloyed steels with dispersed fine carbides are developed and actually
employed for machinery parts because of their good balance of formability and strengthening
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by heat treatment after the forming. It is reported that the dispersion of fine carbides such as
VC, NbC, TiC and Mo2C is effective for strengthening of low carbon ferritic and martensitic
steels [1–3].

From the above background, some researches on precipitation-hardened medium carbon
steels have been also undertaken. Murase et al. have investigated the precipitation-harden-
ing behavior of medium carbon ferritic steels with single or multiple element additions of
V and Cu [4] and have found that precipitation hardening of medium carbon steels is obviously
improved by the multiple element addition of V and Cu rather than single additions of each
element. Grange et al. precisely examined the effect of alloying elements (such as Mn, P, Si, Ni,
Cr, Mo and V) on precipitation-hardening behavior in low and medium carbon steels with
tempered martensite [5] and reported that the estimated hardening HvEstimated could be evalu-
ated by simple summation of the individual hardening effects as follows:

HvEstimated ¼ Hvþ ΔHvMn þ ΔHvP þ ΔHvSi þ ΔHvNi þ ΔHvCr þ ΔHvMo þ ΔHvV, (1)

where Hv and ΔHvMn, ΔHvP, ΔHvSi, ΔHvNi, ΔHvCr, ΔHvMo and ΔHvV are the initial hard-
ness of Fe–C alloy before element addition and the increments in hardness due to the
individual element additions. On the other hand, Kosaka et al. investigated the precipita-
tion-hardening behavior in 0.1 C–2.0 Mn steels (in mass %) with tempered martensite and
revealed that the increase in precipitation hardening due to complex-composition carbide,
that is, (Mo, V)C, is larger than those by carbides with simple compositions, that is, Mo2C
and VC [6]. They have also shown that the effect of carbides with simple compositions on
hardening becomes larger in the order of Mo2C, VC, TiC and NbC. The amount of precipita-
tion hardening would be, therefore, considerably and complicatedly changed depending on
the composition of carbide.

Medium carbon steels with bainite are well known for their good balance of mechanical proper-
ties of strength and ductility [7]. They are expected to be one of the most useful steels for
machinery parts in the future. However, as far as the authors know, few studies on precipitation-
hardening behavior and the strengthening mechanisms due to Nb, Ti and Vadditions in medium
carbon steels with bainite have been carried out. Here, Nb, Ti and V are the most commonly
employed elements for strengthening of low carbon steels as already shown above. In the present
study, the effects of compositions of carbides on the precipitation-hardening behavior of medium
carbon bainitic steel and the strengthening mechanisms are precisely investigated.

2. Experimental procedure

Various kinds of medium carbon steels with different compositions, shown in Table 1, were
vacuum induction melted and cast into 15 kg ingots. Steel A is the base sample. In steels B, C
and D, elements of Nb, Ti and V, respectively, were further added to the base sample. In steel E,
Nb, Ti and V were all added. Mn as well as Mo was added to all the samples to attain bainite
microstructure. The casted samples were then hot forged at 1523 K into bars with a diameter of
55 mm. The bars were solution treated at 1523 K for 30 min followed by air cooling down to
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room temperature. Thereafter, some of the bars were aged for 120 min at various temperatures
between 673 and 973 K.

Microstructural observations were carried out using optical microscopy and transmission-
electron microscopy (TEM) on the cross-sections normal to the longitudinal direction of bars
and at the positions of the half radius of the bars. Samples for the optical microscopic observa-
tion were prepared by mechanical polishing and etching using the nital solution of 3% nitric
acid and 97% ethanol. TEM specimens were also prepared by mechanical polishing followed
by electrolytic polishing using a solution of 5% perchloric acid and 95% acetic acid. The size,
distribution and composition of precipitated carbides were examined by TEM equipped with
energy-dispersive X-ray spectroscopy (EDS). The hardness was measured using a micro-
Vickers hardness tester. The amount of precipitation hardening (ΔHv) was estimated using
the following equation:

ΔHV ¼ Hardness after agingð Þ � Hardness before agingð Þ (2)

3. Microstructure and hardness

Figure 1 shows the optical micrographs of the microstructure developed in steels D and E after
solid-solution treatment at 1523 K for 30 min followed by air cooling, that is, before aging. It
can be seen in Figure 1 that a typical acicular bainite microstructure was almost uniformly
evolved in both samples. A completely similar microstructure was observed to develop in all
the other samples, while they are not displayed here.

The samples were then aged at various temperatures for 120 min and the change in the
hardness was measured. Figure 2 shows the summarized results of the amount of precipita-
tion hardening (ΔHV) as a function of aging temperature. In steels A, B and C, the maximum
values of ΔHV were approximately 30. This result indicates, therefore, precipitation hardening
due to the additions of 0.019% Nb or 0.039% Ti (see Table 1) is quite small. On the other hand,
the ΔHV values in steels D and E after aging at 873 K exceeded 40. Moreover, in steel E, the
maximum ΔHV value was approximately 90. It should be noted, therefore, that the amount of
precipitation hardening in steel E, ΔHV = 90, due to multiple element addition, is significantly
larger than those in steels B, C and D with the single element additions. When the values of
ΔHV at 873 K are compared, it in steel E is larger than the summation of the ΔHV values of

C Si Mn Mo Ni Nb Ti V N Fe

Steel A 0.26 0.69 1.59 0.50 0.35 — — — 0.003 Bal.

Steel B 0.26 0.71 1.59 0.49 0.35 0.019 — — 0.003 Bal.

Steel C 0.26 0.70 1.58 0.49 0.35 — 0.039 — 0.003 Bal.

Steel D 0.25 0.71 1.58 0.49 0.35 — — 0.30 0.003 Bal.

Steel E 0.25 0.71 1.58 0.49 0.35 0.020 0.038 0.31 0.003 Bal.

Table 1. Chemical compositions in mass% of tested medium carbon bainitic steels.
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values of ΔHV were approximately 30. This result indicates, therefore, precipitation hardening
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steels B, C and D, i.e., ΔHV = 73. This result indicates that the amount of age-hardening is not a
simple summation of individual hardening as described in Eq. (1).

The developed precipitates were examined by TEM. Figure 3 shows the typical TEM photo-
graphs of steels D and E after aging at 873 K for 120 min. In steel D, fine disk-shaped pre-
cipitates of 8 nm in diameter in average were distributed (Figure 3(a)). On the other hand, in

Figure 1. Typical microstructure of (a) steel D and (b) steel E after solution treatment at 1523 K for 30 min followed by air
cooling.

Figure 2. Change in the amount of precipitation hardening (ΔHv) depending on aging temperature and added elements.
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steel E, slightly finer disk precipitates of approximately 5 nm in diameter were observed
(Figure 3(b)). The size of precipitates in steel E looks more homogeneous than that in steel D.
Themoiré fringes due to the lattice misfit between the precipitates andmatrix were also observed.
High-resolution TEM observation of the precipitates in steel E revealed the presence of misfit
strain at the edges of them indicating coherency of precipitate/matrix interface (Figure 3(c)).
Figure 3(d) shows selected-area-diffraction pattern taken along direction parallel to the [001] axis
of the matrix of steel E. Based on the analyses by the diffraction pattern and EDS, the fine pre-
cipitates were identified to be MC-type carbide having the Baker and Nutting crystallographic-
orientation relationship, that is, (100)MC//(100)α, [010]MC//[011]α, and [001]MC//[011]α [8]. The EDS
analysis indicated the compositions of carbides in steels D and E as VC and (Nb, Ti, V)C,
respectively. Mo2C carbides were not detected in all the samples.

It is reported that the critical size of MC-type carbides to keep coherency with matrix is
approximately 5 nm and the loss of coherency derives a decrease in shear stress for dislocation
to bypass the precipitates [3]. Even while the precipitates in steels A, B and C were not
observed using TEM, the lower hardness of these steels than those of D and E (see Figure 2)
should be affected by coherency loss of coarse MC-type carbides as observed in steel D.

Figure 3. TEM micrographs of steels D and E after aging at 873 K: (a) Bright-field image of steel D, (b) Bright-field image
of steel E, (c) magnified image of (b), and (d) diffraction pattern taken from the ferrite and MC carbide in (b).
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4. Bypass mechanism and hardness

Precipitation-hardening behavior in medium carbon bainitic steels with added elements of Nb,
Ti and V were precisely investigated. It was found that the amount of precipitation hardening
became larger by the multiple element additions of Nb, Ti and V than the single addition of
each element. Hardness changes due to change in dislocation bypass mechanism of particles.
Even while hardness changes also depending on volume of the dispersed particles, the total
amounts of particles contained in the present steels are assumed not largely different. The
mechanisms of the change in the amount of precipitation hardening due to multiple element
addition are precisely discussed below.

4.1. Dominant dislocation-bypass mechanism

There are two well-known mechanisms of dislocation to pass through particle at ambient tem-
perature, that is, the Orowan [9] and the cutting mechanisms [10], which control threshold stress
for dislocation motion in the particle-bearing materials. Their activation and role during plastic
deformation change sensitively depending on precipitate size. Takaki has estimated the critical
particle diameter for the cutting mechanism to be 7–10 nm at maximum for the MC-type carbides
such as NbC, TiC and VC, whereas the Orowan mechanism can activate at ranges of 7–10 nm
and over [11]. The precipitation size observed in the present study is approximately 5–8 nm in
average (Figure 3).

When a gliding dislocation is pinned by a dispersed particle, the increase in the tensile stress
(Δσ) can be expressed by the following equation [12, 13]:

Δσ ¼ βGb=λ � sinθ, (3)

where G is the shearmodulus ofmatrix, b is the Burgers vector, λ is themean particle spacing, θ is
thebowingangle between thedislocationand the straight line that connects twoparticles, andβ is a
constant composed of Taylor’s factor and the coefficient of shear stress, for which the value
is approximately 3.2 [14]. The values of λ in steels D and Eweremeasured by TEM observation to
be 20 nm and 10 nm, respectively. The values of G and b are 80 GPa and 0.25 nm [14], respectively.
Assuming that the tensile stress is empirically evaluated by one third of the hardness [13], the
increase in the tensile stress (Δσ) of steels D and E can be estimated as 120 and 270 MPa, respec-
tively, from their increase inhardness (ΔHv)40 and90byaging. Finally, theθvalues in steelsDand
E can be calculated using Eq. (3) to be approximately 2.1 and 2.4�, respectively. These values are
much smaller than those of particle/dislocation interaction by the Orowan mechanism, which
shows a characteristic θ value of approximately 90� [12]. The Orowan mechanism should be,
therefore, not activated as the dominant dislocation bypassmechanism in the present samples.

When the carbides were examined precisely by TEM, a typical contrast owing to coherent
strain as well as Moiré fringe was observed (Figure 3). This indicates the presence of misfit
strain due to interface coherency between carbides and matrix. Miura et al. have experimen-
tally shown that dislocation passes through incoherent particles by the Orowan mechanism
and coherent particles by cutting mechanism, and the latter deformation stress is higher than
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the former one [15]. From the above arguments, the activated dislocation-bypass mechanism is
concluded as a cutting mechanism irrespective of the present samples. The dominant disloca-
tion bypass mechanism is closely related with the deformation stress [15]. However, it is
revealed from the above argument that the bypass mechanism itself should not cause the
change in hardness in the present samples. Nevertheless, according to the criteria proposed
by Takaki [11], activation of the Orowan mechanism might be partially activated for such
inhomogeneously and largely coarsen precipitates observed in Figure 3(a).

4.2. Origin of higher hardness due to complex carbides

Gerold and Haberkorn have theoretically shown, considering the lattice misfit parameter at
precipitate/matrix interface, that the increase in shear stress (Δτ0) due to dislocation detach-
ment from precipitate is expressed by

Δτ0 ¼ kG εj j1:5 fr
b

� �0:5

, (4)

where k is a constant, f is the volume fraction of precipitates, r is the radius of the precipitate
[10], ε is the lattice misfit parameter between the precipitate and matrix and ε is approximately
2/3 of the lattice misfit δ [16, 17]:

ε ¼ 2
3
δ, (5)

and δ is expressed by

δ ¼ dp � dm

dm
, (6)

where dp and dm are the lattice constants of precipitate and matrix, respectively [10]. Eq. (4)
indicates that the shear stress (Δτ0) increases with increasing misfit parameter, size and volume
fraction of precipitates.

The complex carbides of (Nb, V)C and (Ti, V)C are known to be continuous solid solution
over the entire composition range [18]. The lattice constant dp of the complex carbide such as
(Nb, V)C, (Ti, V)C and (Nb, Ti, V)C is proportional to the composition and estimated by the
following equation [19]:

dp ¼ Σnidi, (7)

where i denotes the alloying element (i.e., Nb, Ti and V) to compose carbide, and ni and di are
the expediently estimated fraction of each carbide and the lattice constant, respectively. In the
present study, dp and dm correspond to the lattice constants of {001}MC of carbide and of {011}α
of ferrite [8].

Change in the lattice misfit parameter between the matrix and carbide could be evaluated
using Eqs. (5)–(7). The calculated misfit parameter (ε) of (Nb, V)C and (Ti, V)C is displayed
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4. Bypass mechanism and hardness

Precipitation-hardening behavior in medium carbon bainitic steels with added elements of Nb,
Ti and V were precisely investigated. It was found that the amount of precipitation hardening
became larger by the multiple element additions of Nb, Ti and V than the single addition of
each element. Hardness changes due to change in dislocation bypass mechanism of particles.
Even while hardness changes also depending on volume of the dispersed particles, the total
amounts of particles contained in the present steels are assumed not largely different. The
mechanisms of the change in the amount of precipitation hardening due to multiple element
addition are precisely discussed below.

4.1. Dominant dislocation-bypass mechanism

There are two well-known mechanisms of dislocation to pass through particle at ambient tem-
perature, that is, the Orowan [9] and the cutting mechanisms [10], which control threshold stress
for dislocation motion in the particle-bearing materials. Their activation and role during plastic
deformation change sensitively depending on precipitate size. Takaki has estimated the critical
particle diameter for the cutting mechanism to be 7–10 nm at maximum for the MC-type carbides
such as NbC, TiC and VC, whereas the Orowan mechanism can activate at ranges of 7–10 nm
and over [11]. The precipitation size observed in the present study is approximately 5–8 nm in
average (Figure 3).

When a gliding dislocation is pinned by a dispersed particle, the increase in the tensile stress
(Δσ) can be expressed by the following equation [12, 13]:

Δσ ¼ βGb=λ � sinθ, (3)

where G is the shearmodulus ofmatrix, b is the Burgers vector, λ is themean particle spacing, θ is
thebowingangle between thedislocationand the straight line that connects twoparticles, andβ is a
constant composed of Taylor’s factor and the coefficient of shear stress, for which the value
is approximately 3.2 [14]. The values of λ in steels D and Eweremeasured by TEM observation to
be 20 nm and 10 nm, respectively. The values of G and b are 80 GPa and 0.25 nm [14], respectively.
Assuming that the tensile stress is empirically evaluated by one third of the hardness [13], the
increase in the tensile stress (Δσ) of steels D and E can be estimated as 120 and 270 MPa, respec-
tively, from their increase inhardness (ΔHv)40 and90byaging. Finally, theθvalues in steelsDand
E can be calculated using Eq. (3) to be approximately 2.1 and 2.4�, respectively. These values are
much smaller than those of particle/dislocation interaction by the Orowan mechanism, which
shows a characteristic θ value of approximately 90� [12]. The Orowan mechanism should be,
therefore, not activated as the dominant dislocation bypassmechanism in the present samples.

When the carbides were examined precisely by TEM, a typical contrast owing to coherent
strain as well as Moiré fringe was observed (Figure 3). This indicates the presence of misfit
strain due to interface coherency between carbides and matrix. Miura et al. have experimen-
tally shown that dislocation passes through incoherent particles by the Orowan mechanism
and coherent particles by cutting mechanism, and the latter deformation stress is higher than
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the former one [15]. From the above arguments, the activated dislocation-bypass mechanism is
concluded as a cutting mechanism irrespective of the present samples. The dominant disloca-
tion bypass mechanism is closely related with the deformation stress [15]. However, it is
revealed from the above argument that the bypass mechanism itself should not cause the
change in hardness in the present samples. Nevertheless, according to the criteria proposed
by Takaki [11], activation of the Orowan mechanism might be partially activated for such
inhomogeneously and largely coarsen precipitates observed in Figure 3(a).

4.2. Origin of higher hardness due to complex carbides

Gerold and Haberkorn have theoretically shown, considering the lattice misfit parameter at
precipitate/matrix interface, that the increase in shear stress (Δτ0) due to dislocation detach-
ment from precipitate is expressed by

Δτ0 ¼ kG εj j1:5 fr
b

� �0:5

, (4)

where k is a constant, f is the volume fraction of precipitates, r is the radius of the precipitate
[10], ε is the lattice misfit parameter between the precipitate and matrix and ε is approximately
2/3 of the lattice misfit δ [16, 17]:

ε ¼ 2
3
δ, (5)

and δ is expressed by

δ ¼ dp � dm

dm
, (6)

where dp and dm are the lattice constants of precipitate and matrix, respectively [10]. Eq. (4)
indicates that the shear stress (Δτ0) increases with increasing misfit parameter, size and volume
fraction of precipitates.

The complex carbides of (Nb, V)C and (Ti, V)C are known to be continuous solid solution
over the entire composition range [18]. The lattice constant dp of the complex carbide such as
(Nb, V)C, (Ti, V)C and (Nb, Ti, V)C is proportional to the composition and estimated by the
following equation [19]:

dp ¼ Σnidi, (7)

where i denotes the alloying element (i.e., Nb, Ti and V) to compose carbide, and ni and di are
the expediently estimated fraction of each carbide and the lattice constant, respectively. In the
present study, dp and dm correspond to the lattice constants of {001}MC of carbide and of {011}α
of ferrite [8].

Change in the lattice misfit parameter between the matrix and carbide could be evaluated
using Eqs. (5)–(7). The calculated misfit parameter (ε) of (Nb, V)C and (Ti, V)C is displayed
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in Figure 4. It is clear that the misfit parameter (ε) of the complex carbides (Nb, V)C and (Ti, V)
C is larger than that of VC though smaller than those of NbC and TiC. Misfit parameter of (Nb,
Ti, V)C complex carbide must be also linearly changed sensitively depending on the chemical
composition.

In the same way, the lattice constant of (Nb, Ti, V)C complex carbide as well as the other
carbides was determined. For this purpose, for an example of steel E, the chemical composition
of the complex carbide at 873 K (i.e., aging temperature) was calculated to be (Nb0.03, Ti0.12,
V0.85)C in atomic fraction by means of the “Thermo-Calc” software using the chemical compo-
sition in Table 1. Figure 5 summarizes the calculated lattice misfit parameters (ε) of the
carbides precipitated in the tested samples. It is evident that the misfit parameters (ε) of (Nb,
Ti, V)C is greater than that of VC and smaller than those of NbC and TiC.

Miyamoto et al. have suggested that precipitation hardening (ΔHv) due to carbides can be
converted into increase in shear stress (Δτ0) by using the Taylor’s factor of 2.08 in nontextured
bcc metals by the following equation [20]:

Δτ0 ¼ 3 � ΔHv=2:08, (8)

Equation (8) indicates that the value of Δτ0 is proportional to precipitation hardening (ΔHv).
Actually, Ronay has investigated precipitation-hardening behavior in low carbon steels and
shown a linear relationship between shear stress (Δτ0) and hardness (ΔHv) due to TiN precip-
itation [21]. She also reported that the increase in the hardness and, therefore, shear stress due

Figure 4. Calculated change in the lattice misfit parameter ε between matrix and complex precipitates of (Nb, V)C and
(Ti, V)C depending on chemical composition.
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to TiN precipitation could be reasonably understood by the quantitative estimation based on
the cutting mechanism.

The amount of precipitation hardening (ΔHv) of the tested samples can be estimated from
Eqs. (4) and (7):

ΔHv ¼ 0:69 � kG εj j1:5 fr
b

� �0:5

, (9)

The constant k in Eqs. (4) and (9) is reported to be approximately 1–3 [22, 23]. The precipitation
hardening (ΔHv) by addition of 0.5 mass% Mo was quite small (Figure 2). Furthermore, Mo
carbides were not detected by TEM observation in all the samples. From these reasons, the
effect of Mo carbides on precipitation hardening can be excluded from the estimations. There-
fore, carbides that mainly contribute to precipitation hardening in steels B, C, D and E are
NbC, TiC, VC and (Nb, Ti, V)C, respectively.

Figure 6 shows the relationship between the measured ΔHv values and the parameter
G|ε|1.5 (fr/b)0.5 of the present steels. Calculated results using Eq. (9) and constant k of 1
and 3 are also shown by dotted lines. For the calculation of G|ε|1.5 (f r/b)0.5, the diameter
of carbides (2r) was assumed to be 5 nm for simplicity, and the volume fraction of the
precipitates (f) was estimated by the “Thermo-Calc” calculation using the chemical com-
positions in Table 1. It is evident in Figure 6 that the results derived from experimental
data of steels D and E appear between the lines with constant k of 1 and 3. The above
results indicate that the values of ΔHv calculated from Eq. (9) almost coincide with
the present experimental data. That is, quantitative estimation of the amount of precipita-
tion hardening (ΔHv) in the medium carbon bainitic steels with Nb, Ti and V additions
can be reasonably understood by the carbide/matrix lattice misfit parameter and cutting

Figure 5. Comparison of the calculated lattice misfit parameter ε between matrix and precipitates of NbC, TiC, VC and
(Nb, Ti, V)C.
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V0.85)C in atomic fraction by means of the “Thermo-Calc” software using the chemical compo-
sition in Table 1. Figure 5 summarizes the calculated lattice misfit parameters (ε) of the
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converted into increase in shear stress (Δτ0) by using the Taylor’s factor of 2.08 in nontextured
bcc metals by the following equation [20]:
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Equation (8) indicates that the value of Δτ0 is proportional to precipitation hardening (ΔHv).
Actually, Ronay has investigated precipitation-hardening behavior in low carbon steels and
shown a linear relationship between shear stress (Δτ0) and hardness (ΔHv) due to TiN precip-
itation [21]. She also reported that the increase in the hardness and, therefore, shear stress due
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to TiN precipitation could be reasonably understood by the quantitative estimation based on
the cutting mechanism.

The amount of precipitation hardening (ΔHv) of the tested samples can be estimated from
Eqs. (4) and (7):

ΔHv ¼ 0:69 � kG εj j1:5 fr
b

� �0:5

, (9)

The constant k in Eqs. (4) and (9) is reported to be approximately 1–3 [22, 23]. The precipitation
hardening (ΔHv) by addition of 0.5 mass% Mo was quite small (Figure 2). Furthermore, Mo
carbides were not detected by TEM observation in all the samples. From these reasons, the
effect of Mo carbides on precipitation hardening can be excluded from the estimations. There-
fore, carbides that mainly contribute to precipitation hardening in steels B, C, D and E are
NbC, TiC, VC and (Nb, Ti, V)C, respectively.

Figure 6 shows the relationship between the measured ΔHv values and the parameter
G|ε|1.5 (fr/b)0.5 of the present steels. Calculated results using Eq. (9) and constant k of 1
and 3 are also shown by dotted lines. For the calculation of G|ε|1.5 (f r/b)0.5, the diameter
of carbides (2r) was assumed to be 5 nm for simplicity, and the volume fraction of the
precipitates (f) was estimated by the “Thermo-Calc” calculation using the chemical com-
positions in Table 1. It is evident in Figure 6 that the results derived from experimental
data of steels D and E appear between the lines with constant k of 1 and 3. The above
results indicate that the values of ΔHv calculated from Eq. (9) almost coincide with
the present experimental data. That is, quantitative estimation of the amount of precipita-
tion hardening (ΔHv) in the medium carbon bainitic steels with Nb, Ti and V additions
can be reasonably understood by the carbide/matrix lattice misfit parameter and cutting

Figure 5. Comparison of the calculated lattice misfit parameter ε between matrix and precipitates of NbC, TiC, VC and
(Nb, Ti, V)C.
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mechanism for dislocation to pass through carbides. On the other hand, in steels B and C,
the measured ΔHv values were far from the calculated data. This could be because of the
misfit dislocations that were produced around the carbides to reduce the misfit strain
between carbides and matrix, since the misfit parameter (ε) of NbC and TiC is very large.
Hence, precipitation hardening in steels B and C would not be understood simply by the
cutting mechanism only presumably because of the loss of coherency between the coarsen
carbides and matrix. Reduction of ΔHv, therefore, took place because of a loss of coher-
ency at the carbide/matrix interface [15]. Loss of coherency at the interface is well known
to appear by coarsening [24, 25] and large lattice misfit strain [26]. Hence, complicated
dislocation-bypass mechanisms could be activated depending on the size of precipitates in
steels B and C.

5. Conclusions

The precipitation hardening due to complex carbides in medium carbon bainitic steels was
investigated. The yielded results are as follows:

1. Small amount of additional elements can cause drastic change in the structures and
chemical compositions of nanocarbides dispersed in steels, which induce conversion in
dislocation bypass mechanisms to improve mechanical properties.

Figure 6. Relationship between the measured precipitation hardening (ΔHv) and estimated parameter G|ε|1.5 (fr/b)0.5

using experimental data of the present steels, which are exhibited by symbols. For comparison, the relationship derived
from Eq. (9) is also shown by dotted lines with k constants of 1 and 3.
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2. The amount of precipitation hardening in medium carbon bainitic steel with multiple
element additions of Nb, Ti and V was larger than those in steels with single additions of
these elements.

3. The dominant dislocation-bypass mechanism at room temperature of VC and (Nb, Ti, V)C
carbides with a diameter approximately of 5–8 nm is the cutting mechanism, whereas that
of NbC and TiC carbides appears different.

4. The difference in the amount of precipitation hardening could be reasonably understood
by the lattice misfit parameter between carbide and matrix.

5. Cutting mechanism would not be dominant when the precipitate/matrix misfit parameter
and size of carbides become large enough due to loss of coherency.
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Abstract

Au-group (Ag, Au) and Pt-group (Ni, Pd, Pt) metals have lower surface diffusion coeffi-
cients than Cu and are defined as LSD. The chemical composition has been designed based 
on the differences in diffusion coefficients, and the micro-alloying of 1 at % LSD met-
als with the Ti60Cu40 amorphous precursor alloy results in the formation of bi-continuous 
nanoporous copper (NPC) with finer nanoporous structure. LSD-stabilized NPCs have the 
smallest characteristic pore sizes of 7 nm and 6 nm after dealloying amorphous Ti60Cu39Pd1 
and Ti60Cu39Pt1 precursor alloys, while NPC had a pore size of 39 nm after dealloying 
the amorphous Ti60Cu40 alloy. The refining factor increases approximately from 3.7 for 
Ti60Cu39Ag1 to 1780 for Ti60Cu39Pt1 precursors due to the dramatic decrease in the surface 
diffusivity during both preferential dissolution and rearrangement of Cu adatoms. The 
elaboration efficiencies of Ti60Cu40 alloy with addition of 1 at.% Pt-group elements are 
higher than those of Au-group elements. The homogeneous distribution of LSD elements 
in both the precursors and final stabilized NPCs played a key role in restriction of the 
long-distance diffusion of Cu adatoms. LSD-stabilized NPCs are able to have an ultrafine 
nanoporosity with a pore size almost one order smaller than that from LSD-free alloys.

Keywords: amorphous precursor alloys, nanoporous copper, surface diffusion,  
micro-alloying, elaboration of nanoporous copper

1. Introduction

Nanoporous metals (NPMs), a representative type of nanostructured materials, possess 
intriguing properties to generate promising potentials for various important applica-
tions, including catalysis, sensors, actuators, fuel cells, micro-fluidic flow controllers, and 
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so forth [1–4]. NPMs with a variety of superior physical-chemical properties arisen from 
their unique pore structure, large specific surface area, and high electrical conductivity 
have attracted great interests to explore their electrocatalytic properties and greatly extend 
their potential applications in catalysts, electrochemical sensing, and energy systems [1]. 
Dealloying primarily originated from the phenomenon of selective corrosion has attracted 
more attention recently because it has been regarded to be an effective method to fabricate 
NPMs with a three-dimensional bi-continuous interpenetrating ligament-channel struc-
ture at the nanometer scale [5–8]. Nanoporous copper (NPC) is cost-effective and readily 
fabricated via dealloying process due to the high electrochemical stability. NPCs with 
different morphologies have been obtained from numerous binary alloy systems includ-
ing Zn-Cu [7, 9], Mg-Cu [10], Al-Cu [7, 11–16], Ni-Cu [7], Mn-Cu [17, 18], Zr-Cu [19], and 
Ti-Cu [20].

The characteristic pore sizes of NPCs obtained from the systems mentioned above are rela-
tively larger than those of nanoporous gold (NPG) or nanoporous platinum (NP Pt) and 
change from few tenth nanometers to few hundredth nanometers, particularly for Zr-Cu 
system with a pore size of 500 nm [19]. The pore sizes have a significant effect on the 
mechanical properties of NPMs. The smallest size of nanopores is of order of 3.5 nm for 
the Cu-Pt system [21]. The yield strength of nanometer-sized NPG ligaments has been 
improved from ~880 MPa to 4.6 GPa as the NPGs’ pore size was refined from 50 nm to 
10 nm [22]. As has been reported, the rough NPCs have a relative lower yield strength (i.e., 
128 ± 37 MPa with a ligament size of 135 ± 31 nm [17], 86 ± 10 MPa as the ligaments with a 
size of 300–500 nm of NPCs fabricated by one-step dealloying of the melt-spun Al-50 at.% 
Cu alloy [11]). It is thus of importance to fabricate NPMs with finer nanostructure with 
smaller pore size and ligament scales. On the other hand, the elaboration of NPCs is help-
ful for the enhancements of the catalytic performance and sensitivity for various gaseous 
phases or metallic ions. Effective ways to reduce the characteristic nanopore sizes have 
been reported to be dealloying at low temperature [23]; chemical composition design of the 
precursor alloys, for example, Ag-Au-Pt [24], Al-Pt-Au [25], Ti-Cu-Au [26, 27], Ti-Cu-Ag 
[28], Ti-Cu-Ni [29], and Ti-Cu-Pd/Pt [30]; and modification of the solution chemistry by 
using organic acids [31] and by introducing the macromolecules of polyvinylpyrrolidone 
[32, 33]. The chemical composition design is considered to be an effective way to change 
the surface diffusion and rearrangements of the adatoms of the noble elements in the pre-
cursor alloys since these noble elements take effect from inside to outside. However, the 
uniform nanoporosity of NPCs is of importance for enhancing the mechanical properties 
and catalytic performances. Final nanoporous structure is affected by many factors, such as 
the chemical compositions and initial microstructure of the precursor alloys, the solution 
chemistries of dealloying solutions, and the experimental conditions (i.e., temperatures, 
etc.) [12, 34, 35]. The crystalline precursor alloys are extensively dealloyed to prepare NPMs 
(i.e., coarsen crystalline Al-Cu alloys [11], nanocrystalline Ag-Au, Ag-Au-Pt alloys [22, 24]). 
While the intermetallic phases or secondary phases exist in the matrix, the final nanopo-
rous structures inherit the characteristics of their initial microstructure of precursor alloys. 
The characteristics of the casting structures, the intermetallics, and the phase segregations 
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typical of the crystalline alloys, such as Al-Cu [11–16], Zn-Cu [9], Mg-Cu [10], Mn-Cu [17], 
Zr-Cu [19], and Ti-Cu [12, 13] alloys are inherited by the final porous structures. The kind 
and the chemical composition of the initial intermetallic phases and microstructure usually 
cause the formation of multi-modal nanoporous structures [9–17, 19]. On the contrary, the 
amorphous alloys exhibit many advantages, especially in their uniform distribution of the 
alloy constituents without the segregation in the chemical composition and heterogeneity 
in the microstructure [36]. It is believed that the absence of grain boundary, the large-scaled 
phase segregations, and intermetallics of amorphous precursors contributes to high uni-
formity in NPMs. Amorphous alloys with disordered atomic-scale structure, an absence of 
the weak sites (i.e., grain/phase boundaries typical of crystalline materials) [37], are good 
to be precursor alloys for the fabrication of the uniform NPMs in some extent. The forma-
tion of highly uniform and ultrafine nanoporous structures has been realized for several 
amorphous alloy systems, including Mg-Cu-Y [31], Ti-Cu-Au [26, 27], Ti-Cu-Ag [28], and 
Ti-Cu-Ni [29] ternary alloys.

2. Materials and methods

On the basis of binary Ti60Cu40 alloy, ternary alloys with nominal compositions of Ti60Cu39M1 
(M: Ni, Pd, Pt, Ag, Au) were designed and prepared by arc melting of high purity (purity 
> 99.99 mass%) of raw metals. The LSD elements were divided into two groups: G-I 
Au-group (Ag, Au) and G-II Pt-group (Ni, Pd, Pt). The surface diffusion coefficients have 
been reported to be 1.1 × 10−24 m s−2 for Pd and 3.6 × 10−26 m s−2 for Pt and 2.2 × 10−23 m s−2 for 
Au [38]. The surface diffusion coefficient of Ag in a vacuum is two orders lower than that 
of Cu as reported [12, 39, 40]. That of Cu is 1.1 × 10−18 m s−2, more than two orders higher 
than LSD elements. The surface diffusivity of Ni adatoms in the electrolyte was one tenth 
of that of Cu adatoms [41]. The ribbon samples were fabricated by melt spinning with a 
dimension of 20 μm in thickness and 2 mm in width. The starting Ti60Cu39M1 amorphous 
precursor alloys were treated under the free immersion condition for 43.2 ks in 0.03 M HF 
solution at 298 K. The detailed information of the experimental procedures has been sup-
plied in the previous publications [27–30]. An X-ray diffractometer (XRD, Rigaku 4200) 
was employed to identify the change in the lattice constants, crystalline states of dealloyed 
alloys and microstructure of precursor alloys and dealloyed alloys. The porous morpholo-
gies of the nanoporous NPC and LSD-stabilized samples were observed by a scanning elec-
tron microscope (JEOL, JIB-4610F). The chemical composition of the as-dealloyed samples 
was analyzed by an energy dispersive X-ray spectroscope (JEOL, JIB-4610F). Transmission 
electron microscopes (JEOL, HC2100, and ARM200) were used to observe the internal 
porous structure, the nanoporosity of dealloyed alloys, and crystalline characteristics of the 
LSD-stabilized Cu ligaments in high-resolution TEM modes. The nanoporosity was mainly 
analyzed on the basis of the average size of the nanopores and ligaments. The characteris-
tic pore size of as-dealloyed alloys was confirmed by the single chord method for over 125 
sites on SEM and TEM images.
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3. Elaboration of nanoporous copper via the chemical composition 
design

3.1. Characteristics of LSD-added Ti-Cu precursor alloys and nanoporous 
counterparts

The XRD patterns of the as-spun Ti60Cu40, Ti60Cu39Ni1, Ti60Cu39Pd1, and Ti60Cu39Pt1 ribbons pres-
ent one strong and broad diffraction peak at 41° and a weak diffraction peak at 70–75°, indicat-
ing an amorphous structure, as shown in Figure 1. Other LSD-substituted Ti60Cu40 precursor 
alloys were still amorphous states, indicating that the micro-alloying of 1 at.% LSD elements 
had not generated the heterogeneous microstructure or phase segregation. The high-resolu-
tion TEM images (HRTEM) and corresponding selective area diffraction patterns (SADP) of 
as-spun Ti60Cu40 and Ti60Cu39M1 show that as-spun LSD-substituted Ti60Cu39M1 alloys had an 
amorphous structure without the crystalline clusters and phase segregations [27]. As is well 
known, because G-I LSD elements, Ag and Au, have a similar crystal structure to Cu, the 
addition of minor amounts of G-I elements has thus no significant influence on the structure 
of as-spun alloys [26, 27]. In G-II elements, Ni, Pd, and Pt, three strong diffraction peaks were 
observed in the XRD patterns of the dealloyed Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons after deal-
loying for 43.2 ks in the 0.03 M HF solution. The diffraction peaks were identified to be fcc Cu 
and had slightly shifted to low diffraction angles due to the expansion of the LSD-substituted 

Figure 1. XRD patterns of as-spun (a, b, c, d) and dealloyed (e, f, g, h) Ti60Cu40 (a, e), Ti60Cu39Ni1 (b, f), Ti60Cu39Pd1 (c, g), 
and Ti60Cu39Pt1 (d, h) ribbons after immersion in 0.03 M HF solution for 43.2 ks. Reproduced with permission from Dan 
et al. [30] Copyright Materials Transactions.
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unit cells. The small peak around 36° was considered to be from the Cu2O phase. The absence 
of strong diffraction peaks from crystalline Pd and Pt phases indicates that CuPd or CuPt 
solid solution formed after dealloying. These XRD patterns were similar to those of Ag-, Au-, 
and Ni-stabilized NPCs [26–29]. Figure 2 shows the change in the lattice constant, α, and the 
grain sizes, L, with 1 at% addition of Au-group (G-I) and Pt-group (G-II). The standard lattice 
constants are reported to be 0.3524 nm for Ni, 0.3608 nm for Cu, 0.3891 nm for Pd, 0.3924 nm 
for Pt, 0.4078 nm for Au, and 0.4085 nm for Ag, respectively. The lattice constants of NPCs 
were estimated to be 0.3615–0.3627 nm on the basis of the XRD data of Cu (111) peaks. The 
lattice constants became larger when the added elements had larger lattice constants except in 
the case of Ag. As indicated in Figure 2, the Cu lattice expanded more when Pd and Pt were 
micro-alloyed into the Ti60Cu40 alloy. The added Ni, Pd, or Pt atoms were thus considered to 
substitute the Cu atoms in the Cu lattice to a higher extent than in the Ag- or Au-added cases, 
resulting in the expansion of the Cu lattice constants from 0.3615 nm to 0.3627 nm in Figure 2.  
In previous works it was found that the Au or Ag phase was formed after dealloying the 
Ti60Cu39Au1 and Ti60Cu39Au1 precursor alloys [26–29]. The absence of diffraction peaks from 
the Pd or Pt phase in the XRD patterns of dealloyed Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons and 
the large expansion of the lattice constants of the NPCs indicated that more Pt-group atoms 
invaded the Cu lattice than Au-group atoms (i.e., Ag addition and Au addition) for NPCs 
from precursor alloys micro-alloyed with LSD elements [26–29]. On the other hand, the grain 
sizes were reduced to 15 nm and 13 nm when the Pd and Pt were added into Ti60Cu40  ribbons. 

Figure 2. Dependence of the grain sizes (a) and the lattice constants (b) of dealloyed Ti60Cu39M1 (M: LSD—G-I Cu, Ag, 
and Au and G-II Ni, Pd, and Pt) ribbons on the addition of the elements. The lines are used for view guide of data points 
in G-I and G-II. Reproduced with permission from Dan et al. [30] Copyright Materials Transactions.
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alloys were still amorphous states, indicating that the micro-alloying of 1 at.% LSD elements 
had not generated the heterogeneous microstructure or phase segregation. The high-resolu-
tion TEM images (HRTEM) and corresponding selective area diffraction patterns (SADP) of 
as-spun Ti60Cu40 and Ti60Cu39M1 show that as-spun LSD-substituted Ti60Cu39M1 alloys had an 
amorphous structure without the crystalline clusters and phase segregations [27]. As is well 
known, because G-I LSD elements, Ag and Au, have a similar crystal structure to Cu, the 
addition of minor amounts of G-I elements has thus no significant influence on the structure 
of as-spun alloys [26, 27]. In G-II elements, Ni, Pd, and Pt, three strong diffraction peaks were 
observed in the XRD patterns of the dealloyed Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons after deal-
loying for 43.2 ks in the 0.03 M HF solution. The diffraction peaks were identified to be fcc Cu 
and had slightly shifted to low diffraction angles due to the expansion of the LSD-substituted 

Figure 1. XRD patterns of as-spun (a, b, c, d) and dealloyed (e, f, g, h) Ti60Cu40 (a, e), Ti60Cu39Ni1 (b, f), Ti60Cu39Pd1 (c, g), 
and Ti60Cu39Pt1 (d, h) ribbons after immersion in 0.03 M HF solution for 43.2 ks. Reproduced with permission from Dan 
et al. [30] Copyright Materials Transactions.

New Uses of Micro and Nanomaterials42

unit cells. The small peak around 36° was considered to be from the Cu2O phase. The absence 
of strong diffraction peaks from crystalline Pd and Pt phases indicates that CuPd or CuPt 
solid solution formed after dealloying. These XRD patterns were similar to those of Ag-, Au-, 
and Ni-stabilized NPCs [26–29]. Figure 2 shows the change in the lattice constant, α, and the 
grain sizes, L, with 1 at% addition of Au-group (G-I) and Pt-group (G-II). The standard lattice 
constants are reported to be 0.3524 nm for Ni, 0.3608 nm for Cu, 0.3891 nm for Pd, 0.3924 nm 
for Pt, 0.4078 nm for Au, and 0.4085 nm for Ag, respectively. The lattice constants of NPCs 
were estimated to be 0.3615–0.3627 nm on the basis of the XRD data of Cu (111) peaks. The 
lattice constants became larger when the added elements had larger lattice constants except in 
the case of Ag. As indicated in Figure 2, the Cu lattice expanded more when Pd and Pt were 
micro-alloyed into the Ti60Cu40 alloy. The added Ni, Pd, or Pt atoms were thus considered to 
substitute the Cu atoms in the Cu lattice to a higher extent than in the Ag- or Au-added cases, 
resulting in the expansion of the Cu lattice constants from 0.3615 nm to 0.3627 nm in Figure 2.  
In previous works it was found that the Au or Ag phase was formed after dealloying the 
Ti60Cu39Au1 and Ti60Cu39Au1 precursor alloys [26–29]. The absence of diffraction peaks from 
the Pd or Pt phase in the XRD patterns of dealloyed Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons and 
the large expansion of the lattice constants of the NPCs indicated that more Pt-group atoms 
invaded the Cu lattice than Au-group atoms (i.e., Ag addition and Au addition) for NPCs 
from precursor alloys micro-alloyed with LSD elements [26–29]. On the other hand, the grain 
sizes were reduced to 15 nm and 13 nm when the Pd and Pt were added into Ti60Cu40  ribbons. 

Figure 2. Dependence of the grain sizes (a) and the lattice constants (b) of dealloyed Ti60Cu39M1 (M: LSD—G-I Cu, Ag, 
and Au and G-II Ni, Pd, and Pt) ribbons on the addition of the elements. The lines are used for view guide of data points 
in G-I and G-II. Reproduced with permission from Dan et al. [30] Copyright Materials Transactions.
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The decrease in the grain sizes was considered to be due to the retardation of the self- diffusion 
of Cu adatoms by LSD elements [27, 29, 30]. The diffusion distance of Cu adatoms under free 
diffusion patterns is prevailed in a long-distance diffusion mode [2, 5, 10, 19–21]. However, 
the long-distance self-diffusion of Cu adatoms was interrupted and restricted by the LSD 
adatoms during the rearrangement of adatoms and resulted in an accumulation of Cu and 
LSD adatoms in a smaller scale. Consequently, smaller grains were formed when the Pt-group 
elements (Pd, Pt) and Au element were used to stabilize NPCs.

The nanoporous surface morphologies of dealloyed Ti60Cu39M1 (M: Cu, Ag, Au, Ni, Pd, Pt) 
alloys are shown in Figure 3. The mean pore size of the nanoporous structure of as-dealloyed 
Ti60Cu40 ribbons was about 71 nm after dealloying in 0.03 M HF solution. The characteristic 
length scales of ligaments of NPC obtained from Ti60Cu40 alloy were 74 nm in 0.03 M HF solu-
tion. The characteristic sizes for the nanopores and ligaments were confirmed to be for 41 
and 48 nm for dealloyed Ti60Cu39Ag1 precursor, 16 nm and 27 nm for Ti60Cu39Au1 precursor, 
12 nm and 26 nm for Ti60Cu39Ni1 precursor, 9 nm and 24 nm for Ti60Cu39Pd1 precursor, and 
8.5 nm and 31 nm for Ti60Cu39Pt1 precursor. Figure 4 shows a typical bright field TEM image 
(BFI), their corresponding selected area diffraction pattern (SADP) of Ti60Cu39M1 (M: Cu, Ag, 
Au, Ni, Pd, Pt) amorphous alloys after dealloying for 43.2 ks. A bi-continuous porous micro-
structure was formed with a characteristic pore size of 7 nm for the dealloyed Ti60Cu39Pd1 
ribbon and ca. 6 nm for the dealloyed Ti60Cu39Pt1 ribbon, respectively (Figure 4e and 3f). The 
diffraction rings in the SAD patterns were assigned to Cu (111), (200), (220), and (311) (JCPDS 

Figure 3. Typical surface morphologies of dealloyed Ti60Cu40 (a), Ti60Cu39Ag1 (b), Ti60Cu39Au1 (c), Ti60Cu39Ni1 (d),Ti60Cu39Pd1 
(e), and Ti60Cu39Pt1 (f) precursors after dealloying in 0.03 M HF solution for 43.2 ks. Reproduced with permission from 
Dan et al. [30] Copyright Materials Transactions. Reproduced with permission from Dan et al. [27, 30] copyright Elsevier 
and Materials Transactions.
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card No. 02-1225), and the inner ring was done for Cu2O (111) (JCPDS card No. 74-1230). 
The diffraction rings from the Cu2O phase were absent in the inset SADP in Figure 4e.  
The ligament sizes were confirmed to be ca. 23 nm for the dealloyed Ti60Cu39Pd1 ribbon and 
ca. 30 nm for the dealloyed Ti60Cu39Pt1 ribbon. The BFI images mainly reflected the internal 
nanoporous structures with a finer porosity in comparison to those in the surface regions. It is 
considered that the finer nanoporous structure in the internal parts mainly resulted from the 
lower concentration gradients inside the channels. As shown in Figure 4e and f, the pore size 
of Pd-stabilized and Pt-stabilized NPCs had a mean pore size of 7 and 6 nm, respectively. As 
shown in Figure 4b–d, the characteristic pore size of NPCs stabilized by the micro-alloying of 
Ni, Ag, and Au [27–29] has been reported to be 11 nm, 28 nm, and 12 nm on the basis of TEM 
analysis, respectively. The mean pore size of dealloyed Ti60Cu40 ribbons confirmed by TEM 
observation was 39 nm in Figure 4a [20]. The pore size decreased more than one order due to 
the addition of either Pd or Pt as shown in Figure 4e and f. The characteristic scale length of 
the nanopores and ligaments of dealloyed Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons decreased dra-
matically. On the basis of XRD, TEM, and SEM-EDX analysis, the residue is considered to be 
fcc CuPd and fcc CuPt solid solution. The similarity existed in all LSD-substituted Ti60Cu39M1 
(M: Ag, Au, Ni, Pd, Pt). Commonly the Cu(LSD) solid solutions can be regarded as the residual 
phases after dealloying. However, the selective dissolution is slightly different which caused 

Figure 4. Typical bright field TEM images of dealloyed Ti60Cu40 (a), Ti60Cu39Ag1 (b), Ti60Cu39Au1 (c), Ti60Cu39Ni1 
(d),Ti60Cu39Pd1 (e), and Ti60Cu39Pt1 (f) precursors after dealloying in 0.03 M HF solution for 43.2 ks. The insets are their 
corresponding selected area diffraction patterns. Reproduced with permission from Dan et al. [30] Copyright Materials 
Transactions.
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The decrease in the grain sizes was considered to be due to the retardation of the self- diffusion 
of Cu adatoms by LSD elements [27, 29, 30]. The diffusion distance of Cu adatoms under free 
diffusion patterns is prevailed in a long-distance diffusion mode [2, 5, 10, 19–21]. However, 
the long-distance self-diffusion of Cu adatoms was interrupted and restricted by the LSD 
adatoms during the rearrangement of adatoms and resulted in an accumulation of Cu and 
LSD adatoms in a smaller scale. Consequently, smaller grains were formed when the Pt-group 
elements (Pd, Pt) and Au element were used to stabilize NPCs.

The nanoporous surface morphologies of dealloyed Ti60Cu39M1 (M: Cu, Ag, Au, Ni, Pd, Pt) 
alloys are shown in Figure 3. The mean pore size of the nanoporous structure of as-dealloyed 
Ti60Cu40 ribbons was about 71 nm after dealloying in 0.03 M HF solution. The characteristic 
length scales of ligaments of NPC obtained from Ti60Cu40 alloy were 74 nm in 0.03 M HF solu-
tion. The characteristic sizes for the nanopores and ligaments were confirmed to be for 41 
and 48 nm for dealloyed Ti60Cu39Ag1 precursor, 16 nm and 27 nm for Ti60Cu39Au1 precursor, 
12 nm and 26 nm for Ti60Cu39Ni1 precursor, 9 nm and 24 nm for Ti60Cu39Pd1 precursor, and 
8.5 nm and 31 nm for Ti60Cu39Pt1 precursor. Figure 4 shows a typical bright field TEM image 
(BFI), their corresponding selected area diffraction pattern (SADP) of Ti60Cu39M1 (M: Cu, Ag, 
Au, Ni, Pd, Pt) amorphous alloys after dealloying for 43.2 ks. A bi-continuous porous micro-
structure was formed with a characteristic pore size of 7 nm for the dealloyed Ti60Cu39Pd1 
ribbon and ca. 6 nm for the dealloyed Ti60Cu39Pt1 ribbon, respectively (Figure 4e and 3f). The 
diffraction rings in the SAD patterns were assigned to Cu (111), (200), (220), and (311) (JCPDS 

Figure 3. Typical surface morphologies of dealloyed Ti60Cu40 (a), Ti60Cu39Ag1 (b), Ti60Cu39Au1 (c), Ti60Cu39Ni1 (d),Ti60Cu39Pd1 
(e), and Ti60Cu39Pt1 (f) precursors after dealloying in 0.03 M HF solution for 43.2 ks. Reproduced with permission from 
Dan et al. [30] Copyright Materials Transactions. Reproduced with permission from Dan et al. [27, 30] copyright Elsevier 
and Materials Transactions.
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card No. 02-1225), and the inner ring was done for Cu2O (111) (JCPDS card No. 74-1230). 
The diffraction rings from the Cu2O phase were absent in the inset SADP in Figure 4e.  
The ligament sizes were confirmed to be ca. 23 nm for the dealloyed Ti60Cu39Pd1 ribbon and 
ca. 30 nm for the dealloyed Ti60Cu39Pt1 ribbon. The BFI images mainly reflected the internal 
nanoporous structures with a finer porosity in comparison to those in the surface regions. It is 
considered that the finer nanoporous structure in the internal parts mainly resulted from the 
lower concentration gradients inside the channels. As shown in Figure 4e and f, the pore size 
of Pd-stabilized and Pt-stabilized NPCs had a mean pore size of 7 and 6 nm, respectively. As 
shown in Figure 4b–d, the characteristic pore size of NPCs stabilized by the micro-alloying of 
Ni, Ag, and Au [27–29] has been reported to be 11 nm, 28 nm, and 12 nm on the basis of TEM 
analysis, respectively. The mean pore size of dealloyed Ti60Cu40 ribbons confirmed by TEM 
observation was 39 nm in Figure 4a [20]. The pore size decreased more than one order due to 
the addition of either Pd or Pt as shown in Figure 4e and f. The characteristic scale length of 
the nanopores and ligaments of dealloyed Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons decreased dra-
matically. On the basis of XRD, TEM, and SEM-EDX analysis, the residue is considered to be 
fcc CuPd and fcc CuPt solid solution. The similarity existed in all LSD-substituted Ti60Cu39M1 
(M: Ag, Au, Ni, Pd, Pt). Commonly the Cu(LSD) solid solutions can be regarded as the residual 
phases after dealloying. However, the selective dissolution is slightly different which caused 

Figure 4. Typical bright field TEM images of dealloyed Ti60Cu40 (a), Ti60Cu39Ag1 (b), Ti60Cu39Au1 (c), Ti60Cu39Ni1 
(d),Ti60Cu39Pd1 (e), and Ti60Cu39Pt1 (f) precursors after dealloying in 0.03 M HF solution for 43.2 ks. The insets are their 
corresponding selected area diffraction patterns. Reproduced with permission from Dan et al. [30] Copyright Materials 
Transactions.
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the formation of Ag and Au phases [27, 28]. Although NPCs from Ti60Cu39Ag1  precursor had 
a large final nanopore, the elaborating behavior still happened at the initial dealloying stages 
with a high refining efficiency [28]. As shown in Figure 5, the distribution of Au LSD ele-
ment was profiled. The uniform distribution of Au elements can be confirmed here. For other 
precursor alloys, the residual LSD elements had similar profiles which benefited from the 
uniform distribution of these LSDs in the amorphous precursor alloys.

3.2. Effects of LSDs on surface diffusion

On the basis of the surface diffusion-controlled coarsening mechanism, the surface diffusiv-
ity, Ds, at various dealloying temperatures was estimated by the equation [42]:

   D  s   =   
 [ d(t ) ]   4  kT

 _______ 32γt  a   4     (1)

where k is Boltzmann constant (1.3806 × 10−23 J K−1), γ is surface energy, t is the dealloy-
ing time (43,200 s), d(t) is the pore size at t, T is the temperature, and α is the lattice constant. 
The pore size of NPCs confirmed by TEM micrographs and lattice constants calculated from 
XRD data were adopted for calculation of Ds. The surface energy of Cu has been reported to 
be 1.79 J m−2 [40, 43]. The surface energy of micro-alloyed elements has been reported to be 
1.24 J m−2 for Ag, 1.50 J m−2 for Au, 2.0 J m−2 for Ni, 2.0 J m−2 for Pd, and 2.49 J m−2 for Pt [40, 43].  
The concentration of Au-group elements (Ag, Au) and Pt-group elements (Ni, Pd, Pt) in the pre-
cursor alloys was 1 at%. The concentration of added elements (Ag, Au, Ni, Pd, Pt) in NPCs after 
dealloying should theoretically be 2.5 at% if the dissolution of Cu in HF solution is not con-
sidered. Therefore, the surface energy of LSD-stabilized NPCs is considered to be very close 
to that of Cu. The surface energy of Cu, 1.79 J m−2, was adopted for the calculation of Ds. The 
characteristic nanopore sizes were summarized in Figure 6a, which has been illustrated above. 
On the other hand, the surface diffusivities of these LSD-stabilized alloys in 0.03 M HF solutions 

Figure 5. High-angle annular dark field scanning TEM image (a) and elemental mapping of Cu (b) and Au (c) of 
dealloyed Ti60Cu39Au1 precursors after dealloying in 0.03 M HF solution for 43.2 ks. Reproduced with permission from 
Dan et al. [27] Copyright Elsevier.
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can be modified. As shown in Figure 5b, the value of Ds was estimated to be 2.5 × 10−18 m2 s−1 for 
Ti60Cu40 ribbon, 6.0 × 10−20 m2 s−1 for Ti60Cu40 ribbon, 9.7 × 10−21 m2 s−1 for Ti60Cu39Au1 ribbon and 
2.0 × 10−21 m2 s−1 for Ti60Cu39Ni1 ribbon, 2.3 × 10−22 m2 s−1 for Ti60Cu39Pd1 ribbon, and 1.3 × 10−22 m2 s−1 
for Ti60Cu39Pt1 ribbon, respectively. The surface diffusivity decreased more than four orders of 
magnitude due to the addition of Pd and Pt. Compared with Ds of the Au-group-stabilized 
NPCs, the decrease in Ds in the Pt-group-stabilized NPCs was remarkable.

The refining factor, R, is defined as the ratio between the surface diffusivity, Ds, of NPC 
obtained from amorphous Ti60Cu40 precursor (numerator) and NPCs stabilized by LSDs 
(denominator):

  R =   
 D  s  Cu 

 ___  D  s  L 
   ≈   

 [ d  (t )   Cu  ]   4 
 _______  [ d  (t )   L  ]   4    ×    [  a   Cu  ]   4  _____  [  a   L  ]   4     (2)

As shown in Figure 6c, the estimated refining factor was 968 for Ti60Cu39Pd1 ribbon and 1780 
for Ti60Cu39Pt1 ribbon, respectively. In other cases, the value of R changed from 4 for the deal-
loyed Ti60Cu39Ag1 ribbon, 111 for the dealloyed Ti60Cu39Ni1 ribbon, and 231 for the dealloyed 
Ti60Cu39Au1 ribbon, respectively. The refining efficiency of the micro-alloying of the Pt-group 
elements into the precursor Ti60Cu40 alloy was one order higher than that of the Au-group 
cases. The lower value of R for Ti60Cu40 alloy stabilized by Au-group (G-I) elements could 
take into account from several aspects: (1) the larger self-diffusion coefficients of Ag and Au 
than that of Cu [44–48] and (2) the large misfit in the atomic radii [49]. As has been reported 
before [44–48], the self-diffusion coefficients of Au- and Pt-group elements are ranked as fol-
lowing: Ag > Cu > Au > Ni > Pd > Pt. As such, there are more possibilities for Ag adatoms 
to meet with other Ag adatoms during the diffusion and rearrangements processes of deal-
loying to form clusters and to develop the Ag phase because it has a larger self-diffusion 
coefficient than Cu atoms [44, 48]. The self-diffusion coefficient of Au is slightly smaller than 
that of Cu [45]. Because the misfit in the atomic radius between Cu and Ag and Cu and Au 
is about 13%, the incorporation of Ag-Au atoms into the Cu lattice becomes more difficult 
than that of Cu/Cu atoms. On the other hand, the self-diffusion coefficients of Pt-group (G-II) 

Figure 6. Mean pore size (a), surface diffusivity (b), and refining factor of dealloyed Ti60Cu39M1. M is the selected LSD 
elements including Ag, Au, Ni, Pd, and Pt. The lines are used for view guide of data points in G-I and G-II. Reproduced 
with permission from Dan et al. [30] Copyright Materials Transactions.
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the formation of Ag and Au phases [27, 28]. Although NPCs from Ti60Cu39Ag1  precursor had 
a large final nanopore, the elaborating behavior still happened at the initial dealloying stages 
with a high refining efficiency [28]. As shown in Figure 5, the distribution of Au LSD ele-
ment was profiled. The uniform distribution of Au elements can be confirmed here. For other 
precursor alloys, the residual LSD elements had similar profiles which benefited from the 
uniform distribution of these LSDs in the amorphous precursor alloys.

3.2. Effects of LSDs on surface diffusion

On the basis of the surface diffusion-controlled coarsening mechanism, the surface diffusiv-
ity, Ds, at various dealloying temperatures was estimated by the equation [42]:

   D  s   =   
 [ d(t ) ]   4  kT

 _______ 32γt  a   4     (1)

where k is Boltzmann constant (1.3806 × 10−23 J K−1), γ is surface energy, t is the dealloy-
ing time (43,200 s), d(t) is the pore size at t, T is the temperature, and α is the lattice constant. 
The pore size of NPCs confirmed by TEM micrographs and lattice constants calculated from 
XRD data were adopted for calculation of Ds. The surface energy of Cu has been reported to 
be 1.79 J m−2 [40, 43]. The surface energy of micro-alloyed elements has been reported to be 
1.24 J m−2 for Ag, 1.50 J m−2 for Au, 2.0 J m−2 for Ni, 2.0 J m−2 for Pd, and 2.49 J m−2 for Pt [40, 43].  
The concentration of Au-group elements (Ag, Au) and Pt-group elements (Ni, Pd, Pt) in the pre-
cursor alloys was 1 at%. The concentration of added elements (Ag, Au, Ni, Pd, Pt) in NPCs after 
dealloying should theoretically be 2.5 at% if the dissolution of Cu in HF solution is not con-
sidered. Therefore, the surface energy of LSD-stabilized NPCs is considered to be very close 
to that of Cu. The surface energy of Cu, 1.79 J m−2, was adopted for the calculation of Ds. The 
characteristic nanopore sizes were summarized in Figure 6a, which has been illustrated above. 
On the other hand, the surface diffusivities of these LSD-stabilized alloys in 0.03 M HF solutions 

Figure 5. High-angle annular dark field scanning TEM image (a) and elemental mapping of Cu (b) and Au (c) of 
dealloyed Ti60Cu39Au1 precursors after dealloying in 0.03 M HF solution for 43.2 ks. Reproduced with permission from 
Dan et al. [27] Copyright Elsevier.
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can be modified. As shown in Figure 5b, the value of Ds was estimated to be 2.5 × 10−18 m2 s−1 for 
Ti60Cu40 ribbon, 6.0 × 10−20 m2 s−1 for Ti60Cu40 ribbon, 9.7 × 10−21 m2 s−1 for Ti60Cu39Au1 ribbon and 
2.0 × 10−21 m2 s−1 for Ti60Cu39Ni1 ribbon, 2.3 × 10−22 m2 s−1 for Ti60Cu39Pd1 ribbon, and 1.3 × 10−22 m2 s−1 
for Ti60Cu39Pt1 ribbon, respectively. The surface diffusivity decreased more than four orders of 
magnitude due to the addition of Pd and Pt. Compared with Ds of the Au-group-stabilized 
NPCs, the decrease in Ds in the Pt-group-stabilized NPCs was remarkable.

The refining factor, R, is defined as the ratio between the surface diffusivity, Ds, of NPC 
obtained from amorphous Ti60Cu40 precursor (numerator) and NPCs stabilized by LSDs 
(denominator):

  R =   
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As shown in Figure 6c, the estimated refining factor was 968 for Ti60Cu39Pd1 ribbon and 1780 
for Ti60Cu39Pt1 ribbon, respectively. In other cases, the value of R changed from 4 for the deal-
loyed Ti60Cu39Ag1 ribbon, 111 for the dealloyed Ti60Cu39Ni1 ribbon, and 231 for the dealloyed 
Ti60Cu39Au1 ribbon, respectively. The refining efficiency of the micro-alloying of the Pt-group 
elements into the precursor Ti60Cu40 alloy was one order higher than that of the Au-group 
cases. The lower value of R for Ti60Cu40 alloy stabilized by Au-group (G-I) elements could 
take into account from several aspects: (1) the larger self-diffusion coefficients of Ag and Au 
than that of Cu [44–48] and (2) the large misfit in the atomic radii [49]. As has been reported 
before [44–48], the self-diffusion coefficients of Au- and Pt-group elements are ranked as fol-
lowing: Ag > Cu > Au > Ni > Pd > Pt. As such, there are more possibilities for Ag adatoms 
to meet with other Ag adatoms during the diffusion and rearrangements processes of deal-
loying to form clusters and to develop the Ag phase because it has a larger self-diffusion 
coefficient than Cu atoms [44, 48]. The self-diffusion coefficient of Au is slightly smaller than 
that of Cu [45]. Because the misfit in the atomic radius between Cu and Ag and Cu and Au 
is about 13%, the incorporation of Ag-Au atoms into the Cu lattice becomes more difficult 
than that of Cu/Cu atoms. On the other hand, the self-diffusion coefficients of Pt-group (G-II) 

Figure 6. Mean pore size (a), surface diffusivity (b), and refining factor of dealloyed Ti60Cu39M1. M is the selected LSD 
elements including Ag, Au, Ni, Pd, and Pt. The lines are used for view guide of data points in G-I and G-II. Reproduced 
with permission from Dan et al. [30] Copyright Materials Transactions.
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elements are more than two orders lower than that of Cu element [47, 48], and the formation 
of the  crystalline phase of G-II elements (Ni, Pd, Pt) was interrupted by the fast diffusion of 
Cu adatoms. Furthermore, the misfits in the atomic radius between Cu and Pd and Pt ele-
ments are ca. 8%, and the incorporation of Pd/Pt into the Cu lattices appears more easily. The 
changes in the lattice constants of the NPCs stabilized by G-I and G-II indicated by XRD pat-
terns in Figure 1 and Refs. [27, 28] support the present hypothesis. As has presented above, 
the formation of the Ag and Au crystalline phases after dealloying is considered to be due to 
the difference in self-diffusion behaviors and misfits of the atomic radius. The minor addition 
of Group-I LSDs causes the formation of the crystalline Ag/Au phases, and the refining fac-
tors of Group I were small. On the other hand, the micro-alloying by Group-II LSDs mainly 
resulted in the invasion of the Cu lattices, with some Cu atoms in the lattice substituted by Ni, 
Pd, and Pt atoms, forming solid solutions, and the refining factors for Group II were high. In 
some extent, these LSD atoms in the lattice are considered to be the main contributors for the 
elaboration of NPCs.

The diffusion in the interfacial regions between Cu, LSD adatoms, and Ti adatoms played a 
key role in the formation of ultrafine NPCs. For example, Evangelakis investigated the diffu-
sion of Au adatoms on Cu and self-diffusion of Cu adatoms by using the molecular dynamic 
method [50]. They have found that diffusion of Cu adatoms takes place exclusively by hop-
ping from one adatom position to an adjacent one and that multiple jumps are frequent at low 
temperatures. On the other hand, Au adatoms on the NPC ligaments hopped less frequently 
than in the case of Cu self-diffusion. The migration energy required for hopping of Au on Cu 
was almost twice that of the corresponding energy for Cu adatoms. While the diffusion of Au 
on Cu was more difficult than the diffusion of Cu on Cu, this phenomenon is compatible with 
the binding energy of Au adatoms, which is found to be 2.77 eV for Au adatoms and 2.26 eV 
for Cu adatoms. The Au adatoms relaxed at a distance −15% smaller than the bulk interlayer 
distance, but in the case of the Cu adatoms, it was −10% for the same quantity [50]. The Cu 
adatoms diffused quickly in and out by themselves; however, the Au adatoms at the activated 
sites diffused out slowly and hardly ever diffused back to the NPC ligaments. Consequently, 
Au adatoms gradually accumulated outside the ligaments during the dealloying [27, 30]. As 
a result, Au adatoms uniformly distributed outside the ligaments after dealloying for 43.2 ks 
via the hopping mechanism, as shown in Figure 5. When more Au was added to TiCu amor-
phous alloys, the surface coverage of Au adatoms increased during dealloying, suggesting 
that the accumulation rate of Au adatoms in the more concentrated solutions was higher due 
to the faster migration of Au and Cu adatoms [27]. Because the accumulated Au adatoms built 
up a continuous outmost diffusion barrier, the behaviors of diffusion and rearrangements of 
Cu and Au adatoms can be fulfilled to form ultrafine NPCs from both the LSD-substituted 
Ti60Cu40 amorphous precursor alloys in HF solutions. The diffusion behavior for other LSD-
stabilized nanoporous structures was considered to be similar. However, the accumulation of 
G-II Pt-group elements (Ni, Pd, and Pt) with much slower diffusion rates and Ni, Pd, and Pt 
cluster or grains with much smaller size less than 7 nm tended to form, which are not sensi-
tive to X-ray [51]. As has been reported [52], a bimodal nanoporous structure with a pore 
size of 10 nm and 20 nm has been fabricated from Al75Pd17.5Au7.5 precursor alloys by succes-
sive dealloying. The initial heterogeneous microstructure consisting of Al2Au- and Al3Pd-type 
intermetallics causes the formation of a bimodal nanoporous structure. The similar evolution 
of bimodal or multimodal nanoporosity on precursor alloys heterogeneous in  microstructure 
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has been reported [11, 12, 14, 20, 41]. Amorphous precursor alloys with homogeneously dis-
tributed Cu, Ti, and LSD atoms also have an important refining effect. The uniform distri-
bution of added Pd and Pt atoms in final NPCs resulted in smaller nanopores, as shown in 
Figures 3 and 4. In 2008, fine nanoporous AuPt alloys with a pore size of about 5 nm were 
fabricated from an Ag65Au29Pt6 precursor [24]. The alloying of 6 at% Pt into the Ag65Au35 alloy 
effectively reduced the pore size from 10 to 20 nm to about 4 nm, which also supports the 
present results. However, the high cost of Au and Pt weakens their potential application. By 
minor addition of the 1 at% Pt-group elements, it is possible to elaborate NPCs down to a pore 
size of approximately 6 nm, comparable to high-cost AuPt nanoporous in nanoporosity. So far 
the LSD-stabilized NPCs had a relative small nanopores and narrow ligaments comparable to 
these of NP Au, NP Pd, and NP Pt. If catalytic Au, Pd, or Pt monolayer is electrodeposited on 
ultrafine NPCs, the catalytic performance of this kind of cost-effective porous materials is able 
to be close to those Au, Pd, or Pt catalysts. Meanwhile, if the oxides are assembled on ultrafine 
NPC templates, the new-developed nanocomposites can be used as promising pseudocapaci-
tors to contribute in the energy conversion fields.

4. Conclusions

The 1 at% minor addition of low surface diffusive (LSD) elements in two groups (G-I, 
Au-group (Ag, Au), and G-II, Pt-group (Ni, Pd, Pt)) is able to elaborate the nanoporous Cu 
structure dealloyed from micro-alloyed Ti60Cu40 alloy efficiently. The chemical compositions 
of Ti60Cu40 alloys stabilized by the addition of G-II metals were shown to be more effective in 
refining nanoporous structure than the addition of G-I metals. Nanoporous Cu with a pore 
size of less than 7 nm was obtained from Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons after dealloying. 
The residue of dealloyed Ti60Cu39Pd1 and Ti60Cu39Pt1 ribbons was confirmed to be bimetallic 
solid solutions, such as fcc Cu(Pd) or Cu(Pt) solid solutions, and fcc Cu(Au), Cu(Ag), and 
Cu(Ni) solid solutions formed after dealloying. The refining factor increases approximately 
from 3.7 for the Ti60Cu39Ag1 precursor alloy to 1780 for the Ti60Cu39Pt1 precursor alloy. The 
elaboration was attributed to the dramatic decrease in the surface diffusivity during both 
preferential dissolution and rearrangement of Cu adatoms. The refinement efficiency of the 
micro-alloying of the G-II LSDs in Pt-group elements was almost one order higher than that of 
the G-I LSDs in Au-group elements. The homogeneous distribution of LSD elements in both 
of the amorphous precursor alloys and the final stabilized NPCs played a key role in refining 
the NPCs. The strategy outlined in this work has the potential to be applied to other alloy 
systems to obtain other ultrafine nanoporous metals with comparable nanoporosity to those 
high-cost catalysts.
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Abstract

For decades, the race for the shortest chromatogram with the best resolution and sepa-
ration efficiency has been the focus of researchers and manufacturers. Considerable 
advancement has been attained in the field of separation science with the widespread 
applications and outstanding performance of nanomaterials. According to the van 
Deemter equation, sub-2 micron particles employed in a conventional HPLC short 
column should subsequently result in analysis time reduction and efficiency improve-
ments without the drawbacks of high pressure associated with sub-2 micron particles. 
This chapter provides comprehensive discussion about the applications of the new sub 2 
microns silica particles in chiral separation of racemates.

Keywords: CHIRALPAK IG-U, HPLC, chiral separation, sub-2 micron, nanomaterials

1. Introduction

1.1. Nanomaterials as stationary phases in separation science

Nanomaterials are nanostructures with sizes in the range of approximately 1–100 nm [1]. 
These nanomaterials frequently have chemical and physical characteristics that are distinct 
from those of their macroscopic counterparts [1]. They can be exploited in many fields of 
science and technology including separation science [2]. In separation science, this term 
often refers to nano-materials-based stationary phases used to separate chemical compounds 
[2]. Widespread applications and outstanding performance of nanomaterials have not only 
accelerated the development of separation science, but also offer many opportunities in other 
related disciplines, and have a significant impact on many fields of science [2, 3]. Separation 
science is based on the application of broad chromatographic techniques to achieve separations 
of compounds. Such separation is achieved by regulating the magnitude of the distribution 
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Figure 1. The difference in surface area between porous and non-porous microspheres under scanning electron 
microspray [2].

coefficient between two distinct phases namely the stationary and the mobile phases [1–3]. 
The components separate as they migrate with different rates depending on their unique 
distribution coefficients, they separate [4]. Different chromatographic techniques are available 
depending on the type of the phases [4]. The chromatography is known to be liquid chroma-
tography (LC) when it employs a liquid mobile phase [5]. The most sophisticated form of LC 
is High-performance liquid chromatography (HPLC) where the mobile phase passes through 
the stationary via a pump at high pressures [4, 5].

2. Applications of nanomaterials in HPLC stationary phases

In conventional HPLC, the stationary phase (SP) plays a pivotal role in the separation tech-
nique [5]. The packing particles constituting the SP are of several micrometres in diameter 
with nanometre-sized pores [6]. Therefore, the industry has pushed researchers to investigate 
new packing materials as an attempt to achieve high throughput with robust analysis [6]. 
Packings in HPLC can be divided into three types-polymeric, inorganic, and hybrid materi-
als. At present, inorganic materials, which include silica, hydroxyapatite, graphite, and metal 
oxides, etc. are widely used in research and applications [7]. Among these materials, silica 
is almost ideal support given its favourable characteristics, for example, good mechanical 
strength, high chemical and thermal stability, controllable pore structure and surface area, etc. 
[7]. Therefore, silica has been developed as the most widely used HPLC packing material [6, 7]. 
Throughout the years, many silica stationary phases (both porous and non-porous) have been 
commercialised and widely applied for analysis of pharmaceutical and biological samples [8].

2.1. Porous and non-porous nanomaterials

Non-porous and porous particles are the two major types of spherical packing materials 
used in HPLC [8]. The significant difference between both particles is that porous particles 
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have resistance to mass transfer contribution from the stagnant mobile phase in the pores 
[8]. Decreasing the particle size and increasing the diffusion coefficient can improve the 
mass transfer of solutes in the mobile phase [3, 5]. Non-porous particles can provide lower 
mass transfer resistance and higher efficiency than porous particles [8]. However, porous 
particles have higher surface areas (Figure 1) and can provide much higher sample loading 
capacity [8].

On the other hand, in porous particles, solutes transfer from the mobile phase exterior to the 
particles into the mobile phase within the pores to interact with the chiral stationary phase 
(CSP) [9]. Following this interaction, the solute molecule must diffuse out of the particle and 
continue its journey down the column ahead of the solute [5, 9]. This slow rate of mass trans-
fer into and out of the porous particle is a source of HPLC band broadening [9]. Figure 2 illus-
trates a reduction in particle size shortens the path length of this diffusion process, improves 
mass transfer, and provides better efficiency [9].

3. Effect of particle size on the separation efficiency, speed and 
resolution of chiral separations

3.1. Relationship between particle size, and column efficiency

Particle size is known to be the mean diameter of the spherical support employed in column 
packing [6]. This physical dimension significantly impacts HPLC column performance [9]. A 
decrease in particle size increases peak efficiencies (Figure 2). This is based on the resolution 
equation (Eq. (1)) which comprise of three terms: selectivity, retention capacity, and efficiency 
[10]. The components of an analytical method alter each of these terms. In particular, the col-
umn’s particle size affects the efficiency factor from the equation [10]. Efficiency is a qualita-
tive term used to measure the number of theoretical plates in a column. Put simply, as particle 
size is lowered, efficiency increases, and more resolution is achieved [10].

   R  S   = 2 ( t  R,2   −  t  R,1  )  /  ( w  b,1   +  w  b,2  )   (1)

Figure 2. Smaller particle sizes increase efficiency and result in a wider range of flow rates [9].
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Burns et al. observed a nearly linear correlation between the width of the particle size dis-
tribution of commercially available HPLC particles and the minimum reduced plate height, 
the van Deemter equation (VDE) A-term and the minimum reduced separation impedance 
[10, 11]. Column efficiency in HPLC is influenced by a number of factors such as particle 
size, flow rate and degree of cross-linkage of gels [12]. Particle size distribution (PSD) of 
packing materials is also considered one of the important factors [12]. It has been empiri-
cally found that column efficiency is improved by narrowing the PSD [11, 12]. Because the 
greatest the achievable plate height is, the more effective the PSD has on the separation 
efficiency [12]. On one side, column efficiency or plate number is dependent on particle 
size, and the pore size controls the surface area where retention is controlled primarily by 
the surface area [9–12].

3.2. The impact of the pore size of silica gel on the CSPs

Retention is directly related to surface area; therefore, the use of large-pore columns is not 
desirable when small-pore columns can be used [13]. Selection of the pore size is based on 
providing easy access for the molecules to the pores in the column [10–12]. Consequently, 
the higher surface area associated with small pore-columns is preferred mainly because the 
analytes are small enough to pass through the pores [12, 13].

The performance of the CSP increases with pore size when the pore diameter is large enough 
for the penetration of macromolecules [13]. Specific surface area and, therefore, the number 
of silanol groups on the surface of the silica gel, decreases with increasing of pore size; 
consequently, the bound amount of the chiral selector depends on the pore size of silica 
matrix [13]. The particle size of silica gel has a major effect on the performance of the col-
umn, increasing the particle size from 3 to 10 μ decreased the theoretical plate number [13]. 
A reduction in particle size can lead to more compact and stable packing and thus better 
column efficiency.

3.3. Chromatographic effects of varying particle size and size distributions

In the late 1960s, Horvath and coworkers introduced columns packed with rigid pellicular 
particles (40–50 μ) applicable under high pressures [14]. The thin porous coat allowed 
for robust solute mass transfer through the packing, hence, improving column efficiency. 
However, pellicular particles had a drawback of low sample capacity [16]. In the 1970s, 
large porous/pellicular particles were reduced down to smaller porous particles of 10 μ to 
eliminate the drawbacks of pellicular materials [16]. However, particles of silica smaller 
than 40 μ have demonstrated some difficulties with packing reproducibility [17]. Irregular 
shapes of microporous particles were used throughout the 1970s until the spherical mate-
rial was obtained and improved. In the 1980s, 5 μ became the standard particle diameter, 
and in the early 1990s, 3–3.5 μ particle diameters were also commercially available [16, 17]. 
The latter demonstrated 30–50% faster analysis times and higher efficiencies compared 
to 5 μ. Methods can be easily transferred from 5 μ to similar 3 stationary phases [14–17] 
(Figure 3) [15].
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4. Small-particle (sub-2-μm) columns for high efficiency and speed

Separation efficiency is inversely proportional to the stationary phase diameter [17]. 
Stationary phase manufacturers have reduced particles for packing down to micron-sized 
[17]. If packing materials could be further reduced in the future down to the nanometre scale, 
the band dispersion would consequently be reduced further by 6 magnitude orders [17, 18]. 
As a consequence, in 2004, the first available porous silica with small particle size was com-
mercialised (1.7 μ), which allowed better resolution compared to the current 5 or 3.5 μ [18]. 
Several column suppliers now offer columns packed with particles in the range of 1.5–2 μ [18]. 
The term sub-2 micron, including particles of 2 μ, is used in this work for the sake of clarity 
[19]. Different works, dealing with drug and metabolites analysis, bioanalytical as well as 
environmental separations, compared columns packed with 5 μ and sub-2 micron supports 
and demonstrated that the latter clearly reduced the analysis time with comparable efficiency 
[20]. However, the quest towards the use of nanomaterials in chromatography has encoun-
tered serious challenges such as extremely high back pressures and problems associated with 
frits [20, 21].

The high back pressure is induced by the friction of the mobile phase percolating through the 
sub-2 μm particles stationary phase, generating heat that can be detrimental to the separa-
tions [22]. Studies suggest that reducing column internal diameter (i.d.) minimised frictional 
heating effect from the radial temperature gradient [22, 23]. This is due to fast heat dissipation 
within such a narrow-bore column [23]. As column length is proportional to the particle size, 
shortening the columns lead to fast separation with sub-2 μm particles [23].
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Burns et al. observed a nearly linear correlation between the width of the particle size dis-
tribution of commercially available HPLC particles and the minimum reduced plate height, 
the van Deemter equation (VDE) A-term and the minimum reduced separation impedance 
[10, 11]. Column efficiency in HPLC is influenced by a number of factors such as particle 
size, flow rate and degree of cross-linkage of gels [12]. Particle size distribution (PSD) of 
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and in the early 1990s, 3–3.5 μ particle diameters were also commercially available [16, 17]. 
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to 5 μ. Methods can be easily transferred from 5 μ to similar 3 stationary phases [14–17] 
(Figure 3) [15].
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4. Small-particle (sub-2-μm) columns for high efficiency and speed
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The term sub-2 micron, including particles of 2 μ, is used in this work for the sake of clarity 
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environmental separations, compared columns packed with 5 μ and sub-2 micron supports 
and demonstrated that the latter clearly reduced the analysis time with comparable efficiency 
[20]. However, the quest towards the use of nanomaterials in chromatography has encoun-
tered serious challenges such as extremely high back pressures and problems associated with 
frits [20, 21].

The high back pressure is induced by the friction of the mobile phase percolating through the 
sub-2 μm particles stationary phase, generating heat that can be detrimental to the separa-
tions [22]. Studies suggest that reducing column internal diameter (i.d.) minimised frictional 
heating effect from the radial temperature gradient [22, 23]. This is due to fast heat dissipation 
within such a narrow-bore column [23]. As column length is proportional to the particle size, 
shortening the columns lead to fast separation with sub-2 μm particles [23].
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As shown in Figure 4, sub-2 micron particles are noted to be highly efficient and hence, the col-
umn length can be shortened while maintaining resolution in a shorter analysis time [23]. To 
achieve fast separations, short columns and high flow rates are necessary. In such columns, it 
can be practically difficult to achieve axially and radially homogenous beds [24]. It seems more 
logical to use smaller diameter columns, such as 3 mm i.d. when using sub-2 micron particles 
[23, 24]. This significantly reduces the flow rate required to achieve optimum efficiency, which 
in turn minimises the extra-column dispersion caused by the tubing [25]. Higher linear veloci-
ties can be achieved at lower flow rates, with much lower pressure drops in the tubing [25].

If the main goal is reducing analysis time, an increase in the flow rate above the optimum rate 
allows for robust separations, while maintaining resolution due to the small particles lower mass 
transfer resistance [24]. On the other side, if the primary goal is higher resolution, maintaining 
column length can increase resolution with a subsequent increase in analysis time [24]. Particle 
size reduction has more effect than column length, gradient time, or flow-rate to improve peak 
capacity in gradient mode [26]. However, these small particles can generate a high bp incompat-
ible with conventional instrumentation [27]. It is evident that a reduction in particle size reduces 
backpressure because of the inverse square relationship between them [27]. As a result, new 
HPLC instrumentation such as ultra-high performance liquid chromatography (UHPLC) has 
been developed to handle elevated pressures above 400 bar [27]. However, employing shorter 
columns with smaller particles (i.e. sub-2 micron) have the ability to combine high resolution 
without exceeding the pressure limit of 400 bar associated with conventional HPLC [23–27].

4.1. Van Deemter analysis of sub-2 micron CSPs

According to VDE, the A- and C-terms are directly proportional to the particle size [28]. 
Therefore, the use of smaller particles provides a decrease of the plate height together with 
a flatter profile of the right branch of the van Deemter curve [28]. A reduction in column i.d. 
results in less chromatographic dilution and, consequently, increased concentration of the 
injected sample on LC system [25]. The chromatographic dilution increases proportionally 

Figure 4. A reduction in particle size results in an increase in column efficiency, a wider range of flow rates is applicable 
for small particles [23].
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with the square of the column radius and with the square root of column length [29]. Thus, a 
reduction in column diameter results in a significantly lower dilution factor, thereby increas-
ing the concentration in the eluted peak [29]. Downscaling the column used in an analytical 
method should result in an almost 4000-fold gain in sensitivity [28]. With the reduction in par-
ticle size, column efficiency improved further allowing a reduction in column length. Shorter 
columns are now in vogue [28]. Not only does a shorter column provide faster separations 
but also solvent use is reduced [28]. Columns of 50 mm in length now provide plate counts 
formerly obtained on 15- and 25-cm columns packed with larger particles [25, 28, 29]. The 
sub-2-μm columns have struck the fancy of those who wish to decrease their analysis times 
by shortening the column length and to those who want to have greater plate count by using 
longer columns, albeit at the higher pressure [25, 28, 29].

The equation demonstrated the obvious advantage of using small particles to decrease plate 
height [30]. The chromatographic separating power of HPLC is dependent upon the selec-
tivity of the mobile/stationary phase and the efficiency of the column [12, 13]. The column 
efficiency is dependent upon multiple factors most importantly: the column length and the 
packing particle size together with the mobile phase velocity [22]. At a fixed velocity, the 
column efficiency increases in direct proportion to the column length [24]. At the minimum of 
the plate height versus velocity curve, the column efficiency increases in inverse proportion 
with the particle size [22, 24].

As seen in Figure 5, van Deemter equation describes that efficiency varies with the linear veloc-
ity, and the nature of the second and third terms of the equation indicates a minimum value for 
plate height (HETP) [31]. In the third term of van Deemter equation, the particle size is squared, 
and so the curve is steeper for larger particles at high linear velocities [31]. The A term depends 

Figure 5. Van Deemter equation describes that efficiency varies with the linear velocity, and the second and third terms 
indicates a minimum value for HETP [31].
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ties can be achieved at lower flow rates, with much lower pressure drops in the tubing [25].

If the main goal is reducing analysis time, an increase in the flow rate above the optimum rate 
allows for robust separations, while maintaining resolution due to the small particles lower mass 
transfer resistance [24]. On the other side, if the primary goal is higher resolution, maintaining 
column length can increase resolution with a subsequent increase in analysis time [24]. Particle 
size reduction has more effect than column length, gradient time, or flow-rate to improve peak 
capacity in gradient mode [26]. However, these small particles can generate a high bp incompat-
ible with conventional instrumentation [27]. It is evident that a reduction in particle size reduces 
backpressure because of the inverse square relationship between them [27]. As a result, new 
HPLC instrumentation such as ultra-high performance liquid chromatography (UHPLC) has 
been developed to handle elevated pressures above 400 bar [27]. However, employing shorter 
columns with smaller particles (i.e. sub-2 micron) have the ability to combine high resolution 
without exceeding the pressure limit of 400 bar associated with conventional HPLC [23–27].

4.1. Van Deemter analysis of sub-2 micron CSPs

According to VDE, the A- and C-terms are directly proportional to the particle size [28]. 
Therefore, the use of smaller particles provides a decrease of the plate height together with 
a flatter profile of the right branch of the van Deemter curve [28]. A reduction in column i.d. 
results in less chromatographic dilution and, consequently, increased concentration of the 
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with the square of the column radius and with the square root of column length [29]. Thus, a 
reduction in column diameter results in a significantly lower dilution factor, thereby increas-
ing the concentration in the eluted peak [29]. Downscaling the column used in an analytical 
method should result in an almost 4000-fold gain in sensitivity [28]. With the reduction in par-
ticle size, column efficiency improved further allowing a reduction in column length. Shorter 
columns are now in vogue [28]. Not only does a shorter column provide faster separations 
but also solvent use is reduced [28]. Columns of 50 mm in length now provide plate counts 
formerly obtained on 15- and 25-cm columns packed with larger particles [25, 28, 29]. The 
sub-2-μm columns have struck the fancy of those who wish to decrease their analysis times 
by shortening the column length and to those who want to have greater plate count by using 
longer columns, albeit at the higher pressure [25, 28, 29].

The equation demonstrated the obvious advantage of using small particles to decrease plate 
height [30]. The chromatographic separating power of HPLC is dependent upon the selec-
tivity of the mobile/stationary phase and the efficiency of the column [12, 13]. The column 
efficiency is dependent upon multiple factors most importantly: the column length and the 
packing particle size together with the mobile phase velocity [22]. At a fixed velocity, the 
column efficiency increases in direct proportion to the column length [24]. At the minimum of 
the plate height versus velocity curve, the column efficiency increases in inverse proportion 
with the particle size [22, 24].

As seen in Figure 5, van Deemter equation describes that efficiency varies with the linear veloc-
ity, and the nature of the second and third terms of the equation indicates a minimum value for 
plate height (HETP) [31]. In the third term of van Deemter equation, the particle size is squared, 
and so the curve is steeper for larger particles at high linear velocities [31]. The A term depends 
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on both the quality of the column packing and the contribution values of the coefficients A, 
B and C for the different columns, can be accounted for by the minor contribution of several 
effects (packing characteristics and the combined effects of frictional heating and high pres-
sure) on the velocity-dependence of the plate height. B- and C-terms of the equation depend on 
analyte retention [32]. The B-term is expected to increase with analyte retention as more time is 
available for diffusion to take place in the mobile phase [32]. According to the theory, smaller 
particles should perform lower plate heights and higher optimum linear velocity [31, 32].

The dependence of the third term (C-term), is considered to represent mainly the resistance to 
mass transfer in the mobile phase, on the square of the particle size translates into a substan-
tial decrease in the plate height with smaller particles, especially at high linear velocities [33]. 
Small particle diameters induce an increase in efficiency, optimal velocity and mass transfer. 
Sub-2 micron particles packed into shorter column permit shorter analysis time along with 
using less solvent without compromising the resolution between closely eluting peaks [34]. 
Because the H-u curves are flatter (lower C term) for the smaller particle diameters, they 
also allow conducting separations at linear velocities higher than the optimum without sig-
nificant loss of efficiency [34]. Using small diameter packing material reduces eddy diffusion 
and mass transfer resistance in the mobile phase [28, 33]. Van Deemter realised a correlation 
between increasing peak efficiency and a reduction in particle size [28, 34].

Optimization of efficiency and analysis time can be useful but generally leads to a large increase 
in the analysis time [35]. Instead, tuning the column length together with the stationary phase 
morphology (e.g. particle size) can result in a better compromise between the plate count and 
analysis time [36, 37]. Column length and plate count are related through the height equivalent 
to one theoretical plate with the relationship between the theoretical plate and mobile phase 
velocity described by VDE as the sum of different band-broadening contributions [34–36].

Based on VDE, the solution for enhancing chromatographic performance is to use shorter 
columns with small particle diameters (i.e. sub-2 micron particles) to induce a simultaneous 
improvement in efficiency, optimal velocity and mass transfer. The use of these sub-2 micron 
materials in LC is examined, including their applications in normal-phase LC, reversed-phase 
LC. In this study, the possibilities and restrictions of chromatographic separations obtained 
with 5 cm long bore columns packed with sub-2 micron particles is presented. Performance of 
columns immobilised on silica gel with different internal diameters and different lengths will be 
briefly mentioned to provide an overview of the miniaturisation of HPLC column technology.

5. Performance of CHIRALPAK IG-U®: In terms of enantioselectivity 
and solvent versatility

In recent years, column miniaturisation has been investigated and tested in order to achieve 
highly sensitive chromatography [38]. The miniaturised columns are better for handling 
minute and/or dilute samples, especially in an area such as forensic science and sport drug 
trails [38]. The idea of miniaturisation is to provide higher sensitivity and peak capacity than 
standard columns with minimal dead volume for small sample amounts [39]. Narrow-bore 
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columns are used on a conventional HPLC system [24]. The sub-2 micron silica-based sta-
tionary phases have established themselves as an effective analytical tool in achiral applica-
tions, but in the field of chiral separations, the technology related to the development of sub-2 
micron CSPs is still not used in the market on conventional HPLC [40–43].

Daicel group recently commercialised a sub-2 micron 5 cm column applicable for use on con-
ventional HPLC [44]. The design is based on the simple way of reducing solvent usage by 
using a shorter column. A more dynamic saving in solvent usage is made by reducing the i.d. 
of the column, together with an appropriate scaling down in the flow rate [44]. Separation 
efficiencies are also recovered by reducing particle size down to sub-2 micron; because col-
umns packed with sub-2 micron particles offer advantages over the more traditional systems 
containing 3 and 5 micron particles by allowing operation at higher flow rates without com-
promising efficiency [45]. Consequently, this results in shorter analysis times and a reduction 
in solvent consumption, together with associated improvements in resolving power, sensitiv-
ity and peak capacity [45].

Ghanem et al. [46] investigated the impact of reducing the three VDE parameters (Length, 
i.d. and particle size) on separation and efficiency via the transition from conventional 
CHIRALPAK IG® to the sub-2 micron CHIRALPAK IG-U®. The effects of miniaturising the 
three column parameters (i.d., length and particle size) five times from CHIRALPAK IG® 
(250 mm length, 4.6 mm i.d., and 5 mm particle size) to CHIRALPAK IG-U® (50 mm length, 
3 mm i.d., and 1.6 μm or sub-2 micron particle size) using similar CSP amylose tris (3-chloro-
5-methylphenylcarbamate) for the enantioselective separation of racemates under normal 
standard, non-standard organic phase, and reversed-phase chromatographic conditions are 
discussed below [47].

Pore size influences several factors such as: the retention factor, the separation factor, and 
the resolution of racemates was also examined. CHIRALPAK IG-U® has been tested in nor-
mal-phase mode chromatographic separation consisting of n-hexane/ethanol screened from 
90:10 to 10:90 v/v at 1 mL/min flow rate on CHIRALPAK IG-U® at fixed UV detection 245 nm. 
Out of the twenty-eight compounds tested, eleven compounds (Naftopidil, Naproxen, 
Indoprofen, Cizolitrine, Carprofen, Miconazole, Nomifensine, Tocainide, Propafenone, 
Flavanone, and 6-Hydroxyflavanone) were partially, or baseline separated under either 
90:10 or 80:20 v/v n-hexane/ethanol mobile phase. Substituting ethanol (EtOH) with 2-pro-
panol (2-PrOH) resulted in the separation of only seven compounds (Naftopidil, Carprofen, 
Sulconazole, Propafenone, Flavanone, 6-Hydroxyflavanone, and 1-Acenaphthenol) under 
either 90:10, 80:20, 70:30 or 60:40 v/v n-hexane/2-PrOH.  Regarding resolution (Rs) and sepa-
ration factor (α), EtOH in mobile phase system showed better results than 2-PrOH where 
(Naproxen, Indoprofen, Miconazole, Nomifensine, and Tocainide) were all separated when 
2-PrOH was replaced by n-hexane (See Figure 6 for examples).  This is mainly because the 
mobile phase travels easily in large spaces between particles and hence particle size affect 
permeability; smaller particles can be packed closer together, thus, using ethanol resulted in 
the best separation with the highest resolution and separation factor [46, 47].

CHIRALPAK IG-U® showed great performance in different solvents such as non-standard 
solvents namely dichloromethane, tetrahydrofuran and Methyl tert Butyl Ether [46]. The 
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on both the quality of the column packing and the contribution values of the coefficients A, 
B and C for the different columns, can be accounted for by the minor contribution of several 
effects (packing characteristics and the combined effects of frictional heating and high pres-
sure) on the velocity-dependence of the plate height. B- and C-terms of the equation depend on 
analyte retention [32]. The B-term is expected to increase with analyte retention as more time is 
available for diffusion to take place in the mobile phase [32]. According to the theory, smaller 
particles should perform lower plate heights and higher optimum linear velocity [31, 32].

The dependence of the third term (C-term), is considered to represent mainly the resistance to 
mass transfer in the mobile phase, on the square of the particle size translates into a substan-
tial decrease in the plate height with smaller particles, especially at high linear velocities [33]. 
Small particle diameters induce an increase in efficiency, optimal velocity and mass transfer. 
Sub-2 micron particles packed into shorter column permit shorter analysis time along with 
using less solvent without compromising the resolution between closely eluting peaks [34]. 
Because the H-u curves are flatter (lower C term) for the smaller particle diameters, they 
also allow conducting separations at linear velocities higher than the optimum without sig-
nificant loss of efficiency [34]. Using small diameter packing material reduces eddy diffusion 
and mass transfer resistance in the mobile phase [28, 33]. Van Deemter realised a correlation 
between increasing peak efficiency and a reduction in particle size [28, 34].

Optimization of efficiency and analysis time can be useful but generally leads to a large increase 
in the analysis time [35]. Instead, tuning the column length together with the stationary phase 
morphology (e.g. particle size) can result in a better compromise between the plate count and 
analysis time [36, 37]. Column length and plate count are related through the height equivalent 
to one theoretical plate with the relationship between the theoretical plate and mobile phase 
velocity described by VDE as the sum of different band-broadening contributions [34–36].

Based on VDE, the solution for enhancing chromatographic performance is to use shorter 
columns with small particle diameters (i.e. sub-2 micron particles) to induce a simultaneous 
improvement in efficiency, optimal velocity and mass transfer. The use of these sub-2 micron 
materials in LC is examined, including their applications in normal-phase LC, reversed-phase 
LC. In this study, the possibilities and restrictions of chromatographic separations obtained 
with 5 cm long bore columns packed with sub-2 micron particles is presented. Performance of 
columns immobilised on silica gel with different internal diameters and different lengths will be 
briefly mentioned to provide an overview of the miniaturisation of HPLC column technology.

5. Performance of CHIRALPAK IG-U®: In terms of enantioselectivity 
and solvent versatility

In recent years, column miniaturisation has been investigated and tested in order to achieve 
highly sensitive chromatography [38]. The miniaturised columns are better for handling 
minute and/or dilute samples, especially in an area such as forensic science and sport drug 
trails [38]. The idea of miniaturisation is to provide higher sensitivity and peak capacity than 
standard columns with minimal dead volume for small sample amounts [39]. Narrow-bore 
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columns are used on a conventional HPLC system [24]. The sub-2 micron silica-based sta-
tionary phases have established themselves as an effective analytical tool in achiral applica-
tions, but in the field of chiral separations, the technology related to the development of sub-2 
micron CSPs is still not used in the market on conventional HPLC [40–43].

Daicel group recently commercialised a sub-2 micron 5 cm column applicable for use on con-
ventional HPLC [44]. The design is based on the simple way of reducing solvent usage by 
using a shorter column. A more dynamic saving in solvent usage is made by reducing the i.d. 
of the column, together with an appropriate scaling down in the flow rate [44]. Separation 
efficiencies are also recovered by reducing particle size down to sub-2 micron; because col-
umns packed with sub-2 micron particles offer advantages over the more traditional systems 
containing 3 and 5 micron particles by allowing operation at higher flow rates without com-
promising efficiency [45]. Consequently, this results in shorter analysis times and a reduction 
in solvent consumption, together with associated improvements in resolving power, sensitiv-
ity and peak capacity [45].

Ghanem et al. [46] investigated the impact of reducing the three VDE parameters (Length, 
i.d. and particle size) on separation and efficiency via the transition from conventional 
CHIRALPAK IG® to the sub-2 micron CHIRALPAK IG-U®. The effects of miniaturising the 
three column parameters (i.d., length and particle size) five times from CHIRALPAK IG® 
(250 mm length, 4.6 mm i.d., and 5 mm particle size) to CHIRALPAK IG-U® (50 mm length, 
3 mm i.d., and 1.6 μm or sub-2 micron particle size) using similar CSP amylose tris (3-chloro-
5-methylphenylcarbamate) for the enantioselective separation of racemates under normal 
standard, non-standard organic phase, and reversed-phase chromatographic conditions are 
discussed below [47].

Pore size influences several factors such as: the retention factor, the separation factor, and 
the resolution of racemates was also examined. CHIRALPAK IG-U® has been tested in nor-
mal-phase mode chromatographic separation consisting of n-hexane/ethanol screened from 
90:10 to 10:90 v/v at 1 mL/min flow rate on CHIRALPAK IG-U® at fixed UV detection 245 nm. 
Out of the twenty-eight compounds tested, eleven compounds (Naftopidil, Naproxen, 
Indoprofen, Cizolitrine, Carprofen, Miconazole, Nomifensine, Tocainide, Propafenone, 
Flavanone, and 6-Hydroxyflavanone) were partially, or baseline separated under either 
90:10 or 80:20 v/v n-hexane/ethanol mobile phase. Substituting ethanol (EtOH) with 2-pro-
panol (2-PrOH) resulted in the separation of only seven compounds (Naftopidil, Carprofen, 
Sulconazole, Propafenone, Flavanone, 6-Hydroxyflavanone, and 1-Acenaphthenol) under 
either 90:10, 80:20, 70:30 or 60:40 v/v n-hexane/2-PrOH.  Regarding resolution (Rs) and sepa-
ration factor (α), EtOH in mobile phase system showed better results than 2-PrOH where 
(Naproxen, Indoprofen, Miconazole, Nomifensine, and Tocainide) were all separated when 
2-PrOH was replaced by n-hexane (See Figure 6 for examples).  This is mainly because the 
mobile phase travels easily in large spaces between particles and hence particle size affect 
permeability; smaller particles can be packed closer together, thus, using ethanol resulted in 
the best separation with the highest resolution and separation factor [46, 47].

CHIRALPAK IG-U® showed great performance in different solvents such as non-standard 
solvents namely dichloromethane, tetrahydrofuran and Methyl tert Butyl Ether [46]. The 
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addition of non-standard solvents in mobile phase composition enhanced resolution and 
separation in several tested racemates for example, in case of Tocainide, Rs 1.44 and α 1.39 
in standard solvents namely n-hexane/EtOH 90:10 v/v were enhanced to Rs 1.89 and α 1.66 
when using non-standard solvent in mobile phase composition (n-hexane/DCM/EtOH 
50/50/0.2 v/v/v) (Figure 7) [47]. Of interest, compound 1-phenyl-2,2,2-trifluorethanol which 
was not resolved under any standard solvents’ combination investigated, was baseline sepa-
rated under non-standard organic solvent (MtBE/EtOH 40/60% v/v) with Rs 1.55 and α 1.78. 
Similarly, compounds Aminoglutethimide and α-Methyl DOPA were only separated under 
non-standard organic mobile phase composition (MtBE/EtOH 40:60 v/v) and (n-hexane/DCM 
85%/15% v/v) [47]. The chiral recognition of sub 2-micron column CHIRALPAK IG-U® is like 
that of CHIRALPAK IG® where polarity is playing a role. Another reason might be the stereo 
environment of the chiral cavities in amylose derivatives which might be favorable in the 
presence of ethanol. Other researchers have speculated that the configuration of the chiral 
cavities in the amylose tris (3,5-dimethylphenyl carbamate) is determined by the composi-
tion of mobile phase in normal phase mode while the configuration of reversed phase mode 
remains unchanged. It is of essential to note that the chiral recognition is due to different 
factors such as hydrogen bonding, π-π interactions and the chiral cavities of CSPs with 
specific configuration responsible for bonding of varying magnitude between the stationary 
phase and enantiomers [46, 47]. CHIRALPAK IG-U® was investigated under reversed-phase 
conditions including ACN and H2O ranging from 10 to 90% (v/v) [46]. The resolution and 
separation factors were enhanced in several compounds compared to other separations 

Figure 6. The effect of EtOH in mobile phase composition on Indoprofen, Naproxen, and Tocainide.

Figure 7. Tocainide resolution and separation factor were enhanced from (Rs:1.44 and α:1.39) under standard solvent 
(n-hexane/EtOH 90:10 v/v) to (Rs:1.89 and α:1.66) under non-standard solvent (n-hexane/DCM/EtOH 50:50:0.2 v/v/v).
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achieved under standard and non-standard organic solvents. For example, few separations 
were achieved for compounds (Naftopidil, Miconazole, Sulconazole, Aminoglutethimide, 
Tocainide, Propafenone, Flavanone, and 6-Hydroxyflavanone). Compound Naftopidil was 
baseline separated with a Rs of 2.56 and α 1.62 under (ACN/H2O/TEA 80:20:0.1% v/v/v) 
(Figure 8) [47]. Similarly, in case of compound Aminoglutethimide; Rs 1.90 and α 1.34 were 
superior to other separations achieved under standard and non-standard organic solvents. 
Compound 6-Hydroxyflavanone which was separated under standard and non-standard sol-
vents, was separated under reversed phase condition (ACN/H2O/TEA 40:60:0.1% v/v/v) with 
superior Rs 2.39 and α 2.71 (Figure 8) [47].

According to the following results and VDE Ghanem et al. [46, 47] and VDE, all three param-
eters (length, i.d., and particle size) reduced in the transition from conventional CHIRALPAK 
IG® to the sub-2 micron CHIRALPAK IG-U® resulted in an enhanced separation and resolu-
tion (Figure 9). However, Practical difficulties that one can expect following the sub-2-micron 
particle approach are twofold: one is inherently related to the decrease of column permeability 

Figure 8. Naftopidil was baseline separated with a Rs of 2.56 and α 1.62 under reversed phase solvent composition 
(ACN/H2O/TEA 80:20:0.1% v/v/v). Aminoglutethimide with Rs 1.90 and α 1.34 were superior to other separations 
achieved under standard and non-standard organic solvents. Compound 6-Hydroxyflavanone which was separated 
under standard and non-standard solvents, was separated under reversed phase condition (ACN/H2O/TEA 40:60:0.1% 
v/v/v) with superior Rs 2.39 and α 2.71. 

Figure 9. CHIRALPAK IG-U® (left side) shows enhanced separation and resolution in shorter time of 2 minutes 
compared to 20 minutes using the CHIRALPAK IG® (right side).
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Figure 6. The effect of EtOH in mobile phase composition on Indoprofen, Naproxen, and Tocainide.

Figure 7. Tocainide resolution and separation factor were enhanced from (Rs:1.44 and α:1.39) under standard solvent 
(n-hexane/EtOH 90:10 v/v) to (Rs:1.89 and α:1.66) under non-standard solvent (n-hexane/DCM/EtOH 50:50:0.2 v/v/v).
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that accompanies the particle size reduction; the other one is associated to the adaptation of 
the surface modification chemistry of classical CSPs to smaller particles [21–26].

The column permeability reduction is linked to the increase in pressure that is proportional to 
the inverse of the particle diameter squared: thus, reducing the particle diameter by a factor 
of 3 will result in a ninefold increase in the column back pressure [48]. As a consequence, 
depending on the column length and eluents viscosity, the full potential of high-speed sepa-
rations can only be exploited on chromatographic hardware that can withstand elevated pres-
sures (UHPLC) [49]. An additional complication may arise from the pronounced propensity 
of the smaller particles to aggregate during synthetic steps leading to a final stationary phase 
with non-optimal performances primarily regarding permeability and/or efficiency [18]. 
Mechanical resistance and long-term stability of the packed bed are also of significant concern 
when high flow (and hence high pressure) applications are planned [18].

This area needs considerable attention as solvent efficient narrow-bore columns have already 
become mainstream for ‘greener’ chromatography [50]. For ultrafast separations, the sub-2- μm 
totally porous particles provide better solutions [18, 48]. Thus it can be a viable option to achieve 
ultrafast separations with slightly lower efficiency, but without a large investment in ultrahigh-
pressure instruments [49].

6. Future perspectives

Instruments have been trying to follow the footpath of column developments [51]. The life 
cycle for instrument development is much longer than what is required for new packings 
and columns [52]. An area that has been delaying further improvements in column efficiency 
is the instrument contribution to band dispersion associated with HPLC and UHPLC instru-
ments and their column-instrument interface designs [53]. Integration of column hardware 
and instrument connections are essential to eliminate dead volumes, much like what has been 
achieved in some nano and chip instruments [53]. The area of frit and end fitting design needs 
attention since the column packing where the separation takes place should be located at or 
near the injector device and the detector measurement device [52, 53]. This may necessitate 
a new column design that not only cuts down on this extra-column volume but can handle 
higher pressures associated with smaller particles [53].

Reducing the column i.d. is the first of several critical steps in miniaturising a LC system. Extra 
column peak broadening must be reduced accordingly to preserve optimal performance [54]. 
Excessive extra column band-broadening causes considerable loss of separation efficiency 
and, thereby, sensitivity. Connection tubing should be kept as short and especially as narrow 
as possible to minimise extra column band broadening and result in an acceptable increase 
in back pressure [35, 54]. Making connections with silica capillaries can be a challenge to less-
experienced users and often has been considered the most difficult part of setting up a nano-
liquid chromatography (nano-LC) system [55].LC system implies that all system components 
should be downscaled, including column, connecting tubing, connections, injector, and the 
interface to the detector [55]. Nano-LC columns typically require flow rates of 500 nL/min or 
less [35]. Achieving reproducible flow and gradient formation requires dedicated approaches. 
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Ideally, the flow should not be split and used directly from the pump as it is used in standard 
HPLC [35]. These nano-LC systems are often called splitless systems and are commercially 
available [53]. The direct flow systems can be divided into two groups: the ‘solvent refill’ 
systems and the ‘continuous flow’ systems [53]. Commonly, these systems also are capable 
of operating at UHPLC pressures. Whereas UHPLC is mostly used to increase throughput 
in standard-bore LC, its use in nano LC is mainly aimed at improving separation efficiency 
through the use of longer nano-LC columns packed with 2-μm (or smaller) particles [53].

Further miniaturisation of standard UHPLC instrumentation is possible [50]. Microfluidics 
has proven a great success as an alternate approach to achieve analytical separations [48]. 
Such downsizing of the LC experiment would undoubtedly require a major redesign in the 
column and instrumentation [51, 54]. The use of miniaturised instruments would result in 
a significant solvent, bench-space, and sample savings, and with mass spectrometry would 
allow even better interfacing [35, 53–55]. Chip-based LC systems have been extensively 
investigated, and a limited number of instruments have already been commercialised [55]. 
However, the adoption rate for commercial instruments has been somewhat slow and, com-
pared to regular analytical columns, in microfluidics column efficiencies are not as high as 
expected [54]. The packing of microparticles within narrow channels is difficult, and one of 
the reasons for low column efficiency in microfluidics-based column systems [18, 35, 50–55].

7. Conclusion

Chromatographic technique development has always strived towards higher efficiency 
and more rapid resolution in diverse areas such as clinical, pharmaceutical and toxicology 
analysis, as well as enantioselective separation, to reduce costs and enhance throughput. 
Conventional HPLC, could not fully satisfy these requirements due to the relatively low effi-
ciency and lengthy analysis time. Several approaches have been undertaken to achieve these 
goals, such as increasing flow rates and shortening the column length by using monolithic 
columns. However, these approaches may result in low phase ratio and low capacity factor. 
One promising approach is to use smaller size silica particle (less than 2 μm, as compared 
to conventional 3 and 5 μm size column packing materials. This is motivated by VDE that 
shows an inversely proportional relationship between the separation efficiency and particle 
size. Therefore, nano-or sub-micron size supporting materials may be promising to improve 
separation efficiency.

Abbreviations

CSP chiral stationary phase

HETP plate height

HPLC high-performance liquid chromatography

i.d. internal diameter
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Abstract

The complex methods of diagnosis investigation of the wood artifacts state and proper 
materials for their protection against decay are very important goals in cultural heritage. 
This chapter focuses on the recent trends in micro- and nanostructured polymer systems 
for application in cultural heritage and on wood preservation, especially. The synthe-
sis, properties, and applications, as well as the relevant analysis techniques to reveal 
the structures and properties of polymer systems, are discussed, too. To overcome the 
specific problems that exist for wood artifacts, some aspects should be treated: effects 
of the environmental factors, as moisture and pollutant absorption into the wood fibers, 
over-exposure effect of sun or artificial light sources, biological attack of different micro-
organisms, and the effects of the protective and decorative coatings.
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1. Introduction

The conservation of cultural heritage is essential for humanity in order to preserve the 
cultural background of a people. Under this context, since most often old wooden objects 
present serious biological or chemical degradation which affects more or less the structural 
integrity, the mechanical resistance of the wooden material and their level of the authentic-
ity are reduced [1, 2]. As a natural polymer, wood is composed of cellulose, hemicellulose 
(rich in free hydroxyl groups, being able to contribute to the hygroscopicity of wood), and 
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lignin (hydrophobic heteropolymer). The delignification will weaken the water resistance 
capacity of wood. By heating, the hygroscopicity, moisture uptake rate, and sorption hys-
teresis will be reduced, due to hemicellulose degradation [3].

Also, wood is an environmentally friendly material, a structural organic tissue, which consists 
of cellulose fibers embedded in a lignin matrix together with some minor components: terpe-
noids, resin and fatty acids, pectin, proteins, and inorganics [4].

Wood is hydrophilic; the physico-mechanical properties decrease with increasing the 
relative humidity below the saturation point, and the surface degradation is accelerated 
in weathering conditions. Wood quality is mainly influenced by the following external 
factors: high humidity and oxygen presence, (micro)biological organisms such as fungi, 
molds, insects, temperature, and electromagnetic radiation (UV, IR, high-energy β or γ, 
and so forth) [5].

Taking into account these principles, the traditional conservation-restoration methods that in 
some cases can produce irreversible effects on wooden objects over time have been replaced 
with modern procedures due to the intensive development of nanotechnologies [6]. The wood 
protection with micro- and nanopolymeric systems exceeds the disadvantage of multilayer 
coatings that could affect the optical properties and the surface quality and also reduce the 
water vapor transmission rate (WVTR) [7].

The degradation induced by UV light represents the main drawback and induces the organic 
compound decomposition due to the increase in photon’s energy that breaks the chemical 
bonds. An inefficient polymer coating can lead to loss in mechanical properties and integrity 
of the matrix and wood discoloration due to lignin degradation. New composite materials 
were developed, as aromatic impregnating agents (insecticides or fungicides) such as creo-
sote, halogenated carbamates, benzothiazoles, pentachlorophenol, (alkyl) imidazoles, bis (tri-
butyltin) oxide, or salt-based impregnates such as borates, quinolinolates, naphthenates of 
copper, zinc or chromated copper arsenate-based preservatives (CCA) in several commercial 
variants and so forth [8–10], fluoroalkyl functional oligomeric silane system [11], short-chain 
amino silicones [12], alkoxysilanes with different organic groups [R’Si(OR″)] [13], zinc oxide 
(ZnO) nanoparticles dispersed in maleic anhydride-modified polypropylene (MAPP) [14], 
and titanium dioxide (TiO2) nanoparticles [15–19].

During the last decades, an intensification of historical wood artifacts preservation researches 
has intensified, and the new materials should present reversibility, must be compatible with 
all the materials encapsulated by the object, must not leech from wood, must be ecologic and 
biodegradable, and the “artistic” materials are to be treated as a whole [20]. Nanotechnology 
may provide interesting alternatives to develop new and efficient wood treatments to over-
come technologies less feasibly used in the past decades to improve wood properties like 
heat treatment, chemical modification and impregnation, methods that can expand the 
dimensional stability, and resistance against microorganism [16]. Due to their very small 
dimensions (less than 100 nm), the nanomaterials have new properties, especially improved 
chemical reactivity and high mechanical properties. The nanostructures confer hardness and 
high wear resistance to the protected wood artifacts in some measure due to the increased 
density of the material [21, 22].
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2. Conservation of the recovered marine shipwrecks

The unanimously used method of conserving the marine shipwrecks consisted of water replac-
ing from the wooden material with polyethylene glycol (PEG), obviating the uncontrolled 
dehydration that would cause drastic damage of artifacts by fracturing the fragile wood cells 
[21, 23–25]. In such preserved shipwrecks, an accumulation of sulfur and iron compounds was 
observed, leading to the acidity increase which facilitates the cellulose depolymerization by 
the destruction of cellular wood walls and residual lignin degradation [23, 26, 27]. The increase 
of the system acidity can also produce PEG degradation into acidic byproducts that can act as 
ionic transporters [28–30]. For the preservation of these shipwrecks, the wood deacidification by 
using neutralizing alkaline compounds was required. The studies established that the maximal 
effect of acidity neutralization of archeological wood is achieved with nanodispersed alkaline 
hydroxides (20–150 nm) in alcoholic or PEG solutions, the most used being Na and Mg hydrox-
ide. The alkaline nanoparticles dispersed into the polymer solution (low-molecular weight PEG: 
200–2000 g/mol) deeply penetrate the degraded cellulosic cells, completely neutralizing the 
acids resulted from the wood degradation and further inhibiting the cellulose hydrolysis [21, 31, 
32]. The deposition of calcium and magnesium hydroxide nanoparticles in the wood wall cells 
inhibits the oxidation of wood, thus increasing the conservation degree of the shipwrecks [22].

3. Historical wood artifacts conservation

The historical wood artifacts show different degrees of chemical and biological degradation 
that weakens the material resistance, and their physical and structural consolidation is essen-
tial in preserving these objects. The use of polymeric resins, which must have a good com-
patibility with the wood material and a high stability to environmental degradation, has an 
important contribution in the old wood objects consolidation [33–36]. The consolidation effect 
of the polymer resins is significantly improved by the nanodispersion in these solutions of min-
eral materials with reinforcing effect (especially metal oxides) [37]. The nanoinsertions of these 
nanocomposites into the wood support, besides the role of physical consolidation, also provide 
an important increase in resistance to oxidative and biological degradation (fungus mildew) 
and increased flame retardancy [38–41]. The most suitable polymers for wood preservation are 
aliphatic and aliphatic epoxy acrylic resins due to their stability to oxidative degradation, their 
adhesion, and processability. The most intensely used polymers for the preservation of mod-
ern and archaic wood articles are the polyacrylates, the low-molecular weight ethyl acrylate 
(Paraloid B 72) a metallic copolymer, recently used as composites with nanometric materials, 
being representative [42, 43]. The most used nanocomposites of polymeric resins are obtained 
with metal oxide nanoinsertions mainly ZnO, MgO, TiO2 and metals Cu, Au and Ag [44–47].

4. Study case

Under such context, poly(styrene-ethylene-butylene-styrene) has the advantage of being able 
to be used as the base material for polymer films on the one hand and the advantage of high 
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lignin (hydrophobic heteropolymer). The delignification will weaken the water resistance 
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with metal oxide nanoinsertions mainly ZnO, MgO, TiO2 and metals Cu, Au and Ag [44–47].

4. Study case

Under such context, poly(styrene-ethylene-butylene-styrene) has the advantage of being able 
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stability, good mechanical properties, and resistance to biological attack. Also, its composite 
with ZnO increases the efficacy of this polymer. ZnO has been reported as a substance that 
provides an increased wood stability against degradation due to UV radiation because ZnO 
has the ability to block UV rays, both UVA and UVB, acting as physical filters that reflect or 
disperse UV radiation.

For the polymeric composition, poly(styrene-ethylene-butylene-styrene) block copolymer 
(SEBS) grafted with maleic anhydride (MA), mixed with ZnO, has been used for the preserva-
tion of wood surfaces by spraying the pretreated wood surfaces. A slight color change could 
be observed at the fir wood treated with SEBS-MA sample, because the consolidant retention, 
the penetration depth, and the uniformity of the consolidant distribution into the material are 
parameters that influence the consolidation effectiveness.

The protective behavior of these polymers on these samples was put into evidence by specific 
analytical techniques: Fourier-transform infrared spectroscopy (FTIR), chromatic analysis, 
and gloss index analysis [48–51].

The first change that indicates the wood degradation is identified by lignin degradation, 
through quinone compounds formed responsible for a yellowed surface. These compounds 
increase the surface roughness, the chemical bonds are weaker, and macroscopic cracks are 
formed [52]. The treatment of wood with different consolidants causes the alteration of 
the spectra aspect by the appearance or intensification of some characteristic absorption 
bands.

The temperature aging is characteristic to a reduction in hydroxyl groups, an increase of the 
unconjugated carbonyl groups, and an apparent slight increase of lignin. The different behav-
ior of the studied wood species may be explained by their different chemical composition, 
especially hemicelluloses, lignin, and extractives content.

The color parameters that can indicate the wood change are L* (degree of color lightness),  
a* (green-red chromatic coordinate), b* (blue-yellow chromatic coordinate), and ΔE (color varia- 
tion and stability) that can be calculated using Eq. (1)

  ΔE =  √ 
____________________

    (Δ  L   ∗ )    2  +   (Δ  a   ∗ )    2  +   (Δ  b   ∗ )    2     (1)

where ΔE*, Δa*, and Δb* are the differences between the sample specimens and the reference 
specimen; ΔL* is the change of the light in the point, on different time intervals, compared 
with the initial value: ΔL* = L1* − Linitial*; Δa* is the chromatic deviation of the a* coordinates 
(red and green colors) of the same point, on different time intervals, compared to the initial 
value: Δa* = ΔL* = a1* − ainitial*; Δb* is the chromatic deviation of the b* coordinates (yellow and 
blue colors), respecting the same mathematic formula: Δb* = b1* − binitial* [53].

ΔE* value is an evaluation criterion of the overall change color. If the value is smaller than 
0.2, the difference is not visible. A small difference in color is given by a value between 0.2 
and 2. Between 2 and 3, respectively, between 3 and 6 highlight a color change visible with 
high-quality, respectively, a medium-quality filter. At a value over 6 of ΔE*, the color is highly 
changed or even different [54].
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The positive values of Δa* after 120 h of irradiation indicate a tendency of both wood surfaces 
to become reddish. But when the exposure time increases, the values of Δa* become negative, 
which is associated with a tendency of both wood surfaces to become greenish. Lignin degra-
dation leads to chromophoric groups formation, carbonyl, and carboxyl groups, which affect 
the color change mechanism [55]. The process of lignin degradation is accentuated by oxygen 
and moisture presence, decreasing the coating adhesion due to low-molecular degradation 
products. In these conditions, an efficient coating must respect more requirements, namely 
enough filter efficiency until 440 nm, oxygen barrier, water vapor permeation, and abrasion, 
scratch and impact resistance [56].

The color changes in time can be highlighted by the chromatic variations, namely ΔL*—varia-
tion of lightness and Δb*—variation of the blue-yellow chromatic coordinates. In [56], the 
authors presented these variations of acrylic-ZnO coating for wood. ΔL* increase from −20.09 
for the wood sample to −5.66 for the sample of impregnated wood with 4% ZnO, Δb*, the 
coordinate that marks the wood yellowness after UV exposure, a decrease from 15.27 until 
0.99 after impregnation with the UV absorber (Figure 1).

Under such context, the gloss parameters could reflect the polymer quality, by irradiation, 
a small decrease is observed, most probably due to the polymer degradation, faster for 
SEBS-MA than SEBS-MA + ZnO (Figure 2).

Auclair et al. concluded during their study [57] that ZnO is a more efficient photo-protector 
for wood than CuO. As polymer matrix, urethane-acrylate systems were used. In case of 
polymer-ZnO nanocomposites, the discoloration of clear-coated wood exposed outdoors was 
reduced and the higher increase in gloss was obtained.

The photo-yellowing and UV degradation of wood surfaces were overcome by coating 
with ZnO-maleic anhydride-modified polypropylene (MAPP)-polyurethane transparent 

Figure 1. Chromatic parameters of fir wood samples after irradiation (60 min).
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stability, good mechanical properties, and resistance to biological attack. Also, its composite 
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unconjugated carbonyl groups, and an apparent slight increase of lignin. The different behav-
ior of the studied wood species may be explained by their different chemical composition, 
especially hemicelluloses, lignin, and extractives content.

The color parameters that can indicate the wood change are L* (degree of color lightness),  
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tion and stability) that can be calculated using Eq. (1)
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(red and green colors) of the same point, on different time intervals, compared to the initial 
value: Δa* = ΔL* = a1* − ainitial*; Δb* is the chromatic deviation of the b* coordinates (yellow and 
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high-quality, respectively, a medium-quality filter. At a value over 6 of ΔE*, the color is highly 
changed or even different [54].
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nanosystems [14]. The acid anhydride groups of MAPP ensure the compatibility with OH 
groups from wood.

FTIR analysis can be used for solid wood samples being a fast-spectroscopic method and 
requiring an easy sample preparation. Information regarding the wood degradation can be 
obtained based on composition, functional groups, and molecular structure [52, 58, 59]. The 
degradation mechanism depending on the wood chemical composition (hemicellulose, lig-
nin, and extractives content) is reflected in the chemical changes regarding the reduction of 
OH groups, increasing of unconjugated carbonyl groups, and formation of aromatic carbonyl 
conjugated groups as quinoid structures [60] (Table 1) (Figure 3).

Using polymeric micro- or nanosystems, the moisture content decreases. Humidity along 
with density is the physical factor that influences the physical, mechanical, and dimensional 
properties of wood and also influences the wood structure degradation. According to ISO 
13061-1 [61] and Eq. (2), the moisture content is calculated for both native and treated wood:

  w =    
 m  w   −  m  0   ______  m  0       

∗

  100  (2)

where w is the moisture content [%], mw is the sample weight measured at a certain moisture 
[kg], and m0 is the weight of the sample oven-dried [kg].

As the humidity increases in the wood cell membranes, most of the mechanical properties 
of wood decrease, except for elasticity which increases. In the saturated air, the steady-
state humidity will reach a maximum, which is precisely the same saturation humidity (the 
saturation point of the fiber). At this point, the sorption stops as a phenomenon of wood 
hygroscopicity, and the desorption begins if the external environment conditions change. 
Because relative air humidity is a function of temperature and humidity pressure, it results 
that the equilibrium humidity is directly dependent on relative humidity and temperature 
and, depending on them, there is a whole range of equilibrium humidities. Curves describ-
ing the evolution of sorption and desorption processes of water are not overlap, leading to 
the hysteresis area. Hysteresis indicates less water retention of dried capillaries as compared 
to those of the membrane in the wet state, due to the fact that the cell membranes suf-
fer some deformations remaining during sorption. Hysteresis has a special role in drying 
and steaming wood as well as explaining the internal tensions. Water repellency can be 
improved by coating with natural wax [62], paraffin wax [63], palm oil [64], and esterified 
organosolv lignin [65].

Figure 2. Gloss parameter of fir wood samples under different conditions.
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ZnO is a suitable component for UV protection in coatings. Dispersion in acrylic polymers leads 
to a reduced yellowing and improved optical properties after artificially weathering for up to 
1500 h [56]. Shellac nanosystems were studied in [66] as wood coating and different property 
modifications were observed using various nanofillers. For shellac-ZnO systems, the inhibition or 
the slowing down of the UV degradation was obtained. ZrO2 ensures an increased coating hard-
ness. In both cases, the color, film-forming ability, water repellence, and adhesion were preserved.

UV-waterborne polyurethane containing different nanoparticles in order to increase the wood 
coating was studied. Thus, alumina, silica, ZnO, and CuO were used [7, 67]. The PU coating 
glass transition temperature is enhanced using alumina and silica that decrease the chains 
mobility at nanoparticles interface. The water and UV barrier properties are also increased. 
ZnO ensures a good photo-protection and clear-coated wood.

Figure 3. FTIR spectra of fir wood samples.

Main absorption 
bands, cm−1

Peak assignment [58]

3300 Stretching of ▬OH groups

2895 C▬H aliphatic

1730–1740 Stretching of carbonyl group

1638 Bending of water (the moisture content)

1596 and 1512 Lignin aromatic ring

1423 Asymmetric C▬H deformation

1364–1375 Symmetric bending of methyl groups in lignin and hemicellulose, bending of hydroxyl 
groups of polysaccharides

1157 Symmetric stretching of bridging oxygen

1025–1029 C▬O in cellulose pyranose ring

898 Cellulose

809 and 670 Aromatic C▬H from lignin

Table 1. Main FTIR absorption bands of wood.
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nanosystems [14]. The acid anhydride groups of MAPP ensure the compatibility with OH 
groups from wood.

FTIR analysis can be used for solid wood samples being a fast-spectroscopic method and 
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obtained based on composition, functional groups, and molecular structure [52, 58, 59]. The 
degradation mechanism depending on the wood chemical composition (hemicellulose, lig-
nin, and extractives content) is reflected in the chemical changes regarding the reduction of 
OH groups, increasing of unconjugated carbonyl groups, and formation of aromatic carbonyl 
conjugated groups as quinoid structures [60] (Table 1) (Figure 3).

Using polymeric micro- or nanosystems, the moisture content decreases. Humidity along 
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properties of wood and also influences the wood structure degradation. According to ISO 
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saturation point of the fiber). At this point, the sorption stops as a phenomenon of wood 
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The coatings without nanoparticles in their composition present photo-yellowing and wood 
surface degradation when exposed to UV light. Dispersion of ZnO nanoparticles in MAPP 
and PU coatings restricted the color changes and photodegradation of wood polymers [14].

TiO2 nanoparticles can impart hydrophobic or hydrophilic properties to the material, fungi-
cidal, and bactericidal protection and present photo-catalytic activity. Using TiO2 as coating 
for wood items ensures anisotropy, wettability, and UV protection [46, 68–71].

Zanatta et al. obtained the nanoparticles by a hydrothermal method using microwaves, and 
then the wood pretreated with chromated copper borate was coated with TiO2. The wood 
maintained the natural color and the fungi resistance was improved [15].

The improvement of UV resistance using anatase TiO2 was demonstrated in [17] when micro- 
and nanoparticles were impregnated on acacia hybrid wood. The exposure of the treated 
wood at UV radiation 960 h did not lead to color changes.

Obtaining stable and uniform dispersed coating is an effectiveness indicator. Polypropylene 
glycol can be considered a good solvent for metal oxides (ZnO, CeO2 and TiO2) nanopar-
ticles films. An increased UV resistance and thus a decrease in lignin degradation were 
observed [72] (Figures 4–6).

TiO2 coatings are a good moisture barrier for wood. If the treated wood is exposed to a 
20–60% relative humidity (RH), the weight maintained constant, and at an RH between 60 
and 90%, the mass increased with only 6%. TiO2 coatings drastically decreased the change 
in anisotropic swelling of wood [19]. Obtaining films with controlled physico-chemical 
characteristics broadens their field of application. TiO2 films may have different morpholo-
gies and wettability depending on the precursor pH (1–14). This characteristic may be a 
great advantage in using the nanoparticles coatings in various humidity environments [16].

Impregnation with micronized copper quaternary (MCQ) and UV absorbing acrylic resin 
(UVA-acrylic) was found to be a good method to increase the wood resistance to weathering 
conditions, and good visual, physical, and chemical properties were obtained [73].

Figure 4. The fracture of the polymeric film from fir wood.
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Nkeuwa et al. [7] studied the behavior of UV-cured multilayer coatings where only the top 
coat consists of a nanoparticle—nanoclay with the RH variation. The color and gloss of initial, 
during, and after accelerated aging coatings were investigated. The color of coated samples 
does not present visual changes during and after aging. The studied color parameters (ΔL*, 
Δa*, Δb*, and ΔE*) increase with increasing RH while the gloss retention is lowered. At high 
RH, significant changes are observed.

Other additives used for wood protection are the fire retardants (FR). A good flame retardancy 
can be obtained using phosphorous, boron, and silicone. Phosphorous FR can exhibit both 
condensed and/or gas phase action and can generate less toxic gases and smoke during com-
bustion [74]. Systems containing both phosphorous and nitrogen components are good substi-
tutes for halogenated FR due to their synergistic effect [38, 39]. In [40], nitrogen-phosphorous 
FR dispersed in poly(sodium silicate-aluminum dihydrogen phosphate) (PSADP) was used to 
reduce poplar wood hygroscopicity and to improve its fire resistance. These two components 
present a synergic effect on the two properties being distributed over the inner surface and 
penetrate the cell cavities of wood.

Figure 6. The fracture of the polymeric film from fir wood + SEBS-MA + ZnO.

Figure 5. The fracture of the polymeric film from fir wood + SEBS-MA.

Polymeric Micro- and Nanosystems for Wood Artifacts Preservation
http://dx.doi.org/10.5772/intechopen.79135

81



The coatings without nanoparticles in their composition present photo-yellowing and wood 
surface degradation when exposed to UV light. Dispersion of ZnO nanoparticles in MAPP 
and PU coatings restricted the color changes and photodegradation of wood polymers [14].

TiO2 nanoparticles can impart hydrophobic or hydrophilic properties to the material, fungi-
cidal, and bactericidal protection and present photo-catalytic activity. Using TiO2 as coating 
for wood items ensures anisotropy, wettability, and UV protection [46, 68–71].

Zanatta et al. obtained the nanoparticles by a hydrothermal method using microwaves, and 
then the wood pretreated with chromated copper borate was coated with TiO2. The wood 
maintained the natural color and the fungi resistance was improved [15].

The improvement of UV resistance using anatase TiO2 was demonstrated in [17] when micro- 
and nanoparticles were impregnated on acacia hybrid wood. The exposure of the treated 
wood at UV radiation 960 h did not lead to color changes.

Obtaining stable and uniform dispersed coating is an effectiveness indicator. Polypropylene 
glycol can be considered a good solvent for metal oxides (ZnO, CeO2 and TiO2) nanopar-
ticles films. An increased UV resistance and thus a decrease in lignin degradation were 
observed [72] (Figures 4–6).

TiO2 coatings are a good moisture barrier for wood. If the treated wood is exposed to a 
20–60% relative humidity (RH), the weight maintained constant, and at an RH between 60 
and 90%, the mass increased with only 6%. TiO2 coatings drastically decreased the change 
in anisotropic swelling of wood [19]. Obtaining films with controlled physico-chemical 
characteristics broadens their field of application. TiO2 films may have different morpholo-
gies and wettability depending on the precursor pH (1–14). This characteristic may be a 
great advantage in using the nanoparticles coatings in various humidity environments [16].

Impregnation with micronized copper quaternary (MCQ) and UV absorbing acrylic resin 
(UVA-acrylic) was found to be a good method to increase the wood resistance to weathering 
conditions, and good visual, physical, and chemical properties were obtained [73].

Figure 4. The fracture of the polymeric film from fir wood.
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Nkeuwa et al. [7] studied the behavior of UV-cured multilayer coatings where only the top 
coat consists of a nanoparticle—nanoclay with the RH variation. The color and gloss of initial, 
during, and after accelerated aging coatings were investigated. The color of coated samples 
does not present visual changes during and after aging. The studied color parameters (ΔL*, 
Δa*, Δb*, and ΔE*) increase with increasing RH while the gloss retention is lowered. At high 
RH, significant changes are observed.

Other additives used for wood protection are the fire retardants (FR). A good flame retardancy 
can be obtained using phosphorous, boron, and silicone. Phosphorous FR can exhibit both 
condensed and/or gas phase action and can generate less toxic gases and smoke during com-
bustion [74]. Systems containing both phosphorous and nitrogen components are good substi-
tutes for halogenated FR due to their synergistic effect [38, 39]. In [40], nitrogen-phosphorous 
FR dispersed in poly(sodium silicate-aluminum dihydrogen phosphate) (PSADP) was used to 
reduce poplar wood hygroscopicity and to improve its fire resistance. These two components 
present a synergic effect on the two properties being distributed over the inner surface and 
penetrate the cell cavities of wood.

Figure 6. The fracture of the polymeric film from fir wood + SEBS-MA + ZnO.

Figure 5. The fracture of the polymeric film from fir wood + SEBS-MA.
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5. Microbial degradation of wood

The degradation of wood materials depends on physico-chemical and biological factors such 
as temperature, humidity, nutrients, and the type of wood (hardwood or softwood), specific to 
the environment in which they are exposed. Among the biological factors, insects, macro- and 
micromycetes, and bacteria, the microbial load of the environment, corroborated with humidity 
and temperature, plays an important role in the biodegradation processes of this material. Of the 
microbiological agents, the most common types of biodegradation are those caused by fungi and 
bacteria, which manage to degrade the wood through enzymatic mechanisms with the enzymes 
they are secreting. The fungi types that attack wood materials are divided into three classes:

1. White-root fungi can degrade all cellular components by using nonspecific enzymes that 
they secrete, but in a first stage, they degrade the lignin using hemicellulose as a carbon 
source. Following the degradation with these types of fungi, the attacked surfaces get a 
whitish appearance [75]. This class includes macromycetes such as Phanerochaete chrys-
osporium (Sporotrichum pulverulentum), Phanerochaete sordida, Phlebia radiata, and Phlebia 
tremellosa [76] which is able to degrade wood lignin to CO2 and water.

2. Brown-root fungi generally degrade cellulose and hemicellulose from wood, but they also 
degrade lignin. The mechanisms used by brown rot fungi in the biodegradation of wood are 
both enzymatic and non-enzymatic. These micromycetes do not produce lignin degradation 
enzymes but have a mechanism that results in lignin modification and slow reduction of lignin 
content in the attacked wood. This class includes macromycete species as Serpula lacrymans, 
Postia placenta, Gloeophyllum trabeum, and Tyromyces palustris. Surfaces attacked by fungi of this 
class get a brownish look [77]. Studies on wood sample of Pinus sylvestris and Populus euramer-
icana showed that after vacuum treatment with inorganic or organic preservatives, which 
contain Cr6+, Cu2+, As5+, organic salts of ammonia and N-alkylbenzyldimethylammonium 
chloride, inoculated with macromycetes from the species S. lacrymans 1, S. lacrymans 2, P. 
placenta, G. trabeum, and T. palustris, reveal a substantial reduction in wood loss due to the 
inhibition of the biological activity of the macromycetes tested [77].

3. Soft root fungi, or micromycetes, from which the most popular are Penicillium chrysogenum 
and Aspergillus niger, perform deterioration from edge to center of wood. In a study of wood 
artifacts from Islamic Art Museum, the Grand Egyptian Museum and Saqqara necropolis 
[78], two species of of the genus Alternaria, 15 species of Aspergillus, three species of the genus 
Cladosporium, six species of Penicillium, two species of Trichophyton, along with species of 
the genus Cladosporium, Chaetomium, Phoma, Stemphylium, Ulocladium, and Syncephalastrum, 
were found most of them with cellulolytic enzymatic activity, able to degrade the wood [78]. 
Their frequency on the analyzed artifacts was between 7.1 and 35.7%; the most common 
fungal species being (Figure 7) Aspergillus. brasiliensis, Aspergillus flavus var. columnaris, 
Penicillium sp.2, Aspergillus parasiticus, Aspergillus terreus, Aspergillus versicolor, Cladosporium 
sp.1, and Penicillium sp.3, the rest being encountered at a frequency of 7.1% [78].

In vitro tests performed in order to establish the biological action of three types of inorganic 
nanomaterials with Ag, Ti, and Cu (AgNPs, CuNPs, TiNPs) on fungi and bacteria (Bacillus 
alvei, Short Bacilli, Bacilli Spore Former, Aspergillus niger, Aspergillus flavus, Aspergillus fumigatus) 
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isolated from funerary masks of degraded wood from Saqqara showed that the most effective 
of the tested materials is AgNPs, followed by CuNPs and TiNPs [79], both for fungi and bacte-
ria (Figures 8 and 9). The action mechanism of AgNP includes processes such as adherence to 
microbial cells, penetration into cells, free radical generation, DNA and RNA damage [79, 80].

Another study performed on China’s degraded wood objects [81] found in the Dingtao King 
Mausoleum during the Dynasty West Dynasty (206 BC-25 AC) revealed a massive degrada-
tion of the wooden objects. Determinations have shown that the degradation is caused by 
fungi. DNA sequencing of isolated fungi showed that there are 114 genres of fungi. However, 
in all samples, the most abundant genus was Hypochnicium sp., which represent 98.61–99.45% 
of the total of the fungal community.

Wood objects exhibited in museums are subject to deterioration of biological agents. The 
wood Jesuit sculptures from South America exposed at the Museum of Natural Sciences 
of La Plata, Buenos Aires Argentina, are subject to the biodegradation [82]. Determinations 
made on a strip of degraded wood of the Cedrela fissilis species led to the identification of 
two fungi species: Nigrospora sphaerica and Chaetomium globosum. Chaetomium is a recognized 
macromycete for its ability to destroy wood, but for Nigrospora sphaerica, very few things are 

Figure 8. Effect of inorganic nanomaterial with AgNPs, CuNPs, TiNPs, on some fungal and bacterial strain isolated from 
wood artifacts from Saqqara necropole. Concentration of nanoproduct applied: = 10 μg/mL [79].

Figure 7. Fungal species frequency (%) (micromycetes) identified on biodeteriorated wood artifacts, from Islamic Art 
Museum, Saqqara necropolis, Grand Egyptian Museum, Cheops Solar Boat [78].
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artifacts from Islamic Art Museum, the Grand Egyptian Museum and Saqqara necropolis 
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Cladosporium, six species of Penicillium, two species of Trichophyton, along with species of 
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were found most of them with cellulolytic enzymatic activity, able to degrade the wood [78]. 
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Penicillium sp.2, Aspergillus parasiticus, Aspergillus terreus, Aspergillus versicolor, Cladosporium 
sp.1, and Penicillium sp.3, the rest being encountered at a frequency of 7.1% [78].
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alvei, Short Bacilli, Bacilli Spore Former, Aspergillus niger, Aspergillus flavus, Aspergillus fumigatus) 
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isolated from funerary masks of degraded wood from Saqqara showed that the most effective 
of the tested materials is AgNPs, followed by CuNPs and TiNPs [79], both for fungi and bacte-
ria (Figures 8 and 9). The action mechanism of AgNP includes processes such as adherence to 
microbial cells, penetration into cells, free radical generation, DNA and RNA damage [79, 80].

Another study performed on China’s degraded wood objects [81] found in the Dingtao King 
Mausoleum during the Dynasty West Dynasty (206 BC-25 AC) revealed a massive degrada-
tion of the wooden objects. Determinations have shown that the degradation is caused by 
fungi. DNA sequencing of isolated fungi showed that there are 114 genres of fungi. However, 
in all samples, the most abundant genus was Hypochnicium sp., which represent 98.61–99.45% 
of the total of the fungal community.

Wood objects exhibited in museums are subject to deterioration of biological agents. The 
wood Jesuit sculptures from South America exposed at the Museum of Natural Sciences 
of La Plata, Buenos Aires Argentina, are subject to the biodegradation [82]. Determinations 
made on a strip of degraded wood of the Cedrela fissilis species led to the identification of 
two fungi species: Nigrospora sphaerica and Chaetomium globosum. Chaetomium is a recognized 
macromycete for its ability to destroy wood, but for Nigrospora sphaerica, very few things are 

Figure 8. Effect of inorganic nanomaterial with AgNPs, CuNPs, TiNPs, on some fungal and bacterial strain isolated from 
wood artifacts from Saqqara necropole. Concentration of nanoproduct applied: = 10 μg/mL [79].

Figure 7. Fungal species frequency (%) (micromycetes) identified on biodeteriorated wood artifacts, from Islamic Art 
Museum, Saqqara necropolis, Grand Egyptian Museum, Cheops Solar Boat [78].
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known regarding its effects on wood [82]. Bacteria are another class of biological agents that 
can affect the structure of the wood. Thus, in studies conducted to find an optimal method of 
disinfection and protection of wood surfaces in the historical area of Auschwitz-Birkenau II, 
bacterial species such as Pseudomonas fluorescens, Staphylococcus equorum, and Bacillus cereus 
have been isolated from this site. In terms of fungi, the following species have been identified 
on the wood surfaces: Alternaria alternata, Chaetomium globosum, Cladosporium cladosporioides, 
Engyodontium album, and Penicillium citreonigrum.

In vivo tests, made on new pieces of white poplar wood, previously sterilized and treated with 
a mixture of cultures of bacteria and/or fungi, were aimed at the evaluation of the number of 
living microorganisms on the surfaces (bacteria) and the estimation of the percentage from the 
wood surface altered by fungal activity, as well as the changes in color and luminance of the 
treated samples. The study reveals that the best commercially available biocidal products are 
B, ABM-1, and R 101 (Figure 10) (product B containing 24% benzyl alkyl (C12–16) dimethyl-
ammonium chlorides, 5% boric acid ABM-1 contains N-3-aminopropyl-1,3-propanediamine, 
N,N-dialkyl (C10–C16)-N-methyl N-polyoxyethylene ammonium propionate, N,N-dialkyl 
(C10–C14) [3-dodecanoylamino)] propyl dimethyl ammonium acetate; product R101 con-
tains 40–60% N,N-dodecyl-N,N-dimethylammonium chloride and 20–25% isopropanol). The 
best results were obtained for product R101, followed by AM-1, applied by spray or fogging 
exposure. The color (ΔE) and luminance (ΔL) tests showed that for the treatments chosen, 
no remarkable differences compared to the untreated control were observed (Figure 11). In 
another study, the effects of some aqueous dispersions of silver or zinc nanoparticles (AgNPs, 
ZnNPs) to air and liquid permeability of Paulownia wood samples exposed to Trametes versi-
color were assessed [83]. The wood samples were heat treated at 100 and 150°C, after which 
they were exposed to T. versicolor. Permeability values were measured before and after expo-
sure to fungal activity. The results obtained showed significant decreases in permeability in 
all treatments after exposure to fungi (Figure 12). The permeability difference was related to 
the growth and accumulation of fungal hyphae along the lumen vessels, which block the fluid 
transfer. The best results were obtained by heat treatment at 150°C, followed by impregnation 

Figure 9. Effect of inorganic nanomaterial with AgNPs, CuNPs, TiNPs, on some fungal and bacterial strain isolated from 
wood artifacts from Saqqara necropole. Concentration of nanoproduct applied: = 15 μg/mL [79].
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Figure 11. The color and luminance difference of wood samples after biocidic product applications. ΔE = difference of 
color; ΔL = difference of luminance [84].

Figure 12. Specific air permeability in wood samples treated with ZnNps and/or AgNps nanomaterials after exposure to 
action of rot-white fungus Trametes versicolor [83].

Figure 10. Biocidal effect of some commercial products on the wood samples inoculated with fungal strains, by spraying 
or fogging [84].
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with ZnNps or AgNps which significantly inhibited the growth of the microorganism, reduc-
ing the mass loss of impregnated wood samples subjected to fungal attack [83].

Regarding methods of treatment against wood degradation, there are currently several 
methods of protection against decomposition caused by biological agents. From these, 
organic compounds based on quaternary ammonium salts were the most used. Studies 
conducted to determine the antimicrobial activity of three biocides against Pseudomonas 
fluorescens, Staphylococcus equorum, Bacillus cereus, Bacillus muralis, Sporosarcina aquima-
rina, Rhodococcus fascians, and some fungi species such as Chaetomium globosum, Penicillium 
citreonigrum, Cladosporium cladosporioides 1, Acremonium strictum, Aspergillus fumigatus and 
Cladosporium cladosporioides 2, all isolated from wood or brick surfaces, showed that species 
such as Staphylococcus equorum, Bacillus cereus, Sporosarcina aquimarina, Rhodococcus fascieni, 
Cladosporium cladosporioides, and Acremonium strictum have a high susceptibility to quaternary 
ammonium biocides [85]. Thus, the wood objects with a historical value can be efficiently 
disinfected by three times application of a biocide (30% v/v) which contains dodecyl dimethyl 
ammonium chloride, citric acid, propiconazole, and propanol [85]. The mechanism of action 
of ammonium quaternary salts is based on the dissolution of certain sites from cell walls, 
which results in the loss of microbial cell integrity, followed by exposure of cell content and 
release of the material out of the cell, followed by degradation of proteins, of nucleic acids, 
and cell lysis, the latter caused by autolytic enzymes [85].

Protecting degradation of wood by biological agents can also be done without biocides 
based on quaternary ammonium salts. A wood protection variant is based on the applica-
tion of a titanium isopropoxide gel and ammonium cerium nitrate as a stabilizer for wood 
treatment [86]. As a mechanism of action, it is assumed that the hydrolysis of titanium 
isopropoxide is initiated by the wood-based OH groups as well as by the moisture in the 
cellular wood wall resulting in a layer of cerium-doped TiO2 which seals the wood surface 
and thus limiting the direct exposure of micro- or nanopores of wood to fungal hydro-
lytic enzymes. Studies conducted on Norway spruce have shown that this method can be 
protected against degradation by biological agents such as Gloeophyllum trabeum, Rhodonia 
placenta, and Coniophora puteana.

6. Conclusions

The maintaining of wood quality in time is usually achieved with the help of preservatives. 
These are individual chemical compounds or mixtures that make wood less susceptible to 
attack from a large variety of degradative factors or organisms. These organisms include 
insects, marine borers, and various types of fungi such as stain and decay. Some of these 
chemicals are effective against a wide range of organisms, while others are very specific and 
protect wood from only one type of organism.
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lytic enzymes. Studies conducted on Norway spruce have shown that this method can be 
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The maintaining of wood quality in time is usually achieved with the help of preservatives. 
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attack from a large variety of degradative factors or organisms. These organisms include 
insects, marine borers, and various types of fungi such as stain and decay. Some of these 
chemicals are effective against a wide range of organisms, while others are very specific and 
protect wood from only one type of organism.
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Abstract

Chill block melt spinning is used in industrial processes for the production of metallic
glasses. It is a rapid solidification process whereby a liquid metal is ejected at high
pressure and temperature via a nozzle onto a rotating wheel solidifying in the form of a
ribbon. In this work, starting from an alloy with the composition of Fe78Si9B13 (% at.)
reproduces the melt spinning technique to get the amorphous magnetic material. A
CFD3D model based on the finite volume method (FVM) is proposed. For this purpose,
the OpenFoam® open source code is used. In the ribbon production stage, it has been
observed that the turbulence involved in the first reported transient lasts a few millisec-
onds, enough time to study the process with high-speed cameras. We measure the ejection
speed by using optical flow on the melt contour. This enables us to check defects in the
ribbons, which are predicted with the computational model, such as the case of cracks
caused by irregularities in the first formation of the solid layer. The temperature measure-
ment method relies on the fact that the digital camera is sensitive to electromagnetic
radiation between 400 and 1000 nm in wavelength and the fact that the image gray level,
which is proportional to the temperature T, provided the background illumination level is
negligible.

Keywords: melt spinning, magnetic materials, OpenFoam, CFD, finite volume method

1. Introduction

Since the 1980s, the production of magnetic materials has been carried out mainly through the
melt spinning process. These materials, obtained in the form of low thickness ribbons, have
increased magnetic capacities with the utilization of alloys with amorphization capacity and
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nanocrystalline. Among these alloys, those of Fe78B13Si9 (% at.) for electric transformer cores
are the most used because they manage to reduce vacuum losses up to 80% when compared to
those of the cores constructed with oriented grain FeSi sheets, normally used in these devices.
The melt spinning process consists of forming a thin sheet of metal alloy on a rotating flat
surface at a constant temperature. In this process, a jet of liquid metal is expelled through a
nozzle by the overpressure of an inert gas, and it impacts on the surface of a rotating solid
copper wheel. In this way, it forms a thin layer of molten material that quickly solidifies as a
continuous ribbon that is then collected and rolled to obtain the magnetic coils as the final
product. According to the distance between the nozzle and the rotating wheel (gap), the
following processes are determined: chill block melt spinning (CBMS) and planar flow casting
(PFC). In the CBMS, the jet of liquid metal is expelled through a nozzle with a gap >1 mm. In
the PFC, however, the gap is less than 1 mm. In these sections, we will talk about the produc-
tion of amorphous magnetic ribbons and the numerical modeling of the shaping process and
its control of variables through the capture of high-resolution images.

2. Materials and methods

2.1. Set-up and production

Fe78Si9B13 (% at.) ribbons are produced from an initial ingot previously melted in a vacuum
atmosphere and a graphite crucible, from noncommercial alloys. The impurities in the
noncommercial alloy are Al, C, Ca, and S. Their quantity is lower than 0.3% wt. These ribbons
were cooled on the copper wheel with temperature controlled by optical pyrometer on a tripod
located at 1 m of focal distance from the melted sample [1, 2].

These operations are developed in a 7.5 kW induction furnace RDO™model LFI-7.5mounted as
shown in Figure 1. The arrangement is formed by an induction coil inside a vacuum chamber,
where an inert atmosphere is produced previously with a mechanical vacuum pump. The gap
values used are typical to identify this methodology as chill block melt spinning [3].

Figure 1. Melt spinning equipment and process of Fe78B13Si9 (% at.) ribbons.

New Uses of Micro and Nanomaterials98

With an argon overpressure, the alloy melted is expulsed through the nozzle at an ejection
velocity over the spinning wheel. Our implementation of the process captured with a high-
speed camera can be observed in Figure 2(a). It is similar to the one reported by Ames
Laboratory, USA in Figure 2(b).

To determine the width (w), we used a vernier with 0.02 mm precision and an external
micrometer (0–25 mm) with 0.01 mm precision for thickness (t) determination. Three sections
of approximately 100 mm of each ribbon were selected in five measurement places. An average
value was reported.

2.2. Obtained product and results

The cooling rate was estimated according to �2.73 � 106 K/s with a wheel speed (Vx) in
accordance with Table 1, and the relationship x/z = 3.8395, being z = 0.0006 m the orifice
diameter in the nozzle with a solidification time of 9.4 � 10�7 s [4].

In Figure 3, the z/w ratio decay for the measured values with gaps (G) 2, 3, and 4 mm and
orifice diameter (z) of 0.7 mm is shown. Between 35 and 40 m/s in the 2 mm gap curve,
microspheres were obtained without ribbon formation, due to speeds of over 30 m/s, local
vortices appear in the surrounding atmosphere that increases the convective flow along the
wheel surface. These values define the vorticity in the contact zone, showing the influence of
the coefficient of convective heat transfer (h) and the Biot number (Bi) as shown in Figure 4.

This effect is indicative of the Newtonian cooling in the solidification process of amorphous
ribbons. The features are already reported by Pagnola et al. [4, 5]. For wheel speeds between 5
and 40 m/s, the thickness (t) values are compared with Tkatch et al. [6] and are plotted in
Figure 5.

Figure 2. (a) CBMS of Fe78B13Si9 (% at.) in Pilot Plant of Magnetics Materials (INTECIN) in Table 1 conditions. (b) Similar
CBMS process courtesy of Ames Lab, US DOE.

Speed wheel (m/s) Gap (mm) Ejection pressure (bar)

5–40 2, 3, and 4 0.3

Table 1. Production parameters.
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Speed wheel (m/s) Gap (mm) Ejection pressure (bar)

5–40 2, 3, and 4 0.3

Table 1. Production parameters.
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The turbulence involved in the reported solidification times lasts a few milliseconds. Enough
time to study the process with high-speed cameras and recreate 3D numerical simulations that
originate the defects that appear in the conformation of the ribbon is as follows:

Figure 3. Comparative decreasing of z/w ratio with the tangential velocity Vx.

Figure 4. Triple entrance curve for the velocity values in the nozzle (V0) that determine the Biot number according to the
speed of the wheel Vx for G = 2 and Z = 0.7 mm.
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Defects in the solidification: At the beginning of the ejection, the formation of a meniscus of
material generates an irregular profile with changes in the ribbon thickness, which is still in a
liquid state. The contact of this irregular thickness profile makes the solidification process
begin in the thinnest part of the film because this is the one that changes its temperature faster
and, therefore, its viscosity. This mechanism causes a continuous solid contour similar to that
of a hole to be generated, which propagates in the film while continuing to maintain that thin
thickness (Point 1—Figure 6).

Transition zone: It appears in a more stable meniscus, and subsequently, some are observed
irregularities. This zone has a constant contour, and the ribbon with almost imperceptible
defects of the order of 5 μm can be observed (Point 2—Figure 6).

Zone of homogeneous thickness: Once the turbulence in the meniscus is over after which the
process stabilizes, the defects disappear giving way to a continuous ribbon with properties and
qualities ready for specific use in electronic devices and with qualities that far exceed standard
materials, such as its frequency response to variable magnetic fields. The scanning electron
microscopy (SEM) view (Point 3—Figure 6) is consistent with the expectation of an achieved
high cooling rate that avoids the total crystallization, resulting in an amorphous structure
confirmed by X-ray diffraction (XRD) and Mössbauer Microscopy (MS) analysis. Similar to the
report by Miglierini [7], it can be attributed to Fe atoms surrounded by Si atoms, in a remanent
amorphous phase attributed to FeB environments, according to Franke et al. [8], and environ-
ments rich in Si [4]. The difficulty of analyzing with the transmission electron microscopy (TEM)
is due to the obtained average thickness of the ribbons because their commended thickness is
limited to few hundreds of nanometers in this technique [9]. Later isothermal annealing on these
tapes at temperatures close to 700�C indicates predominantly the formation of nanocrystalline

Figure 5. Comparative decreasing of ribbon thickness (t) with Vx.
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structures with sizes that reach 6.31 nm over phases such as FeB [4]. Another way to obtain
nanostructures is by isothermal annealing of melt-spun ribbons at 823 K for 1 h with the
replacement of B for Ge: Fe73.5Si13.5 Ge2B7Nb3Cu1 and Fe73.5Si13.5Ge4B5Nb3Cu1 [10].

The Vickers microhardness HV 0.05 was determined in an average of a total of 10 measure-
ments (Figure 7), obtaining a hardness of 1070 HV0.05, equivalent to approximately 70 HRC,
Rockwell C scale.

Figure 6. Characteristic zones of the production process.

Figure 7. Fe78B13Si9 (% at.) obtained ribbon.
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For the tensile test of the ribbons, the device of Figure 8 was used. Average values in 10
different samples were determined in Table 2.

3. Computational modeling

The work of Bussmann et al. [11] proposes a numerical solution of the equations of momentum
and energy to study the condition of stable flow and temperature field in the puddle of the
process of melt spinning. The proposed model considers the inertial effects, viscous, the surface
tension, and the dependence of the viscosity with the temperature until the solidification of the
material to an amorphous state.

Figure 8. Tensile test on Fe78B13Si9 ribbons.

Sample n

Breakage average load (N) 11.95

Average section (mm2) 0.063

Average resistance to traction (MPa) 190

Table 2. Average results of tensile tests on Fe78B13Si9 ribbons.
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In the work of Babei et al. [12], a numerical formulation based on the finite difference method
is proposed to model the flow and heat transfer phenomenon transient in melting process. The
results are contrasted with experimental models finding high consistency between the results.

In the work of Hui et al. [13], a numerical model is proposed for the study of the process of heat
transfer and transient flow in the melt spinning process using the Navier-Stokes equations and
the heat transfer equation. The proposed model allows the calculation of the cooling speeds
along the thickness of puddle for different wheel speeds. Using experimental models, temper-
ature distributions and cooling velocities were obtained, and similar results to those found in
the numerical model were obtained.

Wang and Matthys [14] present a bi-dimensional finite difference semi-implicit numerical
model for the study of the flow field and heat transfer with phase change in the casting model
process. The boundary-layer theory is used to model these fields during the solidification
process of the puddle.

Steen and Karcher [15] present the analysis of casting metals using spinning wheels. This work
presents a broad discussion of flow stability, a relevant aspect in non-stable flow phenomena,
which influences the movement of the meniscus, final texture, and instability of the morpho-
logical type of the solidification front.

Theisen et al. [16] focus their study on the behavior of the melt spinning process in time. The
model developed is based on the equations of mass balance in unstable state combined with
the Bernoulli equation of the flow. The proposed model allows to establish variations in
different time scales, allowing to determine the time scale in which the process can be consid-
ered as stable. The evolution of the length of the puddle and the thickness of the produced
metal tape indicates that the solidification speed varies over time.

In the work of Sowjanya and Kishen Kumar Reddy [17], they investigate the flow field of
molten material in the puddle by determining pressure profiles, flow lines, and current func-
tion according to the injection pressure of the material in the nozzle. The proposed model
allows to determine the point of separation of the material of the wheel to form the tape.

Sowjanya and Kishen Kumar Reddy [18] propose a bi-dimensional numerical model to model
the molten puddle during the melt spinning process by finding stable puddle formation times
related to its injection pressure. The comparison of experimental thicknesses with numerical
results has a high concordance.

3.1. Governing equations

The numerical model is based on the following assumptions [11]:

• The width of the tape is much greater than the height of the gap, then puddle is consid-
ered essentially two dimensional.

• As the diameter of the wheel is much greater than the length of the puddle, the curvature
of the wheel beyond the puddle is negligible. In addition, the lower surface of the puddle
is considered flat.

New Uses of Micro and Nanomaterials104

• Molten material and the fluid that surrounds the puddle are considered as incompressible
and a Newtonian fluid with laminar behavior.

• Density, surface tension, and thermal diffusivity of the molten material are considered
constant. Kinematic viscosity depends on temperature.

• The heat flow between the tape and the wheel is of the convective type. The temperature
of the wheel remains constant. The transfer of heat by radiation from the puddle is
negligible.

The basic equations that govern the phenomenon of molten metal flow in the melt spinning
process are given by the mass balance equation:

∇:v ¼ 0 (1)

where v is the velocity field. The equation of momentum balance for a Newtonian fluid is
given by:

r
Dv
Dt

¼ �∇pþ ηΔvþ rb (2)

where r is the density of the fluid; p is the pressure field; η is the kinematic viscosity; and b is
the vector of mass forces. The energy conservation equation:

rcp
DT
Dt

¼ �∇: λ∇Tð Þ þ η�γ2þ �qLH (3)

where cp is the specific calorific capacity ofmoltenmaterial;T specifies the temperature field value;
λ is the thermal conductivity of the fluid;�γ represents the rate of deformation; and �qLH is the latent
heat flux. The transportation equation that controls the movement of the free surface is given by:

∂Φ
∂t

þ ∇: Φvð Þ ¼ DΦ
Dt

þΦ: ∇:vð Þ ¼ 0 (4)

In this equation, Φ xð Þ is the volume of fluid function (VOF), which is a discontinuous function
that measures the amount of fluid present in a volume element taking values between 0 and 1
(Φ xð Þ ¼ 0, if the volume of fluid does not contain molten material and Φ xð Þ ¼ 1,when the
volume contains entirety molten material).

3.2. Boundary conditions

On the solid surfaces of the injection and wheel nozzle, a non-slip and non-penetration flow
condition is considered. On the surface of the wheel, the fluid moves at the same speed as the
wheel. The VOF model is used through the transport equation to model the puddle-air inter-
face. On the free surface of the inlet nozzle, a known pressure condition is used, which is equal
to the injection pressure condition of the molten metal. As we have explained in [19], the flow
of heat between the puddle and the wheel is modeled by:
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λ∇T ¼ h Tint � T∞ð Þ (5)

where h is the convective coefficient; Tint is the temperature at molten material on the wheel;
and T∞ is the room temperature [20].

4. Image-based measurements

CBMS is a highly sensitive process in which many variables should be taken into account both
for computational modeling purposes and for quality control. To monitor the ribbon produc-
tion stage and to validate our proposed model, we carried out several experiments via high-
speed image acquisition using a Vision research Phantom-HD [21]. Using a high-speed camera,
we can accurately determine the ejection speed and the temperature of the molten alloy as it
flows from the nozzle to the spinning wheel. In the following subsections, we explain the
image-based measurement details.

4.1. Ejection velocity measurement

The most frequently used technique for studying the 2D and 3D velocity field of fluids is called
particle image velocimetry (PIV) [22]. It is an optical method of flow visualization in which the
fluid is seeded with small tracer particles, assumed to follow the flow dynamics, and illumi-
nated so that the particles are visible. The motion of the seeding particles is used to calculate
the velocity field of the flow. However, to use PIV, the fluid has to be transparent and at
temperatures that typically do not exceed 200�C [23]. In our case, PIV is not readily an option
because the considered molten alloy in the melt spinning process is not transparent, and
seeding a fluid at temperatures above 1000�C is not possible. Therefore, we limit our analysis
to the measurement of the ejection velocity.

The ejection velocity of the molten alloy is a parameter that is directly linked to the ejection
pressure, the fluid viscosity and temperature, and nozzle size. This velocity can be measured
using image-based velocimetry. Recently, image-based velocimetry has become more attractive
than PIV because of the advancement in computing power [24]. The most used image-based
technique for estimating 2D/3D motion or velocity fields is optical flow. Optical flow methods
try to calculate the motion between the two image frames acquired at times t and tþ Δt at
every pixel position. For a 2D + t dimensional case, the assumption is that a pixel at location
x; y; tð Þ with an intensity I x; y; tð Þ will have moved by Δx, Δy, and Δt between the two image
frames. This assumption is called the brightness constancy constraint and is given by the
following expression [25]:

I x; y; tð Þ ¼ I xþ Δx; yþ Δy; tþ Δtð Þ (6)

On the assumption that the movement is small, the image constraint at I x; y; tð Þ can be
expanded with a Taylor series to get
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I xþ Δx; yþ Δy; tþ Δtð Þ ¼ I x; y; tð Þ þ ∂I
∂x

Δxþ ∂I
∂y

Δyþ ∂I
∂t
ΔtþH:O:T: (7)

From these equations, it follows that

∂I
∂x

Vx þ ∂I
∂y

Vy þ ∂I
∂t

¼ 0 (8)

where Vx and Vy are the x and y components of the velocity or optical flow of I x; y; tð Þ, and ∂I
∂x,

∂I
∂y, and

∂I
∂t are the derivatives of the image at x; y; tð Þ in the corresponding directions. Eq. (8) has

two unknowns and cannot be solved without additional equations or constraints. All optical
flow methods introduce additional conditions for estimating the actual flow. In this work, we
use the Lucas-Kanade method [26] in which the underlying assumption is that the flow is
essentially constant in a local neighborhood of the pixel under consideration. Therefore, the
optical flow equations for all the pixels in a given neighborhood are solved in the least-square
sense.Using optical flow, we can compute the two components u; vð Þ of velocity per pixel.
However, often such high-resolution optical flow is not needed, and at that resolution, the
resulting flow is noise prone. In our implementation, the optical flow estimation uses median
filtering to obtain a noise robust 2D velocity field from which we can obtain the ejection velocity.
In addition, we obtain a binary mask to compute the optical flow from the region of interest to
avoid detecting changes in brightness or reflections on the wheel as motion. In Figure 9, we
show the successive image frames during ejection for a single experiment. The first frame shows
the crucible, and the nozzle before the ejection, the intermediate frames show the ejection of the
molten alloy, and the final frame shows the instant when the alloy comes into contact with the
spinning wheel and starts to flow. From these data, we can calculate many parameters related to
the ejection. We show the maximum speed per frame. At a frame rate of 5602 fps, the molten
alloy takes about 14 frames to be ejected and comes into contact with the rotating wheel.
Knowing the gap between the nozzle and the wheel (2 mm) and the fact that the alloy takes
2.499 ms to come into contact with the wheel, we compute an average speed of 0.80 m/s
(Figure 2). This value is in agreement with the computedmaximum speeds as shown in Figure 9.

4.2. Temperature measurement

CBMS is a technological process characterized by high-material velocities in which a precise
high-speed temperature measurement is essential. Due to the presence of multiple flow phases
and the high temperatures of the molten alloy (often above 1500�C), only non-contact methods
can be used to measure the temperature. Pyrometers and infrared cameras are the most common
non-contact temperature measurement devices [27]. However, on the one hand, pyrometers are
only capable of single-point temperature measurements. On the other hand, despite the high
cost, infrared cameras are not appropriate for high-speed applications due to their limited spatial
resolution and dynamic response.The ejectedmolten alloy in the melt spinning process can reach
temperatures well above 1500�C. At this temperature, the alloy emits a considerable amount of
light in the visible and near infrared part of the electromagnetic spectrum. Roughly between
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400 nm and 1000 nm, this band is where standard CCD and CMOS camera sensors are most
sensitive. This advantage is the reason for using conventional high-speed imaging cameras for
temperature measurement.In our CBMS experimental set-up, we measured the temperature of
the molten alloy using the recently proposed method by Bizjan et al. [28]. Using a high-speed
monochrome camera, we capture intensity images in 10-bit resolution and size 320 � 200 at
5602 fps. For the temperature calculation, the required input is the normalized image gray level
G, 0 (black) ≤ G ≤ 1 (white). This gray level is assumed to be proportional to the camera sensor
voltage response due to the incident light, which in turn depends on the equations for gray body
radiation. The equations for calculating the temperature are as follows:

Tk ¼ C4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G
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In Eqs. (9)–(11), TK is the absolute temperature in (K); k is the camera sensor sensitivity; tE is
the camera shutter time; η is the light efficacy; Y is the sensor quantum efficiency; λ is the
wavelength of light; and Bλ is the spectral radiance. The physical constants are σs = 5.67 �
10�8 W m�2 K�4 (Stefan-Boltzmann constant); kB = 1.381 � 10�23 J/K (Boltzmann constant);
h = 6.626 � 10�34 J s (Planck constant); and c = 2.998 � 108 m/s (speed of light in vacuum).

As proposed by Bizjan et al. [28], many variables are not directly measured or known, but it is
safe to assume that they remain constant during the experiment. The constant C implicitly
contains all these variables, and its value depends on the measurement set-up. These variables

Figure 9. Velocity measurement of molten alloy ejection by optical flow. The arrows indicate the most significant velocity.
Maximum speed: (a) 0.008 m/s; (b) 0.087 m/s; (c) 0.408 m/s; (d) 1.227 m/s; (e) 1.354 m/s; (f) 1.193 m/s; (g) 0.745 m/s; and (h)
0.806 m/s.
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include the surface emissivity e (proportional to C4), the lens aperture setting, the focal distance,
and the internal light absorption. The constant C is obtained from Eq. (6) by means of calibration
to a surface with a known reference temperature and the corresponding image gray level at that
location. In our experiments, we measured the reference temperature with a pyrometer.

In Figure 10, we show the stable flow of the molten alloy in the CBMS process. The green
profile indicates the rapid cooling rate with a drop from approximately 1300 to 400�C in a
distance of less than 1 mm. To accurately assess the beginning of the solidification process, we
show in Figure 11 the temperature flow field as a contour plot and note the lower regions with
temperatures below 800�C.

5. Conclusions

In this chapter, we have described the CBMS industrial process for a commercial alloy of
Fe78Si9B13 (% at.) used in the industry as a magnetic material for applications in the electrical

Figure 10. Temperature measurement by high-speed camera.

Figure 11. Temperature field as a contour plot.
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location. In our experiments, we measured the reference temperature with a pyrometer.

In Figure 10, we show the stable flow of the molten alloy in the CBMS process. The green
profile indicates the rapid cooling rate with a drop from approximately 1300 to 400�C in a
distance of less than 1 mm. To accurately assess the beginning of the solidification process, we
show in Figure 11 the temperature flow field as a contour plot and note the lower regions with
temperatures below 800�C.
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In this chapter, we have described the CBMS industrial process for a commercial alloy of
Fe78Si9B13 (% at.) used in the industry as a magnetic material for applications in the electrical
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transformer industry. We have studied this practical process from the generation of a mother
alloy to its casting into a thin ribbon for its industrial application. The production parameters
corresponding to its ejection have been reported under different conditions and compared
with those obtained by other authors, resulting in similar characteristics in both thickness (t)
and width (W). The mechanical parameters of the produced ribbons are reported. In addition,
we have described the turbulence phenomena reported in previous works. This turbulence
was introduced in the numerical modeling with the FVM methodology, agreeing with defects
found in the rugosity of the ribbon in different areas perfectly differentiated characteristics in
the solidification process (see Figure 6). In the computational modeling of the process, we
provide a brief review of other numerical methodologies used by different authors and the
equations that govern the phenomenon along with the boundary conditions used in the
numerical simulation procedure. We describe the most critical process for the considered
parameters. In addition, we showed different methodologies for the digital capture of data to
compare the temperature and velocity profiles obtained in the process that allow validating
the temperature profiles obtained in the numerical simulations to obtain the solidification
profiles in the finished product.

Acknowledgements

The three authors of this chapter, MRP, JUV, and AGM, are grateful to the projects UBACyT
20020150100088BA; PDTS-CIN 0362. This work was supported by CONICET; University of
Buenos Aires; and COLCIENCIAS.

Conflict of interest

It is hereby acknowledged that all the authors participating in this work do not present any
real or potential conflict of interest, including financial aspects.

Author details

Marcelo Rubén Pagnola1*, Jairo Useche Vivero2 and Andrés G. Marrugo2

*Address all correspondence to: mpagnola@fi.uba.ar

1 University of Buenos Aires, National Council of Scientific and Technical Research, Institute
of Technology and Engineering Sciences “Ing. Hilario Fernández Long” (INTECIN),
Buenos Aires, Argentine

2 Facultad de Ingeniería, Universidad Tecnológica de Bolívar, Cartagena, Colombia

New Uses of Micro and Nanomaterials110

References

[1] Pagnola M, Saccone F, Ozols A, Sirkin H. Improvement to approximation of second order
function of hysteresis in magnetic materials. COMPEL: The International Journal for Com-
putation and Mathematics in Electrical and Electronic Engineering. 2009;28(6):1579-1589.
DOI: 10.1108/03321640910999879

[2] Pagnola M, Katabian R. Development of a winding mechanism for amorphous ribbon
used in transformer cores. In: Gokcek M, editor. Mechanical Engineering. Rijeka: InTech;
2012. pp. 277-291. DOI: 10.5772/37331. ISBN: 978-953-51-0505-3, Chapter 12

[3] Pavuna D. Production of metallic glass ribbons by the chill-block melt spinning technique
in stabilized laboratory conditions. Journal of Materials Science. 1981;16(9):2419-2433.
DOI: 10.1007/BF01113578

[4] Pagnola M, Malmoria M, Barone M, Sirkin H. Analysis of Fe78Si9B13 (% at.) ribbons of
noncommercial scrap materials produced by melt spinning equipment. Multidiscipline
Modeling in Materials and Structures. 2014;10(4):511-524. DOI: 10.1108/MMMS-11-2013-
0068

[5] Pagnola M, Barone M, Malmoria M, Sirkin H. Influence of z/w relation in chill block melt
spinning (CBMS) process and analysis of thickness in ribbons. Multidiscipline Modeling
in Materials and Structures. 2015;11(1):23-31. DOI: 10.1108/MMMS-02-2014-0008

[6] Tkatch VI, Limanovski AI, Denisenko SN, Rassolov SG. The effect of the melt-spinning
processing parameters on the rate of cooling. Materials Science and Engineering A. 2002;
323:91-96. DOI: 10.1016/S0921-5093(01)01346-6

[7] Miglierini M. Mossbauer-effect study of the hyperfine field distributions in the residual
amorphous phase of Fe-Cu-Nb-Si-B nanocrystalline alloys. Journal of Physics: Condensed
Matter. 1994;6(7):1431-1438. DOI: 10.1088/0953-8984/6/7/015

[8] Franke H, Dey S, Rosemberg M. Hyperfine fields and local magnetic moments of metallic
glasses of 3D-transition metals. Journal of Magnetism andMagnetic Materials. 1980;15/18:
1364-1366. DOI: 10.1016/0304-8853(80)90323-6

[9] Busby Y, Pireaux JJ. Metal nanoparticle size distribution in hybrid organic/inorganic films
determined by high resolution X-ray photoelectron spectroscopy. Journal of Electron
Spectroscopy and Related Phenomena. 2014;192:13-18. DOI: 10.1016/j.elspec.2013.12.010

[10] Muraca D, Silveyra J, Pagnola M, Cremaschi M. Nanocrystals magnetic contribution to
FINEMET-type soft magnetic materials with Ge addition. Journal of Magnetism and
Magnetic Materials. 2009;321:3640-3645. DOI: 10.1016/j.jmmm.2009.07.005

[11] BussmannM, Mostaghimi J, Kirk DW, Graydon JW. A numerical study of steady flow and
temperature fields within a melt spinning puddle. International Journal of Heat and Mass
Transfer. 2002;45:3997-4010. DOI: 10.1016/S0017-9310(02)00112-6

Magnetic Materials by Melt Spinning Method, Structural Characterization, and Numerical Modeling
http://dx.doi.org/10.5772/intechopen.77368

111



transformer industry. We have studied this practical process from the generation of a mother
alloy to its casting into a thin ribbon for its industrial application. The production parameters
corresponding to its ejection have been reported under different conditions and compared
with those obtained by other authors, resulting in similar characteristics in both thickness (t)
and width (W). The mechanical parameters of the produced ribbons are reported. In addition,
we have described the turbulence phenomena reported in previous works. This turbulence
was introduced in the numerical modeling with the FVM methodology, agreeing with defects
found in the rugosity of the ribbon in different areas perfectly differentiated characteristics in
the solidification process (see Figure 6). In the computational modeling of the process, we
provide a brief review of other numerical methodologies used by different authors and the
equations that govern the phenomenon along with the boundary conditions used in the
numerical simulation procedure. We describe the most critical process for the considered
parameters. In addition, we showed different methodologies for the digital capture of data to
compare the temperature and velocity profiles obtained in the process that allow validating
the temperature profiles obtained in the numerical simulations to obtain the solidification
profiles in the finished product.

Acknowledgements

The three authors of this chapter, MRP, JUV, and AGM, are grateful to the projects UBACyT
20020150100088BA; PDTS-CIN 0362. This work was supported by CONICET; University of
Buenos Aires; and COLCIENCIAS.

Conflict of interest

It is hereby acknowledged that all the authors participating in this work do not present any
real or potential conflict of interest, including financial aspects.

Author details

Marcelo Rubén Pagnola1*, Jairo Useche Vivero2 and Andrés G. Marrugo2

*Address all correspondence to: mpagnola@fi.uba.ar

1 University of Buenos Aires, National Council of Scientific and Technical Research, Institute
of Technology and Engineering Sciences “Ing. Hilario Fernández Long” (INTECIN),
Buenos Aires, Argentine

2 Facultad de Ingeniería, Universidad Tecnológica de Bolívar, Cartagena, Colombia

New Uses of Micro and Nanomaterials110

References

[1] Pagnola M, Saccone F, Ozols A, Sirkin H. Improvement to approximation of second order
function of hysteresis in magnetic materials. COMPEL: The International Journal for Com-
putation and Mathematics in Electrical and Electronic Engineering. 2009;28(6):1579-1589.
DOI: 10.1108/03321640910999879

[2] Pagnola M, Katabian R. Development of a winding mechanism for amorphous ribbon
used in transformer cores. In: Gokcek M, editor. Mechanical Engineering. Rijeka: InTech;
2012. pp. 277-291. DOI: 10.5772/37331. ISBN: 978-953-51-0505-3, Chapter 12

[3] Pavuna D. Production of metallic glass ribbons by the chill-block melt spinning technique
in stabilized laboratory conditions. Journal of Materials Science. 1981;16(9):2419-2433.
DOI: 10.1007/BF01113578

[4] Pagnola M, Malmoria M, Barone M, Sirkin H. Analysis of Fe78Si9B13 (% at.) ribbons of
noncommercial scrap materials produced by melt spinning equipment. Multidiscipline
Modeling in Materials and Structures. 2014;10(4):511-524. DOI: 10.1108/MMMS-11-2013-
0068

[5] Pagnola M, Barone M, Malmoria M, Sirkin H. Influence of z/w relation in chill block melt
spinning (CBMS) process and analysis of thickness in ribbons. Multidiscipline Modeling
in Materials and Structures. 2015;11(1):23-31. DOI: 10.1108/MMMS-02-2014-0008

[6] Tkatch VI, Limanovski AI, Denisenko SN, Rassolov SG. The effect of the melt-spinning
processing parameters on the rate of cooling. Materials Science and Engineering A. 2002;
323:91-96. DOI: 10.1016/S0921-5093(01)01346-6

[7] Miglierini M. Mossbauer-effect study of the hyperfine field distributions in the residual
amorphous phase of Fe-Cu-Nb-Si-B nanocrystalline alloys. Journal of Physics: Condensed
Matter. 1994;6(7):1431-1438. DOI: 10.1088/0953-8984/6/7/015

[8] Franke H, Dey S, Rosemberg M. Hyperfine fields and local magnetic moments of metallic
glasses of 3D-transition metals. Journal of Magnetism andMagnetic Materials. 1980;15/18:
1364-1366. DOI: 10.1016/0304-8853(80)90323-6

[9] Busby Y, Pireaux JJ. Metal nanoparticle size distribution in hybrid organic/inorganic films
determined by high resolution X-ray photoelectron spectroscopy. Journal of Electron
Spectroscopy and Related Phenomena. 2014;192:13-18. DOI: 10.1016/j.elspec.2013.12.010

[10] Muraca D, Silveyra J, Pagnola M, Cremaschi M. Nanocrystals magnetic contribution to
FINEMET-type soft magnetic materials with Ge addition. Journal of Magnetism and
Magnetic Materials. 2009;321:3640-3645. DOI: 10.1016/j.jmmm.2009.07.005

[11] BussmannM, Mostaghimi J, Kirk DW, Graydon JW. A numerical study of steady flow and
temperature fields within a melt spinning puddle. International Journal of Heat and Mass
Transfer. 2002;45:3997-4010. DOI: 10.1016/S0017-9310(02)00112-6

Magnetic Materials by Melt Spinning Method, Structural Characterization, and Numerical Modeling
http://dx.doi.org/10.5772/intechopen.77368

111



[12] Babei R, Esmaellian H, Varahram N, Davami P. Mathematical and computational model-
ing of mold filling and heat transfer in metal casting. Iranian Journal of Science & Tech-
nology, Transaction B, Engineering. 2005;29(B5):511-530. DOI: 10.1.1.573.5964&rep=rep1&
type=pdf

[13] Hui XD, Yang YS, Chen XM, Hu ZQ. Transient heat transfer and fluid dynamics during
the melt spinning process of Fe78Si9B12Mo amorphous alloy. Science and Technology of
Advanced Materials. 2001;2:265-270. DOI: 10.1016/S1468-6996(01)00067-5

[14] Wang GX, Matthys EF. Mathematical simulation of melt flow heat transfer and non-
equilibrium solidification in planar flow casting. Modelling and Simulation in Materials
Science and Engineering. 2002;10:35-55. DOI: 10.1088/0965-0393/10/1/304/pdf

[15] Steen PH, Karcher C. Fluid mechanics of spin casting of metals. Annual Review of Fluid
Mechanics. 1997;29:373-397. DOI: 10.1146/annurev.fluid.29.1.373

[16] Theisen EA, Davis MJ, Weinstein SJ, Steen PH. Transient behaviour of the planar-flow
melt spinning process. Chemical Engineering Science. 2010;65:3249-3259. DOI: 10.1016/j.
ces.2010.02.018

[17] Sowjanya M, Kishen Kumar Reddy T. Flow dynamics in the melt puddle during planar
flow melt spinning process. Materials Today Part A. 2017;4(2):3728-3735. DOI: 10.1016/j.
matpr.2017.02.268

[18] Sowjanya M, Kishen Kumar Reddy T. Obtaining stable puddle and thinner ribbons
during planar flow melt spinning process. Materials Today Part A. 2017;4(2):890-897.
DOI: 10.1016/j.matpr.2017.01.100

[19] Pagnola M, Malmoria M, Barone M. Biot number behaviour in the chill block melt spin-
ning (CBMS) process. Applied Thermal Engineering. 2016;103:807-811. DOI: 10.1016/j.
applthermaleng.2016.04.077

[20] Carpenter JK, Steen PH. Heat transfer and solidification in planar-flow melt-spinning:
High wheelspeeds. International Journal of Heat and Mass Transfer. 1997;40(9):1993-2007.
DOI: 10.1016/S0017-9310(96)00305-5

[21] Marrugo AG, Barone M, Useche J, Pagnola M. Experimental investigation of high-speed
melt spinning by means of digital image analysis, presented at the Latin America Optics
and Photonics Conference; Washington, D.C; 2016. p. LTh2C.5. DOI: 10.1364/LAOP.2016.
LTh2C.5

[22] Nigen S, El Kissi N, Piau JM, Sadun S. Velocity field for polymer melts extrusion using
particle image velocimetry. Journal of Non-Newtonian FluidMechanics. 2003;112(2):177-202.
DOI: 10.1016/S0377-0257(03)00097-1

[23] Wernet MP, Hadley JA. A high temperature seeding technique for particle image
velocimetry. Measurement Science and Technology. 2016;27(12):1-10. DOI: 10.1088/0957-
0233/27/12/125201/meta

New Uses of Micro and Nanomaterials112

[24] Zhang G, Chanson H. Application of local optical flow methods to high-velocity free-
surface flows: Validation and application to stepped chutes. Experimental Thermal and
Fluid Science. 2018;90:186-199. DOI: 10.1016/j.expthermflusci.2017.09.010

[25] Beauchemin SS, Barron JL. The computation of optical flow. ACM Computing Surveys
(CSUR). 1995;27(3):433-466. DOI: 10.1145/220000/212141/p433-beauchemin.pdf?

[26] Lucas BD, Kanade T. An iterative image registration technique with an application to
stereo vision. In: Proceedings of Imaging Understanding Workshop; 1981. pp. 121-130

[27] Bizjan B, Kuznetsov A, Jeromen A, Govekar E, Sirok B. High-speed camera therm-
ometry of laser droplet generation. Applied Thermal Engineering. 2017;110(C):298-305.
DOI: 10.1016/j.applthermaleng.2016.08.182

[28] Bizjan B, Širok B, Drnovšek J, Pušnik I. Temperature measurement of mineral melt by
means of a high-speed camera. Applied Optics. 2015;54(26):7978-7984. DOI: 10.1364/
AO.54.007978

Magnetic Materials by Melt Spinning Method, Structural Characterization, and Numerical Modeling
http://dx.doi.org/10.5772/intechopen.77368

113



[12] Babei R, Esmaellian H, Varahram N, Davami P. Mathematical and computational model-
ing of mold filling and heat transfer in metal casting. Iranian Journal of Science & Tech-
nology, Transaction B, Engineering. 2005;29(B5):511-530. DOI: 10.1.1.573.5964&rep=rep1&
type=pdf

[13] Hui XD, Yang YS, Chen XM, Hu ZQ. Transient heat transfer and fluid dynamics during
the melt spinning process of Fe78Si9B12Mo amorphous alloy. Science and Technology of
Advanced Materials. 2001;2:265-270. DOI: 10.1016/S1468-6996(01)00067-5

[14] Wang GX, Matthys EF. Mathematical simulation of melt flow heat transfer and non-
equilibrium solidification in planar flow casting. Modelling and Simulation in Materials
Science and Engineering. 2002;10:35-55. DOI: 10.1088/0965-0393/10/1/304/pdf

[15] Steen PH, Karcher C. Fluid mechanics of spin casting of metals. Annual Review of Fluid
Mechanics. 1997;29:373-397. DOI: 10.1146/annurev.fluid.29.1.373

[16] Theisen EA, Davis MJ, Weinstein SJ, Steen PH. Transient behaviour of the planar-flow
melt spinning process. Chemical Engineering Science. 2010;65:3249-3259. DOI: 10.1016/j.
ces.2010.02.018

[17] Sowjanya M, Kishen Kumar Reddy T. Flow dynamics in the melt puddle during planar
flow melt spinning process. Materials Today Part A. 2017;4(2):3728-3735. DOI: 10.1016/j.
matpr.2017.02.268

[18] Sowjanya M, Kishen Kumar Reddy T. Obtaining stable puddle and thinner ribbons
during planar flow melt spinning process. Materials Today Part A. 2017;4(2):890-897.
DOI: 10.1016/j.matpr.2017.01.100

[19] Pagnola M, Malmoria M, Barone M. Biot number behaviour in the chill block melt spin-
ning (CBMS) process. Applied Thermal Engineering. 2016;103:807-811. DOI: 10.1016/j.
applthermaleng.2016.04.077

[20] Carpenter JK, Steen PH. Heat transfer and solidification in planar-flow melt-spinning:
High wheelspeeds. International Journal of Heat and Mass Transfer. 1997;40(9):1993-2007.
DOI: 10.1016/S0017-9310(96)00305-5

[21] Marrugo AG, Barone M, Useche J, Pagnola M. Experimental investigation of high-speed
melt spinning by means of digital image analysis, presented at the Latin America Optics
and Photonics Conference; Washington, D.C; 2016. p. LTh2C.5. DOI: 10.1364/LAOP.2016.
LTh2C.5

[22] Nigen S, El Kissi N, Piau JM, Sadun S. Velocity field for polymer melts extrusion using
particle image velocimetry. Journal of Non-Newtonian FluidMechanics. 2003;112(2):177-202.
DOI: 10.1016/S0377-0257(03)00097-1

[23] Wernet MP, Hadley JA. A high temperature seeding technique for particle image
velocimetry. Measurement Science and Technology. 2016;27(12):1-10. DOI: 10.1088/0957-
0233/27/12/125201/meta

New Uses of Micro and Nanomaterials112

[24] Zhang G, Chanson H. Application of local optical flow methods to high-velocity free-
surface flows: Validation and application to stepped chutes. Experimental Thermal and
Fluid Science. 2018;90:186-199. DOI: 10.1016/j.expthermflusci.2017.09.010

[25] Beauchemin SS, Barron JL. The computation of optical flow. ACM Computing Surveys
(CSUR). 1995;27(3):433-466. DOI: 10.1145/220000/212141/p433-beauchemin.pdf?

[26] Lucas BD, Kanade T. An iterative image registration technique with an application to
stereo vision. In: Proceedings of Imaging Understanding Workshop; 1981. pp. 121-130

[27] Bizjan B, Kuznetsov A, Jeromen A, Govekar E, Sirok B. High-speed camera therm-
ometry of laser droplet generation. Applied Thermal Engineering. 2017;110(C):298-305.
DOI: 10.1016/j.applthermaleng.2016.08.182

[28] Bizjan B, Širok B, Drnovšek J, Pušnik I. Temperature measurement of mineral melt by
means of a high-speed camera. Applied Optics. 2015;54(26):7978-7984. DOI: 10.1364/
AO.54.007978

Magnetic Materials by Melt Spinning Method, Structural Characterization, and Numerical Modeling
http://dx.doi.org/10.5772/intechopen.77368

113



Chapter 7

Nanomaterials in Structural Engineering

Małgorzata Krystek and Marcin Górski

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79995

Provisional chapter

DOI: 10.5772/intechopen.79995

© 2016 The Author(s). Licensee InTech. This chapter is 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. 

Nanomaterials in Structural Engineering

Małgorzata Krystek and Marcin Górski

Additional information is available at the end of the chapter

Abstract

Development of structural engineering, daring structures with record spans or heights, 
meets two serious obstacles—the limitations of traditionally used materials and the need 
of continuous monitoring of new structures subjected to complex loads, including those 
of dynamic nature. Considering the responsibility for the life of people and the budget of 
new structures, the need of constant monitoring is inevitable. This is why structural engi-
neers seek for new solutions; among them, smart structures based on self-monitoring 
materials seem to be one of the most attractive proposals. It is still an unexplored area, 
but current research shows a high potential of the use of composites reinforced by car-
bon-based nanomaterials as self-sensing structural materials. Nanomaterials also influ-
ence other important features of structural materials, such as microstructure, mechanical, 
and transport-related properties. In this chapter, we present the state of art of the use 
of nanomaterials in structural engineering in various areas including mechanical and 
electrical properties as well as issues referring to durability.

Keywords: nanomaterials, structural engineering, graphene, smart materials, smart 
structures

1. Introduction

In 1959, during the Meeting of the American Physical Society at CalTech, the physicist Richard 
Feynman gave his famous speech entitled “There’s plenty of room at the bottom,” and thus, the 
new nanotechnology era begun [1]. Feynman presented the idea of modifying and controlling 
matter at the scale of individual atoms and molecules [2]. However, it was only in 1974 when 
the term “nanotechnology” was created by Norio Taniguchi and was defined as processing 
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has been modified several times over the years. Today, it can be defined as “the application of 
scientific knowledge to manipulate, control and restructure matter at the atomic and molecular level in 
the range of 1–100 nm to exploit the size-dependent and structure-dependent properties and phenom-
ena distinct from those at different scales” [3]. Basically, nanotechnology is based on the state-
ment that we can change any property of any material with reducing at least one dimension 
of this material into the nanoscale [4].

While nanotechnology has attracted attention in many fields of science and technology, 
including chemistry, electronics, medicine, or biology, its application in civil engineering, 
up to date, remains limited [1, 5–7]. These days, searching in SCOPUS database for the terms 
“nanomaterial” AND “civil engineering” within titles, abstracts and keywords of published 
papers returns only 18 document results. The RILEM TC 197-NCM Report [5] has highlighted, 
for the first time in 2004, the potential applications of nanotechnology in construction materi-
als. The e-mail survey carried out among researchers, construction professionals, and large 
construction companies was the basis of reported information. The report revealed that little 
awareness of nanotechnology applications in construction is an effect of insufficient informa-
tion on this subject. Therefore, nanotechnology was perceived as expensive and highly com-
plex, thus discouraging potential customers. However, the results of the survey have shown 
that nearly 100 research projects carried out by respondents were based on nanotechnology. 
The potential nanotechnology applications were pointed out as follows:

• understanding nanostructure of materials,

• nanostructure modification of materials,

• functional films and coatings,

• smart structures and devices,

• environment-friendly applications [5].

Since then, research introducing nanotechnology in civil engineering has followed mainly 
these abovementioned development paths.

This chapter presents a review of the achievements of nanotechnology in Structural 
Engineering with special emphasis on improved physical parameters of structural materials 
and their potential in strengthening repairs and Structural Health Monitoring.

2. Improvement of mechanical properties and durability

Improvement of mechanical properties and durability of cementitious materials is mostly 
obtained by their nanostructure modification, that is, the incorporation of nanomaterials into 
cement matrix. Nanoparticles possess a high chemical reactivity due to a high surface area and 
can promote the growth of cement hydration products. Nanomaterials employed in cementi-
tious composites, up to date, are nano-silica, nano-titania, nano-iron oxide, nano-alumina, nano-
clay particles, carbon nanotubes, graphene oxide (GO), and graphene nanoplatelets (GNPs) [7].
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Nano-silica (nano-SiO2) is proved to enhance the compressive, tensile, and flexural strength of 
OPC pastes and mortars [8]. The addition of nano-SiO2 effects in denser cement paste micro-
structure with improved porosity thus leads to a decreased water penetration and sorptivity 
[8] and therefore to the reduction of calcium leaching [9]. Nano-alumina (nano-Al2O3) matches 
the performance of nano-silica—it leads to a more compacted microstructure of cementitious 
composites, decreases their porosity, and enhances the compressive strength [10, 11]. It is 
worth noting that nano-alumina was proved to improve concrete performance at both ele-
vated and low temperatures [10, 11]. The incorporation of nano-titania (nano-TiO2) may lead 
to the enhancement of compressive and flexural strength as well as to the improvement in the 
resistance to chloride penetration due to a refined pore structure of the composites [12]. The 
impact of nano-titania addition on the performance of cementitious composites at an elevated 
temperature turned out to be comparable to composites incorporating nano-alumina [13].

However, the most studied nanomaterials to be used in cementitious composites are carbon-
based nanomaterials. Until 1985, only two allotropic forms of solid carbon had been known, 
these had been diamond and graphite, which both feature covalently bonded networks [14]. 
In 1985, the new era of carbon nanomaterials had begun, when fullerenes—molecules com-
posed of 60 carbon atoms, C60—had been discovered [14, 15]. It was less than 6 years later 
when it turned out that carbon atoms can also form cylindrical tubes. In 1991, Iijima [16] 
observed first the multi-walled carbon nanotubes (MWCNTs) and then in 1993, Iijima and 
Ichihashi [17] reported single-walled nanotubes (SWCNTs).

CNTs possess extraordinary electrical, thermal, and mechanical properties, highly relying 
on their dimensions. The diameters are in the range of 1.4–100 and 0.4–3 nm for MWCNTs 
and SWCNTs, respectively. Young’s modulus for SWCNTs and MWCNTs is equal to ca. 1 
and 0.21 TPa, respectively, while the tensile strength for both types of CNTs reaches 500 and 
10–63 GPa [15].

Manufacturing of cementitious composites incorporating carbon-based nanomaterials is an 
extremely challenging task due to the crucial problem of obtaining a homogeneous disper-
sion of a nanomaterial within cement matrix. Carbon-based nanomaterials are prone to form 
aggregates and bundling as an effect of both their high hydrophobicity and strong van der 
Waals forces [18–20]. Nonuniformly dispersed nanoparticles strongly influence the workabil-
ity and microstructure of cement composites and hinder the ongoing hydration; thus, it is of 
significant importance to adopt an appropriate treatment to obtain a sufficient consistency 
and dispersion of nanomaterial within cement matrix.

Several different attempts to obtain a homogeneous dispersion of CNTs in cement mix were 
reported, including carboxylation of CNTs [21], that is, special treatment to attach carboxylic 
acid to their surface or functionalization of CNTs with COOH groups [22, 23]. Nevertheless, 
the main approach employed to fabricate cement-CNT composites is, clearly, stirring and 
ultrasonication of aqueous dispersion of CNTs with various types of surfactants, such as 
polycarboxylic acid-based superplasticizers [23–25], anionic sodium dodecyl sulfate [20, 26], 
sodium dodecyl benzene sulfonate [27], nonionic polyoxyethylene(23) laurylether [20], Gum 
Arabic [22, 28], polyacrylic acid polymer [22], and cetyltrimethylammonium bromide [27], to 
name a few, or solvents, for instance, acetone [29]. It is worth noting that the studies on CNTs 
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dispersion [20, 30] have shown that the most beneficial dispersion is the one with a CNT-to-
surfactant ratio of 1:1–1:5.

CNTs can enhance both the compressive and flexural strength of cementitious composites up 
to 50 [22] and 87% [24], respectively. The addition of CNTs also improves both the fracture 
energy and flexural toughness [31]. Young’s modulus of cement mortars containing 0.1 wt% 
of CNTs can be even 100% higher compared to reference samples [24]. According to SEM 
images, the interaction between cement hydration products and CNTs is observed [32]. CNTs 
increase the crack bridging capacity of cementitious composites, acting as networks between 
the crack and the pores [23, 31, 33]. Moreover, nanoindentation investigation indicates that 
CNTs contribute to a higher growth of strong C–S–H phase [30]. CNTs act as the nanofiller 
of voids and thus reduce the total pore volume of cement paste [21, 23, 30, 32]. Interestingly, 
the addition of CNTs decreases the drying shrinkage of composites. Indeed, the authors [34] 
attributed this behavior to the reduction of micropores. It is worth noting that the influence 
of CNTs on the microstructure, porosity, and thereby mechanical properties of cementitious 
composites is highly dependent on the quality of their dispersion within cement matrix as 
well as on the type of surfactant to be used. Several studies show that the addition of CNTs 
may also deteriorate the properties of cementitious nanocomposites [28, 29, 33].

Over the past decades, graphene—another carbon allotrope, which is a single, planar, two-
dimensional carbon layer [35]—has attracted considerable attention in science and technology, 
while its extraordinary properties have been extensively studied by various research groups. 
Especially, due to its outstanding mechanical [36] and electrical properties [37], graphene has 
emerged as the most promising nanomaterial for smart structures. Graphene is known to 
exhibit the intrinsic tensile strength of 130 GPa with a corresponding strain of 0.25, while its 
Young’s modulus may be estimated at 1 TPa [36].

Nevertheless, studies on graphene-cement composites remain, up to date, limited due to the 
abovementioned perplexing problem of obtaining a uniform dispersion of a nanomaterial 
within cement matrix. For this reason, over the past years, special attention was paid to one 
of graphene derivatives, that is, graphene oxide (GO). Graphene oxide is highly dispersible 
in water [38] and therefore, as was assumed, also in cement mix. However, several studies 
[39–41] show that calcium ions present in cement paste negatively affect graphene oxide dis-
persion due to the chemical cross-linking phenomena. To circumvent this problem, different 
approaches have been persuaded, including the sonication of graphene oxide with polycar-
boxylate superplasticizer [42, 43] or silica fume [39, 40], which provide surface modification of 
nanomaterial and thereby separate graphene oxide nanoplatelets from calcium ions.

However, various cementitious composites incorporating graphene oxide, with or without 
surface modification, have emerged as materials with improved microstructure, mechanical 
properties, and durability. With the dosage of 0.03–0.05 wt% of GO, the increase up to 47, 
61, and 79% has been reported for compressive [44], flexural, and tensile-splitting strength 
[45], respectively. The strengthening mechanism of GO in cement matrix is attributed to the 
chemical reaction between -COOH groups attached on the GO flakes and calcium ions from 
calcium hydroxide present in cement; thus, a 3D network structure is formed. Moreover, gra-
phene oxide promotes and accelerates the growth of cement hydration products due to the 
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nucleation effect [46–48]. As a consequence of this 3D network, the microstructure of cement 
composites is visibly densified with a higher crystal growth and less prominent microcracks. 
Furthermore, also brittle crystals of ettringite are hardly observed [49]. The addition of GO 
remarkably refines the porosity, reducing the critical pore size and the volume of macropores 
[48, 50]. For the reason of reduced porosity, the incorporation of even small amount of GO 
into cementitious composites leads to a decreased sorptivity [50, 51]. The decrease up to 8 
and 44% has been reported for initial and secondary sorptivity, respectively [50]. Therefore, 
cement-GO composites feature with a tremendously reduced ingress of chlorides. Even the 
marginal addition of graphene oxide of 0.01 wt% may effect in significant decrease of chloride 
penetration depth from 26 to 5 mm [51]. Interestingly, the addition of GO and its acceleration 
effect on cement hydration lead to a higher drying shrinkage at early stages of hydration. 
Nevertheless, since drying shrinkage depends on the tension of capillary pores, which are 
highly reduced in composites reinforced with graphene oxide, drying shrinkage after 28 days 
is then reduced [47].

Some attempts [19, 52] of introducing graphene nanoplatelets (GNPs) to improve the barrier 
properties and enhance the durability of cementitious composites have been reported. In this 
respect, this low-cost graphene derivative matches the performance of graphene oxide in con-
crete. The addition of 1.5 wt% of GNPs contributes to pore refinement, reducing the critical 
pore diameter and the average void size, thereby decreasing the water permeability, chloride 
diffusion, and chloride migration by 80, 80 and 40%, respectively [52]. It is worth noting that 
according to various authors, the addition of GNPs does not improve [52] or may even, to 
some extent, deteriorate [53] the strength of concrete.

3. Self-monitoring materials

Electrical properties of carbon-based materials in structural engineering are drawing attention 
of scientists for many years, giving hope for smart materials and self-monitoring structures.

One of the first attempts of using carbon-based materials in concrete was made almost three 
decades ago when cut carbon fibers were mixed with concrete for traffic monitoring and 
weighting in motion [54]. The results were promising; however, this solution had never been 
implemented in large scale.

The development of science and technologies during recent years has brought new nanoma-
terials as graphene or carbon nanotubes with even more interesting properties, also electrical. 
Former experiences in structural engineering materials but also in other areas of science as 
medicine or aviation encouraged scientists to return to the concept of self-monitoring materi-
als for smart structures. Clearly, carbon nanotubes are the most studied carbon nanomaterial 
for self-monitoring applications in concrete.

Typically, various types of sensors are used to evaluate structural health, including optical 
fibers, strain gauges, and piezoresistive sensors. However, these sensors possess some seri-
ous limitations and disadvantages, such as high cost, poor durability, low sensitivity, and 
insufficient compatibility with concrete and expensive peripheral equipment [6, 55]. The 
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new generation of nanotechnology-based microelectromechanical system (MEMS) sensors 
has emerged as cheaper, more compact, and easier to install sensors than traditional ones. 
Nanotechnology/microelectromechanical systems were used, for instance, to measure tem-
perature and internal relative humidity of concrete [56] or to detect cracks in concrete struc-
tures [57]. Sensors for detecting the structural integrity of concrete were fabricated as wireless 
cement-carbon nanotube sensors embedded into concrete beams [57]. These CNTs-cement 
sensors have emerged as a low-cost small wireless sensor with good sensitivity, significant 
repeatability, and low hysteresis. Moreover, Lebental et al. [58] have developed well-aligned, 
ultra-thin, dense carbon nanotube membranes to be used as a vibrating membrane in a capac-
itive micrometric ultrasonic transducers, which could be used in the durability monitoring of 
porous materials. Kang et al. [59] have fabricated a long biomimetic artificial neuron sensor, 
with features such as low cost, simple installation, and low weight. Due to low bandwidth 
and appropriate strain sensitivity, it can be used for the detection of both small and large 
strains and cracks in concrete structures, also under dynamic loading.

Interestingly, Nanni et al. [60] have presented self-sensing nanocomposite rods to be applied 
as both reinforcing elements and sensors in concrete structures. The self-sensing rods are 
composed of an internal conductive core, that is, glass fibers embedded in epoxy resin with 
carbon nanoparticles (CNPs) and an external insulting GFRP skin. The nanocomposite rods 
have proved to be suitable for self-monitoring of concrete beams under a four-point static 
bending as well as for concrete cure monitoring.

The concept of weighting loads in motion came back then recently with those new materi-
als [61]. The research team conducted tests on compressed blocks of the concrete with car-
bon nanotubes and registered its performance under static and dynamic loads. The authors 
registered changes of electrical resistance readings, proving that even micro-strains may be 
measured by such smart materials. This very recent work demands more calibrating studies; 
still, it proves high potential of nano-concrete.

Outstanding electrical properties and low cost make graphene nanoplatelets (GNPs) an 
attractive nanomaterial for use in smart self-sensing concrete. As demonstrated by recent 
studies [62], the addition of 1.6 wt% of GNPs (a surface area of 192 m2/g, a diameter of 6.8 μm, 
and a thickness of 5.0 nm) decreases more than one order of magnitude the resistivity of 
tested composites, thus attaining the percolation point, above which GNPs form the continu-
ous conductive network in cement matrix. Interestingly, during the piezoresistive tests under 
compression, it turned out that no piezoresistive reactions were detected for samples contain-
ing 1.6 wt% of GNPs, indicating that conductive network created by tunneling of GNPs is 
unstable under applied loading. Indeed, the addition of only 6.4 wt% of GNPs has led to a 
sufficient and stable response of electrical parameters under cyclic loads. Other studies by Lee 
et al. [63] have revealed that, for GNPs with a surface area of 352 m2/g, a diameter of 2.6 μm, 
and a thickness of 2.6 nm, the percolation threshold was obtained for 3.6 wt% amount of 
nanomaterial. Tests on samples with different notch depths confirmed the electrically conduc-
tive characteristics of manufactured mortar.

A very interesting and novel approach for use in structural engineering is connected with 
the proposal of Smart Bricks for Structural Health Monitoring of existing, often historical 
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structures endangered by hazardous loads as, for example, earthquakes [64]. Such products 
have the potential of creating self-sensing systems in historical structures, giving possibility 
for high-performance repairs and relatively cheap and invisible monitoring solution.

4. Other applications

Numerous exciting examples of antimicrobial and self-cleaning surfaces as well as energy-
harvesting applications have also been reported in the last decade [6].

Recently, it has been shown [6, 65] that some nanoparticles possess tremendous antimicro-
bial properties and can be used to fabricate antimicrobial materials or coatings. In particular, 
TiO2 nanoparticles proved to completely damage Escherichia coli cells after 1 week under UV 
irradiation of 1 mW/cm2. Moreover, it has been reported that the addition of silver or cop-
per may enhance the photocatalytic activity of nano-titania even under weak UV light [66]. 
Interestingly, Hochmannova and Vytrasova [67] have presented paints based on aqueous 
acrylic dispersion with the 5 vol% addition of nano-ZnO, which proved to be a better photo-
catalytic coatings than the one containing nano-TiO2. The normal domestic fluorescent light 
was sufficient for nano-ZnO to activate the photocatalytic and microbial processes, deactivat-
ing the tremendously wide spectrum of bacteria and fungi. Furthermore, the studies on phen-
ylpropyl type interior wall paints incorporating nano-MgO [68] have revealed that, in contrast 
to paints with nano-TiO2 and nano-ZnO, nano-MgO possess a sufficient antimicrobial activity 
in the absence of light irradiation. In addition, the addition of silver nanoparticles to paints and 
coating effects in significant antimicrobial properties in case of both Gram-positive and Gram-
negative bacteria [6, 69]. In case of carbon nanomaterials, SWCNTs can cause physical cell 
membrane damage and oxidative stress, impacting also metabolic activity and morphology of 
E. coli bacteria [70]. Grover et al. [71] have prepared laccase-based and chloroperoxidase-based 
paints, incorporating MWCNTs for biocatalytic coatings. These enzyme-nanotube-based 
paints exhibited a high bactericidal activity against different evaluated bacteria.

Apart from antibacterial surfaces, the addition of nanomaterials may also enhance the self-
cleaning abilities of construction materials. Self-cleaning surfaces are mainly classified into two 
categories: hydrophobic and hydrophilic surfaces. As reported by previous studies [72–74], nano 
silica may be used to fabricate transparent superhydrophobic films and coatings on glass. The 
nanoporous structure made out of nano-SiO2 also possesses antireflection properties [72, 73].  
Hydrophobic surfaces were also developed with the use of carbon nanotubes (CNTs). 
Transparent, conductive, and superhydrophobic films incorporating CNTs were prepared on 
a glass substrate using, for instance, fluoropolymer-grafted MCWNTs [75] or CNTs produced 
by plasma-enhanced chemical vapor deposition and functionalized by a 1H,1H-2H,2H perflu-
orodecyl-trichlorosilane and hexane mixture [76]. Nanoparticles used typically in hydrophilic 
surfaces are materials with photocatalytic properties. Tan et al. [77] have revealed that trans-
parent TiO2 films fabricated by the growth of TiO2 nanotube arrays on glass substrate have 
exhibited a higher photocatalytic activity than nanoparticulate TiO2 thin films due to a higher 
surface area. Interestingly, Pan et al. [78] have presented nanofiber-based TiO2 films with stable 
super-amphilicity, which possessed superhydrophilic properties even after 240 days in the 
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ing 1.6 wt% of GNPs, indicating that conductive network created by tunneling of GNPs is 
unstable under applied loading. Indeed, the addition of only 6.4 wt% of GNPs has led to a 
sufficient and stable response of electrical parameters under cyclic loads. Other studies by Lee 
et al. [63] have revealed that, for GNPs with a surface area of 352 m2/g, a diameter of 2.6 μm, 
and a thickness of 2.6 nm, the percolation threshold was obtained for 3.6 wt% amount of 
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Recently, it has been shown [6, 65] that some nanoparticles possess tremendous antimicro-
bial properties and can be used to fabricate antimicrobial materials or coatings. In particular, 
TiO2 nanoparticles proved to completely damage Escherichia coli cells after 1 week under UV 
irradiation of 1 mW/cm2. Moreover, it has been reported that the addition of silver or cop-
per may enhance the photocatalytic activity of nano-titania even under weak UV light [66]. 
Interestingly, Hochmannova and Vytrasova [67] have presented paints based on aqueous 
acrylic dispersion with the 5 vol% addition of nano-ZnO, which proved to be a better photo-
catalytic coatings than the one containing nano-TiO2. The normal domestic fluorescent light 
was sufficient for nano-ZnO to activate the photocatalytic and microbial processes, deactivat-
ing the tremendously wide spectrum of bacteria and fungi. Furthermore, the studies on phen-
ylpropyl type interior wall paints incorporating nano-MgO [68] have revealed that, in contrast 
to paints with nano-TiO2 and nano-ZnO, nano-MgO possess a sufficient antimicrobial activity 
in the absence of light irradiation. In addition, the addition of silver nanoparticles to paints and 
coating effects in significant antimicrobial properties in case of both Gram-positive and Gram-
negative bacteria [6, 69]. In case of carbon nanomaterials, SWCNTs can cause physical cell 
membrane damage and oxidative stress, impacting also metabolic activity and morphology of 
E. coli bacteria [70]. Grover et al. [71] have prepared laccase-based and chloroperoxidase-based 
paints, incorporating MWCNTs for biocatalytic coatings. These enzyme-nanotube-based 
paints exhibited a high bactericidal activity against different evaluated bacteria.

Apart from antibacterial surfaces, the addition of nanomaterials may also enhance the self-
cleaning abilities of construction materials. Self-cleaning surfaces are mainly classified into two 
categories: hydrophobic and hydrophilic surfaces. As reported by previous studies [72–74], nano 
silica may be used to fabricate transparent superhydrophobic films and coatings on glass. The 
nanoporous structure made out of nano-SiO2 also possesses antireflection properties [72, 73].  
Hydrophobic surfaces were also developed with the use of carbon nanotubes (CNTs). 
Transparent, conductive, and superhydrophobic films incorporating CNTs were prepared on 
a glass substrate using, for instance, fluoropolymer-grafted MCWNTs [75] or CNTs produced 
by plasma-enhanced chemical vapor deposition and functionalized by a 1H,1H-2H,2H perflu-
orodecyl-trichlorosilane and hexane mixture [76]. Nanoparticles used typically in hydrophilic 
surfaces are materials with photocatalytic properties. Tan et al. [77] have revealed that trans-
parent TiO2 films fabricated by the growth of TiO2 nanotube arrays on glass substrate have 
exhibited a higher photocatalytic activity than nanoparticulate TiO2 thin films due to a higher 
surface area. Interestingly, Pan et al. [78] have presented nanofiber-based TiO2 films with stable 
super-amphilicity, which possessed superhydrophilic properties even after 240 days in the 
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absence of UV irradiation. It is worth noting that the effect of various forms of TiO2 [79] as 
well as the interaction between TiO2 and pigments has been investigated in the case of cement 
mortars [80]. Mortar with the addition of 3% of anatase powder and 2% of anatase suspension 
has emerged as a commercially attractive material with optimal photoactivity [79].

Nanomaterials as conductive materials have also the potential for energy harvesting. Tests on 
this issue are conducted in many research centers, not connected with structural engineering. 
Some of them, especially those connected with obtaining energy from mechanical actions [81] 
and solar [82] activity, have the potential, which could also be considered in large engineering 
and special structures made out of smart nanomaterials.

5. Nano-toxicity

Among all nanomaterials, the toxicity of carbon nanotubes (CNTs) draws most attention due 
to their fiber structure and insolubility in lungs, thus significant similarity to asbestos [83]. 
Evaluation of carbon nanotubes (CNTs) toxicity is an extremely challenging task, since the 
reactivity of CNTs is influenced by many factors, such as surface area, size and shape, structural 
defects, purity, chemical composition, solubilization, surface chemistry, and charge [14, 83]. 
CNTs may cause inflammatory, genotoxic, and fibrotic effects in the lungs, thus contributing 
to lung cancer [84]. In addition, exposure to CNTs may also lead to skin irritation [84]. When 
CNTs ingress human cells, they can accumulate in cytoplasm and contribute to cell death [14].

Graphene oxide (GO) and graphene family nanomaterials (GFNs) have a strong antibacterial 
and antifungal activity. However, they may also negatively affect the biological structures of 
cells and cause side effects. First of all, the oxidative stress is detrimental to cellular macro-
molecules: proteins, DNA, or lipids, just to name a few [85]. Moreover, due to sharp edges of 
graphene, it may damage cell membranes, thus causing the membrane destabilization [85, 86].  
It is worth noting that graphene nanomaterial accumulations may be potentially toxic for cer-
tain organs, including lungs and liver [85]. Importantly, the toxicity of graphene and deriva-
tives thereof depends strongly on the type of nanomaterial, its shape and size, purity, surface 
properties, synthesis method and post-producing treatment, dispersion degree, concentra-
tion, oxidative state, and functional groups [86, 87].

6. Conclusion

Nanotechnology has a high potential for applications in civil engineering. Nanomaterials 
such as nano-alumina, nano-titania, nano-silica, nano-magnesium oxide, nano-zinc oxide, sil-
ver nanoparticles, carbon nanotubes, or graphene derivatives may have enhanced hydration, 
microstructure, porosity, and thus mechanical properties and transport-related properties of 
cementitious composites (Table 1). Moreover, nanoparticles can also ensure completely new 
capabilities of structural composites, namely self-cleaning, self-sensing, and antimicrobial 
activities. Recent nanotechnological developments in civil engineering open up new avenues 
for the technological applications of nanomaterials in high-performance cement composites 
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Nanomaterial Effect on the properties of building materials References

Nano-alumina Improved mechanical properties

Refined microstructure and porosity

Accelerated hydration

Reduced water absorption

Increased impermeability

Improved performance at elevated temperatures

Enhanced frost resistance

[8, 10, 11]

[8, 11]

[8]

[8]

[10]

[10]

[11]

Nano-silica Improved mechanical properties

Refined microstructure and porosity

Enhanced corrosion resistance

Enhanced frost resistance

Self-cleaning properties

[9, 11]

[9, 11]

[9]

[11]

[72–74]

Nano-titania Improved mechanical properties

Refined microstructure and porosity

Enhanced corrosion resistance

Increased impermeability

Improved performance at elevated temperatures

Self-cleaning properties

Antibacterial activity

[13]

[12, 13]

[12]

[13]

[13]

[66, 77–80]

[66]

Carbon nanotubes Improved mechanical properties

Refined microstructure and porosity

Reduced shrinkage

Self-sensing properties

Enhanced corrosion resistance

Self-cleaning properties

Antibacterial activity

[14, 18, 20–24, 27–33]

[14, 21, 30–32]

[14]

[24, 25, 27, 58, 59, 61]

[24]

[75, 76]

[70, 71]

Graphene nanoplatelets Refined microstructure and porosity

Reduced water absorption

Enhanced corrosion resistance

Self-sensing properties

[19, 52]

[19, 52]

[19, 52, 62]

[53, 62, 63]

Graphene oxide Improved mechanical properties

Refined microstructure and porosity

Accelerated hydration

Reduced water absorption

Enhanced corrosion resistance

[41–43, 45, 46, 48–50]

[41, 42, 44–46, 48–51]

[44, 47, 48]

[50, 51]

[51]

Silver nanoparticles Antibacterial activity [69]

Nano-magnesium oxide Antibacterial activity [68]

Nano-zinc oxide Antibacterial activity [67]

Table 1. Effect of the incorporation of various nanomaterials into building materials.
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CNTs may cause inflammatory, genotoxic, and fibrotic effects in the lungs, thus contributing 
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It is worth noting that graphene nanomaterial accumulations may be potentially toxic for cer-
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tives thereof depends strongly on the type of nanomaterial, its shape and size, purity, surface 
properties, synthesis method and post-producing treatment, dispersion degree, concentra-
tion, oxidative state, and functional groups [86, 87].
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such as nano-alumina, nano-titania, nano-silica, nano-magnesium oxide, nano-zinc oxide, sil-
ver nanoparticles, carbon nanotubes, or graphene derivatives may have enhanced hydration, 
microstructure, porosity, and thus mechanical properties and transport-related properties of 
cementitious composites (Table 1). Moreover, nanoparticles can also ensure completely new 
capabilities of structural composites, namely self-cleaning, self-sensing, and antimicrobial 
activities. Recent nanotechnological developments in civil engineering open up new avenues 
for the technological applications of nanomaterials in high-performance cement composites 
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as well as in structural health monitoring. However, of significant importance is to focus on 
new solutions, which will facilitate the use of nanotechnology in real industrial-scale appli-
cations. Moreover, a key focus for the nanotechnology of structural composites should be 
ensuring the comprehensive toxicological studies.
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Abstract

Nanostructured oxide semiconductor compounds have gained a big importance, in basic
and mostly in applicative researches, due to their unique properties, and their increased
potential of utilization as sensors in various electronic and optoelectronic devices. The
development of devices based on semiconductor materials as gas sensors has been visible
during the recent years, due to their low manufacturing cost. Because the basic materials
and the manufacturing processes are critical for gas sensors high performance, they need
to be studied and capitalized in practice. Among the new technologies, the production of
nanocrystalline materials and hybrid structures offer huge opportunities to improve sen-
sitivity, selectivity and response time, as a consequence of the intensification of gas-sensor
interaction. In this study, a series of nanostructured oxide semiconductor compounds with
a spinel-type structure and perovskite, respectively, based on transition metals and syn-
thesized by the sol-gel self-combustion method, with possible applications for resistive
gas sensors, are presented.

Keywords: nanostructured materials, oxide semiconductors, sol-gel self-combustion,
structural properties, gas-sensing properties

1. Introduction

In order to improve the environmental conditions, in certain spaces, monitoring and control
systems are needed. These must be able to quickly and safely detect the gas-polluting sources
and to compare their emissions with the accepted standards. Until now, the air pollution
measurements were performed with analytical instruments using optical spectroscopy or mass
chromatograph spectrometry for gases.
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The optical systems measure the absorption spectrum after the target gas was excited by light.
Such a sensor needs a complex system: a monochromatic excitation source and an optical
sensor to analyze the absorption spectrum [1].

The spectroscopic systems are based on the direct analysis of the molecular mass or of the
vibration spectrum of the target gas. Such a sensor can measure quantitatively, with a very good
precision, the composition of various gases. The mass spectrometer and the gas chromatograph
are the most important systems of spectroscopic gas sensors; yet, at the same time, they are very
expensive, hard to implement in reduced spaces, and can rarely be used in real time [1].

Instead, a compact, robust, highly performing and low-cost gas sensor can be a very attractive
alternative to the classical devices used for environment monitoring. A series of recent
researches [2–7] have been focused for the development of solid gas sensors having as sensitive
element oxide semiconductor materials, among which are the spinels and perovskites, and
their performances began to be improved.

The main characteristics of the sensors are field of application, sensitivity, selectivity, resolution
(the smallest measurable increment of the stimulus), promptitude (rate of reaction to stimuli
variation), accuracy (measuring error in percentages reported to the entire scale), sensor size
and mass, operating temperature and environmental conditions, life time (in hours or in
operating cycles), long-term stability, and cost.

Sensitivity is the device characteristic perceived as the variation of physical and chemical
properties of the material exposed to gas.

Selectivity represents the characteristic through which a sensor element can detect a certain
target gas from a gas mix.

Stability represents the characteristic through a sensor that is able to give the same results,
under the same experimental conditions, after the longest operating time possible.

Nowadays, there is a clear tendency to search for new types of spinel or perovskite nanostru-
tures and to use new synthesis techniques for the preparation of novel sensor materials in
massive form (bulk), thick layers or thin layers. The use of a large number of dopants is meant
to increase the sensitivity and selectivity of spinel or perovskite gas sensors. Efforts are made to
extend the range of operating temperatures and to lower the optimal operating temperature, and
to reduce the power consumption of the sensing element. The resistive sensors made of thin
layers present the advantage that has small power consumption; yet, they are sensitive to physi-
cal and chemical contamination and are rarely regenerable [1].

The systematic studies on a large number of oxide compounds have proved that the variation of
the electric conductivity in the presence of some gases in the air constitutes a common phenom-
enon for the oxide compounds, including spinels and perovskites [8]. The sign of the response,
that is, the increase or decrease of the electric resistivity, is determined by the semiconductor
type, p or n, as well as by the oxidizing or reducing character of the gas. The sensitivity of an
oxide semiconductor sensor can be generally improved by doping, thus modifying the charge
carrier concentration and mobility, or by microstructural modifications, for example, by reduc-
ing the particle dimensions to the nanosized range.

New Uses of Micro and Nanomaterials134

The modification of the electric conductivity of the sensing material exposed to the specific gas
is mainly the result of the reactions that occur at the sensor surface through the modification of
the adsorbed oxygen concentration [9–11]. The oxygen-adsorbed ions at the material surface
extract the electrons from the material and create a potential barrier, which restricts the
electron movement and conductivity. When the reacting gases combine with this oxygen, the
height of the potential barrier is diminished and the gas conductivity increases accordingly.
This conductivity change is directly related with the amount of the specific gas present in the
environment, whence the possibility to determine the gas presence and concentration [12–14].
These gas sensor reactions appear at diverse temperatures, generally between 100 and 600�C,
and the sensor needs to be positioned at the temperature of the maximum response.

One of the main challenges for the developers of spinel-type or perovskite gas sensors is to
increase their selectivity. Currently, there are two general approaches for enhancing the selective
properties of sensors. The first aims at preparing a material, which is specifically sensitive to a
certain gas and has a reduced or zero cross-sensitivity to other compounds that may be present
in the working atmosphere. With this purpose, the optimal temperature, the nature of doping
elements, and their concentrations are investigated. Nonetheless, it is usually very difficult to
achieve an absolutely selective oxide gas sensor in practice. Practically, most of the materials
possess cross-sensitivity at least to humidity and other vapors or gases. Another approach is
based on the preparation of materials able to discriminate between several gases in a mixture. It
is impossible to do this by using a single signal from the sensor. This discrimination can be
usually reached either by modulating the sensor temperature [15–20] or by using a sensor array
[21–23]. In the former case, such discrimination is possible because of the different optimum
operating temperatures for different gases. In the latter case, N signals are obtained simulta-
neously from N sensors, which usually differ from each other through the doping element,
doping ratio, grain size, and/or temperature.

The sensor selectivity is influenced by several factors, such as the surface energy band dia-
gram, energy of gas molecule, and the amount of gas adsorbed on the sensing material at
different operating temperatures [24]. Therefore, further investigations will be necessary in
order to clarify the mechanism of selectivity.

2. Reports from the specialized literature on a series of oxide
semiconductor compounds used for resistive gas sensors

The specialized literature of the recent years reports a series of spinels and perovskites used to
obtain gas sensors [25–39].

The spinel-type oxide semiconductors with a general formula of AB2O4 have demonstrated to
be good materials for the detection of both oxidizing and reducing gases [25–33]. Kapse [35]
conducted a study on the sensitivity of spinelic oxide compounds (NiFe2O4, ZnFe2O4, MgFe2O4,
ZnAl2O4, CoAl2O4 and MgAl2O4) synthesized by citrated sol–gel technique for various gases
(H2S, NH3, C2H5OH, LPG). The author obtains the best values of the magnesium spinel sensi-
tivity (MgFe2O4) for H2S (4.8), C2H5OH (12.4), LPG (6.3) at an operating temperature of 325�C
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and within the CoAl2O4 spinel for NH3 (1.3) at an operating temperature of 150�C and a
concentration of 50 ppm. Sutkaa et al. [36] investigated the nickel ferrite with zinc substitutes
(Ni1�xZnxFe2O4), p-type semiconductors with increased porosity, predominantly open pores.
The samples were synthesized by the sol–gel self-combustion method. For the NiFe2O4 sample,
for a concentration of 500 ppm acetone vapors in the air, they obtain a sensitivity S of 3.7 at an
optimal operating temperature of 275�C.

Regarding a series of perovskites of type ABO3, Wang et al. [37] reported the utilization of the
nanocrystalline BaMnO3 perovskite having an n-type semiconductor behavior as a sensor
selective to O2, with low operating temperatures. Hara et al. [38] have reported a study on
perovskites from the SrTiO3 family as O2 selective sensors, working at the room temperature.
The undoped material exhibits high sensitivity, but its resistivity is extremely high, which
makes it unusable in practice. It has been found that by Nb5+ doping, the sensor resistivity
decreases, but its sensitivity also decreases. The same happens for Fe3+ doping. By doping with
Cr3+, a high decrease of resistivity was obtained, while the sensitivity remains the same.
Gaudhari et al. [39] carried out a study on the Ba-doped nanostructured perovskite SmCoO3

as selective sensor for CO2, working at a temperature of 425�C. For an Sm substitution with Ba
(Sm0.9Ba0.1CoO3), a decrease in the optimum operating temperature from 425 to 370�C and a
diminution of the response time are obtained.

3. Obtaining nanomaterials by the sol-gel self-combustion method

The classical method for oxide semiconductor preparation implies oxides milling, homogeniza-
tion, and sintering. Since the size of the milled particles is quite big, and their homogenization is
not perfect, a longer sintering operation is necessary to obtain a material with a unitary compo-
sition. During sintering, the crystallites increase up to dimensions of the order of micrometer. In
order to avoid the crystallite increase phenomenon, the reaction duration must be reduced, and
the compounds entering the reaction need to be homogenized at a molecular scale.

The method presented here, named sol-gel self-combustion [40–45], accomplishes the homogeni-
zation at the molecular level by introducing compounds in the form of nitrates solutions in a
colloidal medium (Figure 1). With a view to limit the dimensions of hydroxide particles to a
nanometer level and to avoid the flocculation phenomenon, the co-precipitation reaction does not
occur in a simple aqueous solution, but in a colloidal solution. The colloidmolecules surround the
hydroxide microcrystals just after their formation and hinder their rapid growth, thus avoiding
their agglomeration.Thehydroxideparticles remain in theplace of their generation, thusproviding
the homogenization of hydroxidemixture. In order to be certain of the final material composition,
one uses reagents, such that after the reaction of hydroxides co-precipitation, the operations of
settlement, washing or filtering are no longer necessary, because the secondary reaction products
are volatile or eliminable as gases or vapors through subsequent reactions.

Through an exothermic reaction in the form of a quick combustion, one obtains the semicon-
ductor material in the form of an ultra-fine homogeneous powder. In order to obtain very
small-size (nanometric) particles of oxide semiconductor material, the reactions of hydroxides
calcinations and the formation of oxide compounds occur at a very short time interval (of the
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order of microseconds) under the form of an autonomous combustion. The substances neces-
sary for combustion result from the reaction of hydroxides formation itself, if adequate
reagents are used in the precipitation reaction.

Because the reaction lasts a few seconds, the crystals do not have enough time to grow. The
final dimension of the particle of oxide semiconductor material, as well as its structure and
properties, is obtained after a heat treatment, during which the process of material crystalliza-
tion and crystallites growth up to the necessary size occurs. The treatment temperature and
duration are, in all the cases, smaller than those necessary for sintering according to classical
methods, due to the high homogeneity of the mix.

This method provides a good product homogenization. At the same time, due to the absence
of settling, filtering, or washing operations, one has the certitude of material composition.

The sol-gel self-combustion method permits to obtain an ultra-fine, homogeneous powder, with
particles of nanometric size, within a narrow dimension range, and a pronounced porosity (as

Figure 1. Stages of obtaining materials by sol-gel self-combustion method.
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the open pores prevail), which favors gas access inside the samples. This open-pores system
appeared during the self-combustion reaction, through which a large amount of gases was
eliminated. This porous structure appears at all the oxidic compounds prepared through this
method [45–49].

4. Nanostructured spinels and perovskites used for resistive gas sensors

In this subsection, a series of the spinels (Mg1�xSnxFe2O4 where x = 0, 0.1) and perovskites
(La0.8Pb0.2Fe1�xZnxO3 where x = 0, 0.05, 0.1, 0.2) obtained by the sol-gel self-combustion
method used to achieve resistive gas sensors are presented and characterized.

4.1. Gas sensors: obtaining and characterization

Nanograined spinelic and perovskite powders of nominal compositions: MgFe2O4 (MFO-0),
Mg0.9Sn0.1Fe2O4 (MFO-1) and La0.8Pb0.2FeO3 (LPFO-0), La0.8Pb0.2Fe0.95Zn0.05O3 (LPFO-1),
La0.8Pb0.2Fe0.9Zn0.1O3 (LPFO-2), La0.8Pb0.2Fe0.8Zn0.2O3 (LPFO-3), respectively, were prepared
by the sol-gel self-combustion method using polyvinyl alcohol (PVA) as fuel and as colloidal
medium [50, 51]. The method included the following procedures: dissolution of metal nitrates
(stoichiometric amounts of analytical grade) 10% metal in deionized water, the addition of
polyvinyl alcohol solution (10% in deionized water, metal/PVA ratio is 1/1), the addition of
ammonia to increase pH to about 8, stirring at 80�C, drying the gel at 100–120�C, and finally
self-combustion. The combusted powders were calcined at 500�C for 30 min to eliminate any
residual carbon and organic compounds [50, 51].

The reactions for the basic compositions (x = 0) can be schematized as follows [30, 51]:

2 � Fe NO3ð Þ3 þMg NO3ð Þ2 þ 8 �NH4OH ! 2 � Fe OHð Þ3 þMg OHð Þ2 þ 8 �NH4NO3 (1)

2 � Fe OHð Þ3 þMg OHð Þ2 ! Fe2O3 þMgOþ 4 �H2O (2)

Fe2O3 þMgO ! MgFe2O4 (3)

and

La NO3ð Þ3 þ 3 �NH4OH ! La OHð Þ3 þ 3 �NH4NO3 (4)

Pb NO3ð Þ2 þ 2 �NH4OH ! Pb OHð Þ2 þ 2 �NH4NO3 (5)

Fe NO3ð Þ3 þ 3 �NH4OH ! Fe OHð Þ3 þ 3 �NH4NO3 (6)

C2H3OHþ 5 �NH4NO3 ! 2 � CO2↑þ 12 �H2O↑þ 8 �N2↑þQ (7)

2 � La OHð Þ3 þ Pb OHð Þ2 þ 2 � Fe OHð Þ3 ! La2O3 þ PbOþ Fe2O3 þ 7 �H2O↑ (8)

0:8 � La2O3 þ 0:4 � PbOþ Fe2O3 þ 0:1 �O2 ! 2 � La0:8Pb0:2FeO3 (9)
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The resulting powders were subjected to cold pressing in disk-shaped samples (17-mm diam-
eter, 1.2-mm thick), followed by heat treatment in air for 1100�C/240 min (spinels) and 900�C/
40 min (perovskites) [33, 47, 50, 51].

The structure and surface properties of the heat-treated samples were investigated by X-ray dif-
fraction (XRD), scanning electronmicroscopy (SEM), and energy-dispersive X-ray analysis (EDX).

For electrical measurements, a heat-treated disk was silvered on both flat surfaces. The sensor
element was executed by deposing two comb-type silver electrodes on one face of the heat-
treated disk using the “screen-printing”method. For the gas-sensing measurements, the sensor
element was mounted on a heater capable of controlling the operating temperature and placed
in a glass chamber provided with a gas homogenizer and connected to a gas-volumetric
dosing device. The gas-sensing properties were investigated at various operating tempera-
tures, included in the range of 100–420�C. The test gases used were ethanol (C2H5OH) and
acetone (C3H6O) at various concentrations. The sensitivity (sensing response), S, for sensor
elements made with spinel-type materials, was defined as the ratio [31, 33, 36, 50]

S ¼ ΔR
Ra

¼ Ra � Rg
�� ��

Ra
(10)

and for sensor elements made with perovskite-type materials, it was defined as the ratio [51–53]

S ¼ Rg

Ra
(11)

where Ra and Rg are the sensor resistance in air and in the presence of the test gas, respectively.

4.2. Results and discussion

4.2.1. Structural properties

From the X-ray diffractometry performed for the samples presented, it was found that the MFO
samples present a cubic structure of spinel type, while the LPFO samples present an orthorhom-
bic structure perovskite type, as a result, the heat treatments in air, specific for each sample
(Table 1). The samples have a good crystallinity in the specified thermal treatment conditions.
The structural characteristics of the samples obtained from X-ray diffractometry (XRD) and from
analyses by a scanning electron microscope (SEM) [33, 50] are shown in Table 1.

Generally, the samples are characterized by a very fine structure being composed of aggregates
of nanograins with irregular shapes and sizes, with a pronounced porosity and channels that are
favoring the adsorption or desorption of the gas. Figure 2(a–d) shows the SEM micrographs for
the MFO-0, MFO-1, LPFO-0, and LPFO-2 samples where it is possible to highlight the extremely
fine structure of the granule samples having a mean size of about 100 nm for the MFO-1 sample
and of about 200 nm for the LPFO-2 sample. The studied samples are characterized by a high
porosity (45–65%) and a specific surface area in the domain of 5–24 m2/g. The gas sensitivity
depends largely on the microstructure.
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The resulting powders were subjected to cold pressing in disk-shaped samples (17-mm diam-
eter, 1.2-mm thick), followed by heat treatment in air for 1100�C/240 min (spinels) and 900�C/
40 min (perovskites) [33, 47, 50, 51].
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fraction (XRD), scanning electronmicroscopy (SEM), and energy-dispersive X-ray analysis (EDX).

For electrical measurements, a heat-treated disk was silvered on both flat surfaces. The sensor
element was executed by deposing two comb-type silver electrodes on one face of the heat-
treated disk using the “screen-printing”method. For the gas-sensing measurements, the sensor
element was mounted on a heater capable of controlling the operating temperature and placed
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acetone (C3H6O) at various concentrations. The sensitivity (sensing response), S, for sensor
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where Ra and Rg are the sensor resistance in air and in the presence of the test gas, respectively.
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4.2.1. Structural properties

From the X-ray diffractometry performed for the samples presented, it was found that the MFO
samples present a cubic structure of spinel type, while the LPFO samples present an orthorhom-
bic structure perovskite type, as a result, the heat treatments in air, specific for each sample
(Table 1). The samples have a good crystallinity in the specified thermal treatment conditions.
The structural characteristics of the samples obtained from X-ray diffractometry (XRD) and from
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The chemical elemental composition of the studied samples was confirmed by the energy-
dispersive X-ray spectra (EDX). The obtained chemical elemental composition is typical for
these compounds (any foreign element is absent). Figure 2(e) presents the EDX spectrum for
the LPFO-2 sample.

4.2.2. Gas-sensing properties

The samples show n-type (MFO) and p-type (LPFO) semiconductor characteristics within the
studied temperature range. Electrical resistivity measurements in air (ra) at room temperature
indicated very high values, over 106 Ω�cm. Thermal activation energy is about 0.4 eV for the
MFO-0 sample and about 0.6 eV for the other studied samples.

In regard to gas-sensing properties, the sensitivity of the electric resistance to ethanol and
acetone vapors in air was investigated. Figures 3 and 4 show the sensitivity characteristics for
the MFO (spinel-type) samples according to the operating temperatures, while these samples
were exposed to saturated ethanol or acetone vapors, and Figures 5 and 6 show the sensitivity
characteristics for the LPFO (perovskite-type) samples according to the operating tempera-
tures, while exposed to a concentration of 400 ppm ethanol or acetone vapors.

The gas sensitivity is strongly related to the working temperature, material composition, mean
particle size, and porosity [50]. In the studied operating temperature range, the sensitivities
increase with the increase of the temperature reaching maximum values (at temperatures
called optimal operating temperatures) and then the sensitivities decrease slightly [54–56].

For MFO samples (Figures 3 and 4), the gas sensitivity increased with the increasing operating
temperature and reached a maximum value at an optimum operating temperature (Top) of

Sample
symbol

Lattice
constants (Å)

Average particle size
Dm (nm)

Bulk density d
(g/cm3)

Porosity p
(%)

Specific surface area Asp

(m2/g)

MFO-0 a = 0.8354 500 2.40 45.8 5.0

MFO-1 a = 0.8352 100 2.52 51.6 23.8

LPFO-0 a = 5.5675
b = 7.8648
c = 5.5563

250 3.60 48.56 6.66

LPFO-1 a = 5.5679
b = 7.8665
c = 5.5571

230 3.40 51.49 7.67

LPFO-2 a = 5.5685
b = 7.8673
c = 5.5577

200 3.06 56.41 9.80

LPFO-3 a = 5.5688
b = 7.8685
c = 5.5584

150 2.50 64.50 16

Table 1. Structure characteristics of investigated samples.
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Figure 2. SEM micrographs for the MFO-0 (a), MFO-1 (b), LPFO-0 (c), and LPFO-2 (d) samples and EDX spectra (e) for
the LPFO-2 sample [47, 50, 51].

Nanostructured Oxide Semiconductor Compounds with Possible Applications for Gas Sensors
http://dx.doi.org/10.5772/intechopen.79079

141



The chemical elemental composition of the studied samples was confirmed by the energy-
dispersive X-ray spectra (EDX). The obtained chemical elemental composition is typical for
these compounds (any foreign element is absent). Figure 2(e) presents the EDX spectrum for
the LPFO-2 sample.

4.2.2. Gas-sensing properties

The samples show n-type (MFO) and p-type (LPFO) semiconductor characteristics within the
studied temperature range. Electrical resistivity measurements in air (ra) at room temperature
indicated very high values, over 106 Ω�cm. Thermal activation energy is about 0.4 eV for the
MFO-0 sample and about 0.6 eV for the other studied samples.

In regard to gas-sensing properties, the sensitivity of the electric resistance to ethanol and
acetone vapors in air was investigated. Figures 3 and 4 show the sensitivity characteristics for
the MFO (spinel-type) samples according to the operating temperatures, while these samples
were exposed to saturated ethanol or acetone vapors, and Figures 5 and 6 show the sensitivity
characteristics for the LPFO (perovskite-type) samples according to the operating tempera-
tures, while exposed to a concentration of 400 ppm ethanol or acetone vapors.

The gas sensitivity is strongly related to the working temperature, material composition, mean
particle size, and porosity [50]. In the studied operating temperature range, the sensitivities
increase with the increase of the temperature reaching maximum values (at temperatures
called optimal operating temperatures) and then the sensitivities decrease slightly [54–56].

For MFO samples (Figures 3 and 4), the gas sensitivity increased with the increasing operating
temperature and reached a maximum value at an optimum operating temperature (Top) of

Sample
symbol

Lattice
constants (Å)

Average particle size
Dm (nm)

Bulk density d
(g/cm3)

Porosity p
(%)

Specific surface area Asp

(m2/g)

MFO-0 a = 0.8354 500 2.40 45.8 5.0

MFO-1 a = 0.8352 100 2.52 51.6 23.8

LPFO-0 a = 5.5675
b = 7.8648
c = 5.5563

250 3.60 48.56 6.66

LPFO-1 a = 5.5679
b = 7.8665
c = 5.5571

230 3.40 51.49 7.67

LPFO-2 a = 5.5685
b = 7.8673
c = 5.5577

200 3.06 56.41 9.80

LPFO-3 a = 5.5688
b = 7.8685
c = 5.5584

150 2.50 64.50 16

Table 1. Structure characteristics of investigated samples.

New Uses of Micro and Nanomaterials140

Figure 2. SEM micrographs for the MFO-0 (a), MFO-1 (b), LPFO-0 (c), and LPFO-2 (d) samples and EDX spectra (e) for
the LPFO-2 sample [47, 50, 51].
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about 380�C. The sensitivity to acetone vapors (Figure 4) is higher than that to ethanol vapors
(Figure 3) for both samples (MFO-0 and MFO-1). The best sensitivity, 0.82, was obtained for
the sample that has tin substitutions (MFO-1) to acetone vapors at an optimum operating

Figure 4. Sensitivity versus operating temperature characteristics for studied spinels at acetone vapors [50].

Figure 3. Sensitivity versus operating temperature characteristics for studied spinels at ethanol vapors [50].
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temperature of 380�C. The obtained results correlate well with the grain size changes from 500
to 100 nm (Table 1). The sensitivity has been improved by reducing the grain size. Martins
et al. [50, 57] analyzed the effect of particle size on the sensitivity of ZnO film and reported a

Figure 6. Sensitivity versus operating temperature characteristics for studied perovskites at acetone vapors [51, 53].

Figure 5. Sensitivity versus operating temperature characteristics for studied perovskites at ethanol vapors [51, 53].
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significant increase of the sensitivity as the grain size decreases from 120 to 4 nm. Also, the
porous structure promotes the increase of the sensitivity. If the sensor material is porous, the
gas will easily penetrate into the internal part of the sintered material, resulting in a large
change in the resistance (i.e., a large sensitivity). This may be referred to as a structure effect.
These results suggest that the role of tin in MgFe2O4 sample is to facilitate the oxidation of
reducing gases [50].

Due to the oxidizing reaction, in the oxide semiconductors, the oxygen vacancies (point
defects) appear, which change the electrical conductivity (the free electron concentration
increases for the samples with n-type semiconductor behavior, analog the gaps concentration
increases for the samples with p-type semiconductor behavior).

For LPFO samples, the sensitivity of ethanol (Figure 5) decreases with increasing Zn2+ ion
concentration from 133 for LPFO-0 sample to 10 for LPFO-3 sample. The sensitivity of LPFO-1
and LPFO-2 samples is somewhere between and close to 50 for both samples. The optimum
operating temperature remains around 280�C at the samples with x = 0, 0.05 and 0.1, and
increases to 330�C for x = 0.2. The effect of Fe3+ ions substitution by Zn2+ ions consists in the
diminution of the sensitivity to ethanol [51].

The sensitivity to acetone (Figure 6) increases very much with the increase of the Zn2+ ions
concentration from 140 at the sample with x = 0–560 at the sample with x = 0.1. For the
concentration x = 0.2, the sensitivity suddenly decreases to 45, as in the case of ethanol. The
optimum operating temperature is of 280�C for the samples with x = 0 and 0.05 and increases
at 330�C for x = 0.1 and 0.2. The effect of the concentration x of Zn2+ ions is a spectacular
increase of the sensitivity up to x = 0.1, after which the sensitivity strongly decreases for higher
concentrations [51].

When the C2H5OH (ethanol) or C3H6O (acetone) gas is introduced, a chemical reaction occurs
between C2H5OH and C3H6O, respectively, and the adsorbed oxygen [51, 53]:

C2H5OHgas þ 6 �On� adsð Þ ! 2 � CO2ads þ 3 �H2Oads þ 6 � ne (12)

C3H6Oþ 8 �On� adsð Þ ! 3 � CO2ads þ 3 �H2Oads þ 8 � ne (13)

Electrons released from the reaction would annihilate the holes. Hence, the material resistiv-
ity increased. As each acetone molecule produces 8n electrons, that is, the highest number
among the two gases, and the molar concentration was the same for the studied gases, the
increase of the sensing element resistivity in the presence of acetone is the highest [51]. This
suggests that La0.8Pb0.2Fe1�xZnxO3 sensors are applicable to detect these gases, especially
acetone vapors. The substitution of Fe3+ ions by Zn2+ ions in La0.8Pb0.2FeO3 intervenes
directly, but in a different manner in the sensing mechanism of these gases. For ethanol, the
sensitivity decreases with an increasing concentration of Zn2+ (x) ions, while for acetone, the
sensitivity increases with the increase of x value, but decreases for x > 0.1. Therefore, in order
to clarify the mechanism of sensitivity, especially to acetone, further investigations will be
necessary [51].
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5. Conclusions

Nanostructured oxide semiconductor compounds have gained a big importance, in basic and
mostly in applicative researches, due to their unique properties, their increased potential of
utilization as sensors in various electronic and optoelectronic devices. The development of
devices based on semiconductor materials as gas sensors has been visible during the recent
years, due to their low manufacturing cost.

The mass spectrometer and the gas chromatograph are the most important systems of spectro-
scopic gas sensors; yet, at the same time, they are very expensive, hard to implement in
reduced spaces and can rarely be used in real time.

Instead, a compact, robust, highly performing, and low-cost gas sensor can be a very attractive
alternative to the classical devices used for environment monitoring. A series of recent rese-
arches have focused on the development of solid gas sensors having as sensitive element oxide
semiconductor materials, among which are the spinels and perovskites, and their perfor-
mances began to be improved.

In this chapter, the structural, morphological, and sensory characteristics of some porous oxide
semiconductor compounds with a spinel-type structure (Mg1�xSnxFe2O4; x = 0, 0.1) or with a
perovskite-type structure (La0.8Pb0.2Fe1�xZnxO3; x = 0, 0.05, 0.1, 0.2) were presented.

These compounds were prepared by the sol-gel self-combustion method. After the thermal
treatments in air, the samples attain corresponding crystalline structure (spinel-type or perov-
skite-type, respectively).

The spinel-type samples are characterized by a very fine structure (100–500 nm) with an
accentuated porosity (46–65%) and channels that favor the adsorption or desorption of the
gas around particle agglomerates. Samples show a semiconductor behavior with a thermal
activation energy between 0.4 and 0.6 eV. The gas sensitivity is strongly related to the working
temperature, material composition, mean particle size, and porosity.

In the case of these samples, the gas sensitivity increased with the increasing operating tem-
perature and reached a maximum value at an optimum operating temperature (Top) of about
380�C. The sensitivity to acetone vapors is higher than that to ethanol vapors for both samples
(x = 0 and x = 0.1). The best sensitivity, 0.82, was obtained for the sample that has tin sub-
stitutions (x = 0.1) to acetone vapors at an optimum operating temperature of 380�C. The
obtained results correlate well with the grain size changes from 500 to 100 nm.

The perovskite-type compounds exhibit orthorhombic symmetry (space group Pnma) and crys-
tallizes in the perovskite-like cell of LaFeO3, having a porous granular and a uniform structure.
The average grain size decreases from 250 to 150 nm with the increase of Zn concentration. The
porosity of the samples increases with increasing Zn concentration from 31.11 to 46.78%. The
sensor elements show p-type-semiconducting properties for all studied gases within the temper-
ature range of 100–380�C. Through the substitution of the Fe3+ ions by Zn2+ ions (x = 0.1), the
sensor element has the best response to acetone. At a concentration of 400 ppm gas at the
operating temperature of 330�C, the response to acetone is spectacular (560).
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