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shares recent research and knowledge related to metallurgical engineering and elec-
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of engineering materials and metallurgy. Chapter 2 introduces the importance of
understanding the role of substitutional nickel in the structure, microstructure, 
and selected mechanical properties of titanium–nickel (Ti–Ni) system alloys. 
Chapter 3 shows the effect of alloying elements such as Ti, Mn, Be, Zr, and B on
the phase transitions and enhancement of the mechanical properties of Cu-based 
shape memory alloys. Chapter 4 discusses the fabrication of dielectric thick film by
electrophoretic deposition and its characterization. Chapter 5 illustrates the general 
principles and electrolyte optimization of cooperative interaction mechanisms
between metastable-state ions and electrolytes.

Chapter 6 explains the metal organic framework of ionic liquids. Chapter 7 presents
the characterization and treatment of real wastewater from an electroplating com-
pany using raw chitin. Chapter 8 deals with the mechanical properties analysis of
austempered ductile iron weld joints using a developed electrode. Chapter 9 exposes
the influence of spark plasma sintering parameters on the mechanical properties of
high-entropy alloys for aerospace applications. Chapter 10 explains the cutting of
super-hard materials using jet methods. The purpose of this chapter is to develop
the principles of a functional approach to create hybrid processes in a morphologi-
cal combination of energy flows impacted on a workpiece. 

We hope that the knowledge and objectives of recent research achievements in met-
allurgical engineering and electrodeposition will be useful for researchers, students, 
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Chapter 1

Introductory Chapter: A Brief
Introduction to Engineering 
Materials and Metallurgy
Uday M. Basheer Al-Naib

1. Introduction

Materials science, also known as materials science and engineering, is a
multidisciplinary field that deals with the discovery and design of new materials
[1]. Always new materials open the door to new technologies, whether they are
in chemical, civil, construction, nuclear, agricultural, aeronautical, biomedical,
electrical, or mechanical engineering [2, 3]. The materials science engineering
includes the study of the relations between the synthesis, forming, properties,
structure, and performance of materials that enable an engineering function. The
materials properties of interest can be electrical, mechanical, optical or magnetic;
the engineering function can affect industries involved in electronics, communica-
tions, transportation, manufacturing, medicine, recreation, environment, and
energy [4].

Metallurgy is the art and science of making metals and alloys in shapes and
with characteristics suitable for practical use [5]. It is an applied science based
on a clear understanding of the structures and properties of metals and their
alloys. Metallurgy has long occupied the dominant position as the most important
engineering materials; steel being by far the most important over the last few
centuries. However, increasingly in many areas other materials such as ceram-
ics, plastics and composites are challenging this position. The relatively recent
development of materials science and engineering is a merger of metallurgy with
others like glass and ceramic technology, mineralogy, physical and inorganic
chemistry, solid-state physics, and polymer science in modern techniques to
include all structural and functional materials, thus making it one of the widest of
study disciplines [1].

2. What is metallurgy?

Metallurgy is the science and technology to extract metals from their ores
economically, refining them and preparing them for the end use [6]. It studies the
microstructure of a metal, the structural features that are control to observation
under a microscope. Microstructure determines mechanical properties of the metal, 
including their elastic and plastic behavior when applying the force. Chemical 
composition is the relative content of a particular element within an alloy, usually
expressed as a percent weight. Composition, as well as thermal and mechanical 
processing, will determine microstructure. Metals and their alloys are widely used 
in our daily lives. They are used for different purposes such as making machines, 
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bridges, motor vehicles, railways, buildings structure, ships, aircrafts, agricultural 
tools, etc. Therefore, real economic growth can come from increasing quality and 
quantity of the metal production in that country [7].

Naturally, most metals occur in the combined state as minerals and they 
are reactive. Only a few metals like gold, silver, platinum and mercury, etc. are 
found as Free State in the earth’s crust. Metals that have a low reaction show little 
convergence to air, moisture, carbon dioxide, or non-metals found in nature [8]. 
Materials that occurring naturally in which a metal or its compound occurs is 
called a mineral. A mineral from which a metal can be economically extracted is 
called an ore. The main active components found in nature, especially in the atmo-
sphere are oxygen and carbon dioxide. In the earth’s crust, silicon and sulfur are 
present in large quantities. Seawater also contains large amounts of chloride ions 
(obtained from dissolved salts). Most active metals are high electrically positive 
and therefore exist as different ions [9]. For this reason, most of the important ores 
of these metals occur as different components such as oxides, silicates, carbonates, 
and halides.

3. Metallurgy forming and processing

The importance of metals in modern technology is largely due to the ease with 
which it can be formed in useful shapes [10]. Hundreds of processes have been 
developed for specific applications of metalworking. However, these processes 
can be categorized into only a few classes based on the type of force applied to the 
workpiece when it is formed [11]. These classes are direct-compression-type pro-
cesses, Indirect-compression processes, shearing processes, bending processes, 
and tension-type processes as shown in Figure 1. In direct compression processes, 
force is applied to the workpiece surface, and the metal flows at an angle based on 
the pressure direction. In indirect-compression processes, the basic applied forces 
are often tensile, but the indirect compressive forces are developed by the reaction 
of the workpiece with the die up to high values. These processes include extru-
sion, pipes, deep drawing of the cup and pulling wires. Therefore, the metal flows 
under the influence of a combined stress condition involving high pressure forces 
in at least one of the main directions. The best example of a tension-type forming 
process is the formation of expansion, where the sheet of metal is wrapped in a 
die contour under tensile forces. Shearing involves applying the shearing forces 
of sufficient size to tear the metal in the plane of shear, while bending involves 
applying the bending moments on the metal sheet. Figure 1 shows these processes 
in a very basic way.

Metallurgy forming processes of are usually classified into hot and cold working 
processes. Hot working is defined as deformation under temperature and strain rate 
conditions so that recovery operations are performed together with the deforma-
tion. On the other hand, cold working is deformed in circumstances where recovery 
operations are not effective [12]. In hot working, the strain hardening and deformed 
grain structure caused by deformation are quickly eliminated by the formation 
of new strain-free grains as the result of recrystallization and grain growth. It is 
possible to have very large deformities in hot working because the recovery pro-
cesses keep up with deformation [13]. Hot working occurs when the flow stress is 
essentially constant. The energy required for deformation is generally lower for 
hot working compared to cold working because of the flow stress decreases with 
increasing temperature. Since strain hardening is not alleviated in cold working, 
the flow stress increases with increasing the deformation. Therefore, the total 
plastic deformation without fracture is less for cold working compared with hot 

3

Introductory Chapter: A Brief Introduction to Engineering Materials and Metallurgy
DOI: http://dx.doi.org/10.5772/intechopen.86497

working, unless the effects of cold work are mitigated through annealing process. 
It is important to understand that the difference between cold working and hot 
working does not depend upon any arbitrary deformation temperature. For most 
commercial metal alloys, hot working process should be performed at a relatively 
high temperature in order to obtain a rapid recrystallization rate. However, lead 
and tin recrystallize rapidly at room temperature after significant deformations so 
that the working of these metals at room temperature is like hot working. Similarly, 
the work of tungsten at 1093°C, in the hot work range of the steel, is a cold work 
because this high melting metal has a recrystallizing temperature higher than this 
working temperature (Figure 1) [14].

4. Mechanical testing and materials characterizations

Whether a material is suitable for a given application is specified by the 
material properties. These properties can be measured using a series of mechan-
ical tests, such as tensile, compressive, hardness and fatigue testing (Figure 2) 
as well as physical and chemical tests. Some of the mechanical tests are easily 
accessible like hardness. Others are difficult to measure such as tensile or yield 
strength where special samples must be formed. It is difficult to determine 
other properties such as fatigue, toughness strength as the tests need several 

Figure 1. 
Typical metallurgy forming operations.
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samples per every case and the testing process takes a long time. Apart from the 
above tests, it is also possible to predict the properties of materials by determin-
ing the microscopic structure of materials, where properties are determined 
by the microstructure. There are a number of microstructural characteriza-
tion techniques including optical microscopy, scanning electron microscopy 
(SEM), electron backscattered diffraction (EBSD), X-ray diffraction (XRD), 
transmission electron microscopy (TEM), ultrasonic sound based methods and 
magnetic-based methods [15]. Among these techniques, optical microscopy 
and electron microscopy are able to detect the morphology of microstructural 
features in the surface of a prepared sample. Optical microscopy has its own 
advantages such as low cost, ease of use on large sample areas and ease of opera-
tion. However, electron microscopy is also widely used due to its high resolution 
down to the nanometer scale [16].

The factors that often determine the properties of strength and toughness of 
pearlitic steels like interlamellar spacing, colony size, and prior austenite size can 
be done by examining the microstructure of these materials [17, 18]. However, 
measuring the size of the colony and especially the size of the prior-austenite 
grains is extremely difficult and requires a proficient technical examination 
using optical microscopy or SEM and special procedures. For multiple phases of 
steels, the fraction, morphology, size and distribution of the phase components 
are determined by the properties. XRD is an effective technique for measuring 
the fraction of the present phases, but cannot access the size, morphology and 
distribution. Image analysis techniques are also applied for this application. 
Unlike the XRD analysis, which is a crystallographic analysis of the bulk surface, 
image analysis technique extracts information directly from a microscopic image 
of the sample surface. So once the current features in the sample images are 
categorized into phases, the size, fraction, morphology and phase’s distribution 
can easily be obtained. Most of the current image analysis-based characteriza-
tion uses the histogram of the brightness (intensity) of the individual pixels that 
make up the image, and relies on all the pixels in one phase having intensities in a 

Figure 2. 
Commonly used mechanical testing techniques.
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different range from all of those in another phase [19]. This makes it very easy to 
distinguish between the phases only using the threshold, and it has been shown 
to work with some two-phase steels characterized by high variability between 
phases [20]. However, the different phases in brightness levels overlap for many 
other steels with complex microscopic structures. In this case, the threshold of 
intensity is no longer able to distinguish between the phases, and instead some 
analysis of the spatial patterns of intensity within the phases, i.e., “texture,” is 
required. Quantitative analysis of microstructural images allows not only a quality 
control examination of the treatment path, but also the possibility of establishing 
a reciprocal relationship between microstructure features and associated proper-
ties (Figure 3).

5. Steel metallurgy

Steel has been one of the most important materials used by humans for up to 
4000 years due to its good combination of low cost and properties. The mechanical 
properties of steel have been found to be highly dependent on its internal structure 
at nanometers up to microns or even millimeters (its “microstructure”). The inter-
nal structure of the steel can be adjusted through composition changes, mechani-
cal deformation or heat treatments. The metal can then be designed to meet the 
different requirements in a range of applications. Atoms can be arranged into steel 
and bonded, called phases in several ways. Different phases have various proper-
ties, which may be suitable for various applications, either singly or in groups. For 
example, high-strength steels have good wear and abrasion resistance as well as high 
tensile strength, so they are widely used as rail steels and steel wire [21]. Steel with 
more than one phase including two-phase steels, complex steels and transformation 
induced plasticity steels usually has a good mix of toughness and strength and is 
therefore well suited for applications that require strength and formability as in the 
automotive industry [22].

Figure 3. 
Microstructure related with fabrication of components and their properties.
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6. Powder metallurgy

Powder metallurgy (PM) is a term that covers a wide range of techniques by 
which materials or components are made of metal powders [23]. These processes 
are characterized by high productivity and ideal for making parts close to the 
complex geometry of a range of materials, increasing the use of materials, and 
minimizing or eliminating secondary processes such as machining. Common 
secondary processes of components made by liquid metal processing may lead 
to additional manufacturing steps that have significant cost and waste impacts 
[24]. However, powder metallurgy processing has obtained more attention with 
the advantages offered by comparison with casting and forging. In PM process-
ing techniques, all or part of the some constituents are formed by compressing 
the particles with the characteristic structure, size and shape in a high-precision 
product. The ability of metal metallurgy powders to produce high-quality, 
complex parts characterized by high productivity and high durability represents 
significant advantages, such as potential low capital costs, with high energy 
efficiency. PM is widely used for a range of applications, ranging from dental 
restoration and implantation to bearings, transmission of automotive and engine 
parts across many industrial sectors (Figure 4).

Figure 4. 
Schematic of powder metallurgy.
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Chapter 2

Structure, Microstructure, and
Some Selected Mechanical
Properties of Ti-Ni Alloys
Daniela Cascadan and Carlos Roberto Grandini

Abstract

Titanium nickel (Ti-Ni) alloys with low nickel (Ni) content can be used as
biomaterials because they improve the mechanical properties, corrosion, and wear
resistance of commercially pure titanium (Cp-Ti). Among the mechanical properties
of a biomaterial, elastic modulus and microhardness are very important, and each
varies according to the microstructure and interstitial elements such as oxygen and
nitrogen as well as the amount of substitutional element and thermomechanical
processing. Heat treatments are used to obtain a homogeneous microstructure, free
of internal stresses structural, microstructural, also to retain or change the size of the
phases. In this chapter, the preparation, chemical, structural, and microstructural,
and mechanical characterization of Ti-Ni alloys are presented. The structural and
microstructural characterization showed the predominant presence of α and Ti2Ni
phases. There is no clear variation of the microhardness due to the amount of nickel.
The dynamic elastic modulus was slightly above the Cp-Ti due to the addition of a
new intermetallic phase (Ti2Ni) but did not vary significantly with the amount of Ni.

Keywords: Ti-Ni alloys, structure, microstructure, mechanical properties

1. Introduction

The development of biomaterials has created several significant benefits for the
general population over the last few decades, including dental implants, prosthetics,
artificial arteries, and contact lenses [1]. These benefits have been either for the
purpose of correcting problems or have been esthetic in nature [2].

Various materials have been used as biomaterials. Titanium alloys [3, 4] are
among these materials because they have excellent mechanical strength/density
ratio, excellent corrosion resistance, and biocompatibility.

The mechanical properties [5], corrosion, and wear resistance [6] of a material
are largely dictated by the microstructure. Titanium alloys are favorable because a
wide spectrum of microstructures can be obtained, depending on the chemical
composition and the processing. This makes titanium alloys advantageous because
they allow the desired microstructure to be obtained for specific requirements, as
low elastic modulus, for example, [7, 8].

Titanium exists in two allotropic forms. At low temperatures, the so-called alpha
phase (with hexagonal compact crystalline structure) is presented, and the beta
phase (with body-centered cubic crystalline structure) emerges above 883°C. Some

11



Chapter 2

Structure, Microstructure, and
Some Selected Mechanical
Properties of Ti-Ni Alloys
Daniela Cascadan and Carlos Roberto Grandini

Abstract

Titanium nickel (Ti-Ni) alloys with low nickel (Ni) content can be used as
biomaterials because they improve the mechanical properties, corrosion, and wear
resistance of commercially pure titanium (Cp-Ti). Among the mechanical properties
of a biomaterial, elastic modulus and microhardness are very important, and each
varies according to the microstructure and interstitial elements such as oxygen and
nitrogen as well as the amount of substitutional element and thermomechanical
processing. Heat treatments are used to obtain a homogeneous microstructure, free
of internal stresses structural, microstructural, also to retain or change the size of the
phases. In this chapter, the preparation, chemical, structural, and microstructural,
and mechanical characterization of Ti-Ni alloys are presented. The structural and
microstructural characterization showed the predominant presence of α and Ti2Ni
phases. There is no clear variation of the microhardness due to the amount of nickel.
The dynamic elastic modulus was slightly above the Cp-Ti due to the addition of a
new intermetallic phase (Ti2Ni) but did not vary significantly with the amount of Ni.

Keywords: Ti-Ni alloys, structure, microstructure, mechanical properties

1. Introduction

The development of biomaterials has created several significant benefits for the
general population over the last few decades, including dental implants, prosthetics,
artificial arteries, and contact lenses [1]. These benefits have been either for the
purpose of correcting problems or have been esthetic in nature [2].

Various materials have been used as biomaterials. Titanium alloys [3, 4] are
among these materials because they have excellent mechanical strength/density
ratio, excellent corrosion resistance, and biocompatibility.

The mechanical properties [5], corrosion, and wear resistance [6] of a material
are largely dictated by the microstructure. Titanium alloys are favorable because a
wide spectrum of microstructures can be obtained, depending on the chemical
composition and the processing. This makes titanium alloys advantageous because
they allow the desired microstructure to be obtained for specific requirements, as
low elastic modulus, for example, [7, 8].

Titanium exists in two allotropic forms. At low temperatures, the so-called alpha
phase (with hexagonal compact crystalline structure) is presented, and the beta
phase (with body-centered cubic crystalline structure) emerges above 883°C. Some

11



elements called beta stabilizers, such as niobium, molybdenum, iron, vanadium,
and nickel, lead to a decrease in beta transus temperature (the transition from alpha
to beta phase) when added to the forming titanium alloys and may stabilize this
phase at room temperature. These phases determine a classification of titanium
alloys: alloys containing only α stabilizers at this phase are known as α alloys, alloys
containing 1–2% beta stabilizers and about 5–10% of beta phase are called near-α,
alloys containing increased amounts of beta stabilizers resulting in 10–30% of beta
phase are called α + β alloys, and alloys containing increased amounts of beta
stabilizers where this phase can be retained by quick cooling are known as β meta-
stable phases (these alloys decay into α + β in aging treatments) [9]. Beta transus
temperature fulfills a central role in the microstructure’s evolution, and so it is of
great importance to determine the type of technological processing and heat treat-
ment, which also includes doping with oxygen or nitrogen, whose elements present
in the crystalline lattice can significantly affect the properties of the same [10].

In addition to interfering significantly in the structure and microstructure of
titanium alloys, substitutional elements interfere in mechanical properties such as
elastic modulus and hardness to the extent that they stabilize phases with different
properties [11, 12]. The α phase, with a greater packaging factor of atoms, has a
greater elastic modulus in relation to phase β, due to greater proximity between the
atoms. Regarding toughness, it is usually greater in α phase, which contains fewer
plans of slipping in relation to β phase, making the material harder and brittle [13].
However, depending on the alloy and the processing performed, alloys with a β
structure have similar hardness [14].

The presence of atoms in interstitial positions of the lattice (e.g., nitrogen and
oxygen) strongly influences some properties, such as mechanical resistance and
ductility [15]. These elements act as stabilizers in titanium’s α and α’ phases,
increasing the temperature of β-transus [16, 17].

Nickel causes several adverse reactions in the human body, such as carcinogenic,
genotoxic, mutagenic, cytotoxic, and allergenic effects [18]. However, when nickel
is connected to titanium, these problems are minimized [19]. In a study of corrosion
of titanium alloys with varied concentrations of nickel in Ringer’s solution, it was
found that the potential of disruption occurs from 29 wt% of nickel and decreases
rapidly, indicating that alloys below this concentration present promising applica-
tions regarding corrosion [20, 21]. A later study on Hank’s biocorrosion solution
concluded that the daily release of nickel would be hundreds of times smaller than
that contained in water intake [22]. In addition, the microhardness of these alloys is
similar to enamel (310–390 HVN), which is suitable for use in dental screws [18].

Thus, it is of fundamental importance to understand the role of substitutional
nickel in the structure, microstructure, and selected mechanical properties in Ti-Ni
system alloys. To this purpose, Ti-Ni alloys containing 5, 10, 15, and 20 wt% of
nickel were melted in an arc-melting furnace, mechanically processed by hot
rolling, and subjected to heat treatment in a vacuum to cause homogenization and
stress relief.

2. Materials and methods

2.1 Ti-Ni alloys

The phase diagram of the Ti-Ni system is presented in Figure 1. This phase
diagram shows that alloys considered in this chapter (5, 10, 15, and 20 wt% of
nickel) present the phases α and β (both of titanium) and the intermetallic phase
Ti2Ni, at high temperatures [23]. By the lever rule, the higher the nickel
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concentration is, the greater the amount of this intermetallic is. By the decay of the
β-transus curve, it is concluded that the addition of nickel favors the stabilization of
this phase. The eutectoid reaction β ! α + Ti2Ni occurs at 765°C. By the lever rule,
in the field β + Ti2Ni, the amount of Ti2Ni is lower in relation to α + Ti2Ni field, in
the same concentration.

For example, for an alloy with 10 wt% nickel that underwent a homogenization
heat treatment at 1000°C, followed by slow cooling, in equilibrium conditions, at
this temperature, the alloy presents the β phase of titanium. With cooling, it begins
to precipitate the intermetallic phase Ti2Ni. At a temperature just above 765°C, the
precipitates of Ti2Ni proeutectoid phase are found in a β matrix of eutectoid com-
position and just below 765°C and are found in the eutectoid matrix, with a granular
microstructure of α and Ti2Ni phases intercalated. From there, the intermetallic
Ti2Ni composes both precipitates and the eutectoid matrix.

Theoretically, the phases present in these alloys at room temperature are
α + Ti2Ni; however, when the eutectoid reaction is suppressed, as in the case where
the cooling is not done in perfect equilibrium condition, there is the possibility of
β-phase retention at room temperature, the higher the nickel concentration is [24].

According to Ti-Ni binary diagram, a eutectic L! β + Ti2Ni to 942°C occurs at a
concentration of 28.4 wt% of nickel, <700°C in relation to the melting point of pure
titanium (1670°C), thus decreasing the melting point and conforming temperature.
Therefore, in the case of alloys with 15 and 20 wt% of nickel, at some point during
the melting, there is the possibility of developing a microstructure composed of pre-
eutectic precipitates of the β phase in a eutectic matrix, although the melting is not
done under equilibrium conditions.

The Ti-Ni alloys were prepared using commercially pure titanium (Cp-Ti)
(99.7% purity, Aldrich Inc., USA) and nickel (99.5% purity, Camacam Industrial,
Brazil). The ingots were obtained by arc melting, using a water-cooled copper
crucible and an argon-inert atmosphere. The melting was held five times to ensure
the homogeneity of the produced ingots. Samples were prepared with 5, 10, 15, and
20 wt% of nickel. Chemical analysis of the samples was performed using an induc-
tively coupled plasma optical emission spectrometry (ICP-OES), Varian, Visa

Figure 1.
Phase diagram of the Ti-Ni system [23].
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diagram shows that alloys considered in this chapter (5, 10, 15, and 20 wt% of
nickel) present the phases α and β (both of titanium) and the intermetallic phase
Ti2Ni, at high temperatures [23]. By the lever rule, the higher the nickel
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model, from the sample’s dissolution in acid medium. The presence of interstitial
elements was carried out using a LECO TC-400 model gas analyzer. Table 1 shows
the chemical analysis of the produced samples.

It can be verified that the obtained ingots show the correct stoichiometry of
nickel and a low amount of impurities and interstitial elements, displaying the good
quality of prepared alloys.

To check the homogeneity of the produced alloys, the samples were subjected to
a mapping of the elements that comprise the alloys using an electron dispersion
spectrometry (EDS) technique that used an Oxford Instruments Incax-act model
detector coupled to the scanning electron microscope (SEM) Carl Zeiss EVO/LS15
model. Figure 2 shows the mapping of the elements titanium and nickel obtained
by EDS in the produced alloys after melting. In all cases, homogeneous distribution
of the elements titanium and nickel can be observed, showing that the melting was
complete, without the presence of aggregates or segregates.

After melting, the ingots were submitted to a homogenization heat treatment
that consisted of slowly heating the samples up to 1173 K for 24 h in a vacuum of
10�6 Torr, followed by slow cooling in the furnace. The mechanical processing of

Alloy Fe
(wt%)

Al
(wt%)

Ni
(wt%)

Mn
(wt%)

Cr
(wt%)

Cu
(wt%)

C
(wt%)

O
(wt%)

N
(wt%)

Ti-5Ni 0.07 0.005 5.36 0.020 0.008 0.001 0.124 0.109 0.012

Ti-10Ni 0.10 0.018 10.03 0.034 <0.001 <0.001 0.380 0.179 0.007

Ti-15Ni 0.12 0.035 15.83 0.052 <0.001 <0.001 0.023 0.290 0.058

Ti-20Ni 0.12 0.028 19.80 0.072 <0.001 <0.001 0.160 0.300 0.076

Table 1.
Chemical analysis of the Ti-Ni alloys.

Figure 2.
EDS mapping of the elements Ti and Ni that make up the Ti-Ni alloys.
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the samples is important because it allows tests that require symmetrical samples, in
addition to causing changes in microstructure and some properties that are of
interest in the analysis. The samples were hot rolled as their mechanical processing.

After slow cooling, a new heat treatment was performed for strain relief and
recrystallization of microstructures as there were internal stresses and deformed
microstructures due to an aggressive hot-rolling process. This treatment was
performed at 1143 K for 24 h in a vacuum.

2.2 Sample’s characterization

The structural characterization of the samples was carried out by X-ray diffrac-
tion (XRD) measurements on a Rigaku diffractometer (D/Max-2100PC model).
This included a Cu-Kα radiation of wavelength of 1.544 Å, 20 mA current, and a
potential of 40 kV. The fixed mode, with step of 0.02° and time of 1.6 s, in the
range of 10–90°, was used. The used method to data acquisition was the powder
method [25].

For all samples of the Ti-Ni alloys used in this chapter and in all processing
conditions, the microstructure was evaluated by both optical and scanning electron
microscopy. To obtain the images, an Olympus model BX51M optical microscope
with a camera connected to a computer and a SEM Carl Zeiss EVO/LS15 model with
the SmartSEM software were used.

Vickers microhardness tests were performed using a Shimadzu HMV model-2
microdurometer connected to a computer. The load used was 1.941 N for a time of
60 s. Following ASTM standards, almost 20 indentations were made in different
regions of the sample [26, 27]. The dynamic elastic modulus was measured using
Sonelastic® equipment (ATCP, Brazil). A boost in sample, the frequencies of vibra-
tion (through the Sonelastic® software), and damping were calculated and linked
with the modulus of elasticity, according to standard ASTM E1876-01 [28].

3. Results and discussion

3.1 Structural characterization

Figure 3 shows the X-ray diffractograms of all samples of Ti-Ni alloys after
melting. During analysis of the X-ray diffractograms of samples after melting, it
was observed that the addition of at least 10% in the weight of nickel caused the
appearance of other phases beyond the α phase of titanium. There is the emergence
of intermetallic Ti2Ni or Ti4Ni2O phases (which have the same diffraction pattern)
[29, 30], and perhaps a small amount of β phase because nickel is a β-stabilizer
element. It was also observed that the higher the amount of nickel was, the greater
the amount of intermetallic Ti2Ni observed in the increased intensity of the peaks
and according to the system’s phase diagram [23].

Cascadan et al. studied casting Ti-5Ni (wt%) [31] and Ti-10Ni (wt%) [17]
concerning structural and microstructural characterization. In the case of Ti-5Ni
alloy, in the XRD measurements, single α and α‘phases were observed, which were
corroborated by optical micrographs, showing Widmanstatten-type morphology in
the samples that were subjected to quick cooling from above β transus temperature,
while larger lamellar structures were observed in samples whose slow-cooling process
allowed large-scale diffusion processes. In the case of Ti-10Ni alloy, the structure and
microstructure of the produced alloy were analyzed by XRD and SEM, and the results
showed that the alloy presents predominantly titanium α phase, with proeutectoid
lamellar precipitates in eutectoid matrix of α phase and intermetallic Ti2Ni.
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Lin et al. produced a Ti-18Ni (wt%) alloy by arc melting and showed the same
phases in relation to this paper [32]. However, Ti-Ni alloys produced from metal
powders melted with a 5 kW CO2 laser presented the β phase, in addition to the α
and Ti2Ni phases, which showed that arc melting is a process of higher thermody-
namic equilibrium in relation to the laser melting. The same features were observed
in the case of Ti-Ni alloys that were quickly solidified for the analysis of metastable
microstructures. The metastable microstructure non-equilibrium conditions also
allowed the β beyond the expected α and Ti2Ni phases [33]. In another type of
processing, Ti-7Ni alloy samples were produced by sintering at 1200°C for 2 h with
heating and cooling rates of 4°C/min. In this case, the peaks of X-ray diffraction of α
and Ti2Ni phases were also observed due to the low cooling rate [34]. The same
occurred with the Ti-3Ni sintered to 1300°C for 2 h and heated and cooled at 4°C/
min rate, with measurements of X-ray diffraction to 960°C [35]. However, samples
of Ti-2Ni and Ti-5Ni sintered at 800 and 1100°C for 1 h with a heating rate of 10°C/
min and cooled in the furnace presented α phase, in addition to the intermetallic
Ti2Ni and TiNi3 phases. In this paper, it was found that the higher the sintering
temperature and the amount of Ni are, there were higher quantities of intermetallic
phases due to the diffusion process that allowed the reaction between Ti and Ni
elements [36].

Peak shifts were also observed, which indicated changes in the lattice and angle
parameters as well as differences in their format. The asymmetry of the lattice and
angle parameters signaled distortion in the crystalline lattice because of the differ-
ent quantities of substitutional and interstitial elements [15]. The α phase peaks
shifted to smaller angles with the increased amount of nickel. This type of displace-
ment is related to the increase in the lattice parameter [25] because the nickel has an
atomic radius of 0.078 nm, slightly higher compared to that of titanium (0.076 nm).
However, the substitutional element was not the only factor that influenced the
lattice parameter; the interstitial elements and mechanical processing can also
influence it [37]. In the case of the range of intermetallic phases’ peaks, although the
elements titanium and nickel were constant, there was a displacement of the peaks
due to the presence of nitrogen and oxygen in interstitial positions.

Figure 3.
X-ray diffraction for the Ti-Ni alloys after melting.
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3.2 Microstructural characterization

Figure 4 shows the optical micrographs, and Figure 5 shows the scanning
electron microscopy micrographs of all samples of Ti-Ni alloys, after melting.

For the sample with 5 wt% Ni, according to the phase diagram (Figure 1), there
must be a certain amount of Ti2Ni intermetallic phase, whose peak was not
observed in the X-ray diffractogram because it was such a small portion, and it was
not displayed by optical microscopy either due to the equipment’s resolution.

Figure 4.
Optical micrographs for Ti-Ni alloys after melting.
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However, the dark regions between the lamellae of the α phase clearly were a
eutectoid microstructure characterized by two phases, alternating between α and
Ti2Ni itself. This eutectoid microstructure was like the microstructure of the
sintered Ti-3Ni alloy shown in small expansion, but a larger magnification electron
microscopy clearly showed this eutectoid microstructure [35]. In the SEM micro-
graphs (Figure 5), between the lamellae of the α phase, the presence of a eutectoid
microstructure characterized by two phases was observed, alternating between α

Figure 5.
SEM micrographs for the Ti-Ni alloys after melting, (a) secondary and (b) backscattering electrons.
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and Ti2Ni. This microstructure was considered hypoeutectoid because the concen-
tration of 5 wt% of nickel was slightly lower than the concentration of about 6%,
where the eutectoid reaction occurs [31]. The presence of the intermetallic phase
that contained higher concentrations of nickel was evident in the micrographs for
backscattered electrons, where the lighter area comprised the region with the
highest average atomic number and the nickel had a higher atomic number com-
pared to titanium.

For the alloy with 10 wt% of nickel, observed by optical micrographs (Figure 4),
the microstructure consisted of precipitates of titanium proeutectoid α phase (clear)
in a matrix of eutectoid microstructure (dark region) comprised of alternating lamel-
lae of α and Ti2Ni phases, also known as pearlite [38]. According to the phase diagram
(Figure 1), the eutectoid reaction occurred at a nickel concentration of 6 wt%, and
thus the alloy presented hypereutectoid composition, and the precipitates would be
Ti2Ni or Ti4Ni2O, in view of the small amount of nickel. Furthermore, α phase pre-
cipitates characterize an alloy of hypoeutectoid composition. The high quantities of
oxygen and nitrogen (stabilizers of α phase) can cause change in the composition of
this reaction [39]. The increase of the concentration of nickel, from the composition
of about 6 wt%, does not act as a β-phase stabilizer, but causes an increase in the
temperature of the formation of intermetallic phase Ti2Ni. The images obtained by
SEM (Figure 5) allowed more details to be obtained. At the junction of three lines
where grain and leaving these needles of the α phase microstructure perpendicular to
each other did originate in the grain boundaries when phase change occurred. This
microstructure is similar to a Ti-24Al-11Nb alloy, whose intermetallic phase Ti3Al
locates on the grain boundaries and metallic matrix [39]. Also, according to Liu et al.
[29], the diffusion of oxygen in grain boundaries is higher than in its interior, and the
precipitates of Ti4Ni2O are formed over these. Such morphology is proven by the
images obtained by backscattering electrons, where lighter points indicate the inter-
metallic phase between the lamellae of the α phase.

Unlike the Ti10Ni samples in the initial conditions of processing, in samples of
Ti15Ni, a proeutectoid of Ti2Ni presents precipitates which probably reacted with
oxygen, thus forming Ti4Ni2O, comparing the amount of nickel and precipitates.
This microstructure is similar to that shown by Chern lin et al. [20] and was
expected due to the higher concentration of nickel in a matrix with the α phase in
accordance with the X-ray diffractograms for this sample and the system’s phase
diagram. The optical micrographs show lighter regions that are proeutectoid of
Ti4Ni2O precipitates in α + Ti2Ni array. The same morphology was observed in
micrographs obtained by a SEM, both for secondary electrons as backscattered,
shown in Figure 5. Dendritic structures were also obtained by Xu et al. in Ti with
20 wt% Ni alloy procured by laser melting [24].

3.3 Mechanical characterization

Figure 6 shows the values of microhardness and elastic modulus according to
the amount of nickel in the homogenized condition after hot rolling. Due to exper-
imental conditions, the microhardness and elastic modulus measurements were
made only after homogenized condition after hot-rolling conditions. There is no
relationship between these properties because they involve different processes:
microhardness is a measure of resistance to a plastic deformation; and elastic mod-
ulus depends on the binding force between the atoms. A factor that increases
microhardness is the increase in the concentration of the substitutional element
because atoms of different sizes in the crystalline lattice cause deformation in it,
creating obstacles to the movement of dislocations [13]. There is also no direct
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and Ti2Ni. This microstructure was considered hypoeutectoid because the concen-
tration of 5 wt% of nickel was slightly lower than the concentration of about 6%,
where the eutectoid reaction occurs [31]. The presence of the intermetallic phase
that contained higher concentrations of nickel was evident in the micrographs for
backscattered electrons, where the lighter area comprised the region with the
highest average atomic number and the nickel had a higher atomic number com-
pared to titanium.

For the alloy with 10 wt% of nickel, observed by optical micrographs (Figure 4),
the microstructure consisted of precipitates of titanium proeutectoid α phase (clear)
in a matrix of eutectoid microstructure (dark region) comprised of alternating lamel-
lae of α and Ti2Ni phases, also known as pearlite [38]. According to the phase diagram
(Figure 1), the eutectoid reaction occurred at a nickel concentration of 6 wt%, and
thus the alloy presented hypereutectoid composition, and the precipitates would be
Ti2Ni or Ti4Ni2O, in view of the small amount of nickel. Furthermore, α phase pre-
cipitates characterize an alloy of hypoeutectoid composition. The high quantities of
oxygen and nitrogen (stabilizers of α phase) can cause change in the composition of
this reaction [39]. The increase of the concentration of nickel, from the composition
of about 6 wt%, does not act as a β-phase stabilizer, but causes an increase in the
temperature of the formation of intermetallic phase Ti2Ni. The images obtained by
SEM (Figure 5) allowed more details to be obtained. At the junction of three lines
where grain and leaving these needles of the α phase microstructure perpendicular to
each other did originate in the grain boundaries when phase change occurred. This
microstructure is similar to a Ti-24Al-11Nb alloy, whose intermetallic phase Ti3Al
locates on the grain boundaries and metallic matrix [39]. Also, according to Liu et al.
[29], the diffusion of oxygen in grain boundaries is higher than in its interior, and the
precipitates of Ti4Ni2O are formed over these. Such morphology is proven by the
images obtained by backscattering electrons, where lighter points indicate the inter-
metallic phase between the lamellae of the α phase.

Unlike the Ti10Ni samples in the initial conditions of processing, in samples of
Ti15Ni, a proeutectoid of Ti2Ni presents precipitates which probably reacted with
oxygen, thus forming Ti4Ni2O, comparing the amount of nickel and precipitates.
This microstructure is similar to that shown by Chern lin et al. [20] and was
expected due to the higher concentration of nickel in a matrix with the α phase in
accordance with the X-ray diffractograms for this sample and the system’s phase
diagram. The optical micrographs show lighter regions that are proeutectoid of
Ti4Ni2O precipitates in α + Ti2Ni array. The same morphology was observed in
micrographs obtained by a SEM, both for secondary electrons as backscattered,
shown in Figure 5. Dendritic structures were also obtained by Xu et al. in Ti with
20 wt% Ni alloy procured by laser melting [24].

3.3 Mechanical characterization

Figure 6 shows the values of microhardness and elastic modulus according to
the amount of nickel in the homogenized condition after hot rolling. Due to exper-
imental conditions, the microhardness and elastic modulus measurements were
made only after homogenized condition after hot-rolling conditions. There is no
relationship between these properties because they involve different processes:
microhardness is a measure of resistance to a plastic deformation; and elastic mod-
ulus depends on the binding force between the atoms. A factor that increases
microhardness is the increase in the concentration of the substitutional element
because atoms of different sizes in the crystalline lattice cause deformation in it,
creating obstacles to the movement of dislocations [13]. There is also no direct
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relationship between such quantities and the amount of nickel because this is not
the only factor involved.

A large variation in microhardness values was observed from 250 to 590 HV.
Several factors influence a material’s hardness: the concentration of substitutional
and interstitial elements, microstructure, size of grain boundaries, types of phases,
crystallographic orientation in which deformation occurs (since it involves a plastic
deformation), and the type of processing [13]. The Ti-Ni alloy samples used in this
chapter presented considerable variations of these factors.

To analyze whether these values were in agreement with those found in the
literature, it was used specifically by Chern Lin et al., with similar preparation of Ti-
Ni alloys by arc melting and nickel concentration ranging from 18 to 28.4 wt%. The
authors obtained microhardness values ranging from 300 to 390 HV [20]. In the
present study, the microhardness ranged from 345 to 390 HV, values aligned
approximately with Lin’s study. For Ti-Ni alloys with nickel concentration varying
from 10 to 20 wt% obtained by laser fusion of metal powders [32], the
microhardness ranged from 270 to 510 HV due to the increase of Ti2Ni precipitates.
Although the phases are different in relation to this study and other metallic atoms
are present, the values are approximate with Lin’s in relation to the other condi-
tions, although the experimental parameters are not explicit in both cited studies.

For the Ti15Ni alloy, a high value for the microhardness was observed. As
mentioned earlier, the increase of the concentration of nickel, from the composition
of about 6 wt%, does not act as a β-phase stabilizer but causes an increase in the
temperature of the formation of intermetallic phase Ti2Ni that can be responsible
for this increase in the hardness value [21]. In samples of Ti15Ni, a proeutectoid
of Ti2Ni presents precipitates which probably reacted with oxygen, thus forming
Ti4Ni2O, comparing the amount of nickel and precipitates. The formation
of Ti4Ni2O phase is another component to increase the hardness of the Ti15Ni alloy
[15, 21].

The elastic modulus for Cp-Ti is around 95–105 GPa [9]. Thus, the addition of
nickel caused a small increase in this property, probably from the addition of a
new fcc phase referring to intermetallic Ti2Ni. However, as shown in Figure 6, it
was not observed as a proportional ratio of the elastic modulus with the nickel
concentration.

Figure 6.
Microhardness and elastic modulus values for Ti-Ni alloy samples in homogenized condition, after hot rolling.
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4. Summary

The Ti-Ni samples obtained by arc melting were adequately prepared regarding
stoichiometry and homogeneity and characterized by XRD, SEM, and selected
mechanical properties.

The alloys showed the presence of α, Ti2Ni, and Ti2Ni4O, due to the reaction of
the intermetallic Ti2Ni with oxygen. The microhardness results showed values in
accordance with those presented in the literature, suitable for the use of fixation
devices. There is no clear variation of the microhardness due to the amount of
nickel because there were several factors involved, and the microstructures were
very diversified and complex. The dynamic elastic modulus was slightly above the
Cp-Ti due to the addition of a new intermetallic phase but did not vary significantly
with the amount of nickel.
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Chapter 3

Cu-Based Shape Memory Alloys: 
Modified Structures and Their 
Related Properties
Safaa Najah Saud Al-Humairi

Abstract

Cu-Al-Ni shape memory alloys (SMAs) have been developed for high- 
temperature applications due to their ability to return to pre-deformed shape 
after heating above the transformation temperature, as well as these alloys have a 
small hysteresis and high transformation temperature comparing with other shape 
memory alloys. Adding some of the alloying elements such as Ti, Mn, Be, Zr and B 
or changing the interior content either Al or Ni by increasing/decreasing may have 
a significant effect on the phase transitions and enhance the mechanical properties 
of these alloys. However, the martensite phase transformation is the most important 
factor, which can be changing the whole properties of Cu-Al-Ni SMAs, where this 
phase is mainly affected by the alloying elements additions. This chapter reviews 
the effect of alloying elements on the phase transitions and the enhancement of the 
mechanical properties of this alloy.

Keywords: shape memory alloys, martensitic transformation, Cu-Al-Ni, grain 
refinement, alloying elements

1. Introduction

Shape memory alloys (SMAs) are insightful types of materials that is designed to 
undertake the phase transformation of martensitic phase once the thermomechani-
cal loads are employed, and also in a position to restore their initial form as soon as 
heated up above particular temperatures [1–3]. A couple of symmetries take place 
for the structural morphologies within this kind of the materials; high symmetry at 
high-temperature is known as austenite and also a low symmetry at lower tempera-
tures known as martensite. The martensitic transformation that starts for the trans-
formation of austenite (high temperature phase)  ⇄  martensite (low temperature 
phase), is the principal characteristic in charge of shape memory alloys features. 
Furthermore, this transformation is prominent as diffusionless solid-state step of 
transformation which is presented by means of nucleation, accompanied by the 
formation route of the relative austenitic phase [4, 5]. Due to the pseudo- elasticity 
and shape memory effect (SME) properties, the shape memory alloys have been 
remarkably distinguished compared to other types of materials [6–8], in which 
they are completely related the incidence of martensitic phase transformation. The 
variant crystal structure disparities take place during the phase transformation of 
a cubic structure (austenite) transferred to a monoclinic structure (martensite). 
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Chapter 3

Cu-Based Shape Memory Alloys: 
Modified Structures and Their 
Related Properties
Safaa Najah Saud Al-Humairi

Abstract

Cu-Al-Ni shape memory alloys (SMAs) have been developed for high- 
temperature applications due to their ability to return to pre-deformed shape 
after heating above the transformation temperature, as well as these alloys have a 
small hysteresis and high transformation temperature comparing with other shape 
memory alloys. Adding some of the alloying elements such as Ti, Mn, Be, Zr and B 
or changing the interior content either Al or Ni by increasing/decreasing may have 
a significant effect on the phase transitions and enhance the mechanical properties 
of these alloys. However, the martensite phase transformation is the most important 
factor, which can be changing the whole properties of Cu-Al-Ni SMAs, where this 
phase is mainly affected by the alloying elements additions. This chapter reviews 
the effect of alloying elements on the phase transitions and the enhancement of the 
mechanical properties of this alloy.

Keywords: shape memory alloys, martensitic transformation, Cu-Al-Ni, grain 
refinement, alloying elements

1. Introduction

Shape memory alloys (SMAs) are insightful types of materials that is designed to 
undertake the phase transformation of martensitic phase once the thermomechani-
cal loads are employed, and also in a position to restore their initial form as soon as 
heated up above particular temperatures [1–3]. A couple of symmetries take place 
for the structural morphologies within this kind of the materials; high symmetry at 
high-temperature is known as austenite and also a low symmetry at lower tempera-
tures known as martensite. The martensitic transformation that starts for the trans-
formation of austenite (high temperature phase)  ⇄  martensite (low temperature 
phase), is the principal characteristic in charge of shape memory alloys features. 
Furthermore, this transformation is prominent as diffusionless solid-state step of 
transformation which is presented by means of nucleation, accompanied by the 
formation route of the relative austenitic phase [4, 5]. Due to the pseudo- elasticity 
and shape memory effect (SME) properties, the shape memory alloys have been 
remarkably distinguished compared to other types of materials [6–8], in which 
they are completely related the incidence of martensitic phase transformation. The 
variant crystal structure disparities take place during the phase transformation of 
a cubic structure (austenite) transferred to a monoclinic structure (martensite). 
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These sorts of martensite forms have the ability to be organized independently in 
a self-accommodation approach by the mechanism of twinning throughout the 
inadequacy of the practiced stresses, with the consequence that virtually no shape 
transform can certainly be realized. The results of martensitic phase deformation 
are able to be detwinned into a single variant corresponded to the applied loads, and 
consequently a large inelastic strain happened [9, 10]. Heating the deformed alloys 
to a certain temperature above the austenite temperature will turn the inelastic 
strain to be recovered through transferring the existed martensite to austenite, this 
kind of feature is known as shape memory effect (SME) [9]. On the other hands, 
the pseudo-elasticity (PE) is caused by transferring the twinned martensitic phase 
into detwinned phase and obtained the shape recovery under the austenite starts 
temperature; in other words, the deformation of loading and unloading will be 
occurred in the austenite phase. This kind of structure transfer will be resulted 
in a large inelastic strain and a consequence of the phase reverse transformation, 
the initial shape will be restored upon the unloading process. Therefore, these 
types of materials such as Ti-based, Cu-based, and Fe-based SMAs are capable to 
demonstrated SME and PE [11–13]. Generally, there are two groups of martensitic 
transformation, thermoelastic and non-thermoelastic [14]. The thermoelastic mar-
tensitic transformations happen during the mobile interfaces between the martens-
ite phase and parent phase. These types of interfaces are able to move during the 
reverse martensitic transformation as an alternative to the nucleation of the parent 
phase, which leads to a crystallographically reversible transformation [1]. On the 
other hand, the non-thermoelastic martensitic transformations are mainly found 
in ferrous alloys, which are related to the non-mobile interfaces of the martensitic 
parent phase pinned by permanent defects leading to a successful nucleation and 
growth. As a result of the austenite re-nucleation during the reversible martensitic 
transformation, these kinds of transformations are crystallographically non- 
reversible, in which the martensite phase is not able to return to original phase [15].

2. Shape memory characteristics

2.1 Shape memory effect property

Shape memory effect (SME) is a property of SMAs which enable thermoelastic 
martensitic transformation. Shape memory effect will occur with the deformation 
of the SMA in the martensitic phase during the loading and unloading at tempera-
tures below Mf. After heating these deformed alloys to a temperature above Af, the 
austenite phase forms, and thus, the original shape is recovered. Figure 1 shows a 
typical loading path 1 → 2 → 3 → 4 → 1, wherein the property of SME is observed 
[16]. The parent phase transforms into the twined martensite (1 → 2) when it 
undergoes the cooling process. The stress induced detwinning and inelastic strains 
can occur when the materials are loaded (2 → 3). The martensite phase is in the 
same state of the detwinned structure without obtaining any recovered inelastic 
strains even after the unloaded process (3 → 4). In the final step, the materials are 
returned to the original shape by recovering the inelastic strains after being heated 
above Af (4 → 1).

A self-accommodating growth of the martensitic variants (1 → 2) is being 
produced within the stress-free cooling of austenite phase without observing any 
macroscopic transformation [17–19]. The essential morphology that character-
ize the crystallographic of these alloys is the self-accommodating structure. For 
instance, of the Cu-based shape memory alloys, there are 24 variants of martensite 
that consist of six self-accommodated groups distributed around <011> poles of 
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austenite which exhibit an ordinary diamond morphology. During the growth 
process of these groups, the macroscopic transformation strain cannot be observed, 
except that some of the boundaries between the martensite variants and twinning 
interfaces display very high movements. However, the boundary interfaces together 
with the detwinning structure is performed at a stress level much lower than the 
martensite plastic yield limit, where these phenomena is known as a reorientation 
of variants, which dominates at temperatures lower than Mf. In the second stage 
(2 → 3), the loading forces are going to reorient the variants of the martensite 
phase, which result in producing a large value of inelastic strain, and this strain is 
not recovered upon unloading (3 → 4). During the last step (4 → 1), heating the 
deformed alloys to a certain temperature above Af induces reverse transformation 
and the inelastic strain is recovered [9, 16, 20]. The martensitic phase transforma-
tion will be unstable after the austenite finish temperature (Af) approached without 
requirement for any kind of external stress. It resulted in a complete recovery will 
be achieved, in consequence the martensite variant reorientations do occurred, 
there will be an additional strain with the same value of the inelastic strain but in 
opposite direction, and thus, the initial shape will be recovered. Saud et al. [21] 
was carried out the shape memory effect test using a special designed machine, 
as presented in Figure 2; whereas the test was performed at a temperature below 
martensite finish temperature (i.e., 100°C), the shape recovery was obtained par-
tially, and then it was followed by a subsequent heating above the austenite finish 
temperature (Af is 300°C) using an external muffle furnace, where a full recovery 
was achieved.

2.2 Pseudoelasticity property

The property of pseudoelasticity in the shape memory alloys is mainly related to 
the induced strain recovery upon unloading at temperatures above Af. Within the 
general conditions, the thermomechanical loading directions of pseudoelastic are 
usually started in the austenitic area at zero stress, and then move toward the region 

Figure 1. 
Schematic diagram of stress-strain-temperature for the involved crystallographic changes during the phenomena 
of SME [16].
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except that some of the boundaries between the martensite variants and twinning 
interfaces display very high movements. However, the boundary interfaces together 
with the detwinning structure is performed at a stress level much lower than the 
martensite plastic yield limit, where these phenomena is known as a reorientation 
of variants, which dominates at temperatures lower than Mf. In the second stage 
(2 → 3), the loading forces are going to reorient the variants of the martensite 
phase, which result in producing a large value of inelastic strain, and this strain is 
not recovered upon unloading (3 → 4). During the last step (4 → 1), heating the 
deformed alloys to a certain temperature above Af induces reverse transformation 
and the inelastic strain is recovered [9, 16, 20]. The martensitic phase transforma-
tion will be unstable after the austenite finish temperature (Af) approached without 
requirement for any kind of external stress. It resulted in a complete recovery will 
be achieved, in consequence the martensite variant reorientations do occurred, 
there will be an additional strain with the same value of the inelastic strain but in 
opposite direction, and thus, the initial shape will be recovered. Saud et al. [21] 
was carried out the shape memory effect test using a special designed machine, 
as presented in Figure 2; whereas the test was performed at a temperature below 
martensite finish temperature (i.e., 100°C), the shape recovery was obtained par-
tially, and then it was followed by a subsequent heating above the austenite finish 
temperature (Af is 300°C) using an external muffle furnace, where a full recovery 
was achieved.

2.2 Pseudoelasticity property

The property of pseudoelasticity in the shape memory alloys is mainly related to 
the induced strain recovery upon unloading at temperatures above Af. Within the 
general conditions, the thermomechanical loading directions of pseudoelastic are 
usually started in the austenitic area at zero stress, and then move toward the region 

Figure 1. 
Schematic diagram of stress-strain-temperature for the involved crystallographic changes during the phenomena 
of SME [16].
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Figure 3. 
The two loading paths discussed for pseudoelasticity in single crystal SMA [16].

of detwinned martensite, followed by the unloading toward the starting point. 
Figure 3 shows the loading and unloading direction that started from point a, and 
moved to b → c → d → e, then returned back to point a. Other examples are the 
isothermal and isobaric loading paths shown schematically in Figure 3.

Figure 2. 
Shape memory effect test [21].
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3. Cu-based SMAs

There are two main types of Cu-based SMAs; binary alloys of Cu-Al and Cu-Zn, in 
which both systems performed their shape memory features in the domain of β-phase, 
moreover, the third element addition to the binary and/or ternary is aimed to modify 
and control the transformation temperatures in comprehensive range in meet the 
application requirements, i.e., T ≈ 100–370°C. From this point of view, it was proven 
that the transformation temperatures are highly sensitive to the composition of alloys. 
Accuracy of 10−3 to 10−4 at.% is typically essential to obtain reproducibility more desir-
able than 5°C. Copper-based alloys commonly display considerably less hysteresis as 
compared to NiTi. Cu-Zn-Al alloy is not difficult to produce and is quite inexpensive. 
It decomposes into the equilibrium phases whenever overheated, therefore leading 
to a stabilization of the martensite. The properties of Cu-Al-Ni and Cu-Zn-Al SMAs 
are listed in Table 1. The availability of additives, including Co, Zr, B or Ti, is vital to 
provide grains from 50 to 100 nm in size. Add-on of boron is also used to enhance the 
ductility of the material. Cu-Al-Ni is substantially less vulnerable to stabilize as well as 
aging phenomena. This alloy performs with less hysteresis than NiTi and turns brittle 
as Ni increases much beyond 4 at.% [22]. It is also prevalent for Ni to be retained at 
a constant 4 at.% and this alloy is composed of Cu96-xAlxNi4 [23, 24]. In general, 
increasing the Al amount can lead to increase the stability of martensite. The purpose 
of the Al addition is to reduce the transformation temperatures. This variety is nearly 
entirely linear, ranging from Mf = 203 K and Af = 250 K for a 14.4 at.% Al to Mf = 308 K 
and Af = 348 K for a 13.6 at.% Al [22]. However, as the temperatures tend to be oper-
ated over a wide range; the sensible higher limit for transformation is 473 K. Above 
this temperature there is certainly an immediate degradation in the transformation as 
a result of aging effects. The typical Cu-based SMAs are able to exhibit a pseudoelastic 
strain of about of 4–6%. With the martensite to martensite transformation, very high 
pseudoelastic strain levels are displayed. A single crystal of the Cu81.8Al14Ni4.2 SMA 
can exhibit approximately 18% of the pseudoelastic strain associated with 100% of 
the shape recovery [25]. Cu-Zn alloy with the addition of the third element of Sn with 
a weight percentage of 34.7% has exhibited very low transformation temperatures, 
around Mf of 208 K and an Af of 235 K [26]. As well this addition has exhibited a 
transformation strain (εt) with applied strain of 2.5% along with a pseudoelastic strain 
of around 8% by obtaining a full strain recovery [26]. In recent years, a minor amount 
(about 0.6 wt.%) of beryllium was added as a third element to the binary alloy of 
Cu-Al, and it was found that this addition led to reduce the transformation tempera-
tures from 200 to 150°C with very good thermal stability.

Cu-based SMAs consist of different types of alloys, but the most frequently used 
alloys are Cu-Zn-Al and Cu-Al-Ni due to their inexpensive production cost and 
high resistance to the degradation of functional properties that occurred during 
the aging processes. There are many features that characterized the Cu-Al-Ni SMA 
rather than other shape memory alloys, such as considerably cheaper than Ni-Ti 
alloys and high transformation temperatures.

3.1 Phase diagram of Cu-Al-Ni SMAs

Figure 4 displayed the cross section of the ternary alloys of Cu-Al-at 3 wt.% of 
nickel. The alloy may possibly demonstrate shape memory characteristics as long as 
the martensitic transformation materialized. With the intention to ascertain under-
cooling, in which it vital to enforce the martensitic transformation, with a long of 
fully consideration that the heat treatment can never be prevented. It comes with 
annealing in the temperature variety of stable β phase to ensuing water quenching 
and resulted in the formation of β phase.
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Group No. Alloy 
composition

Transformation 
temperature 
(°C)

Hysteresis 
(°C)

Tensile 
strain 
(%)

Strain 
recovery 
(%)

Remarks/features

Cu-based 
shape 
memory 
alloys

1. Cu-Al-Ni 100–400 21.5 3–5 60–90 • Low cost

• Reasonable shape 
memory

• Good pseudoelastic 
behavior

• Brittle in tension

• Stable phase precipita-
tion near 200°C

• Reordering causes 
shift in transformation 
temperature in quenched 
specimen

2. Cu-Zn-Al 120 15–25 4 70–85 • High thermal 
conductivity

• Reasonable recoverable 
shape memory strain

• Inexpensive

• Brittle alloys

3. Cu-Al-Be 150–200 20–25 3–5 80–90 • Reasonable recoverable 
shape memory strain

• High transformation 
temperatures

• High corrosion resistance

4. Cu-Al-Ni-Mn 230–280 15–20 3–4 90–100 • High shape memory 
behavior

• Reasonable materials cost

• High transformation 
temperatures

• Good corrosion 
resistance

5. Cu-Al-Ni-Ti 120–260 12–20 2.5–4 90–100 • High shape memory 
behavior

• Reasonable materials cost

• High transformation 
temperatures

• High corrosion resistance

6. Cu-Al-Ni-Fe 210–250 12–15 9 40 • Low shape memory 
behavior

• High ductile material

• Reasonable materials cost

• High transformation 
temperatures

• High corrosion resistance

Table 1. 
Properties of copper-based shape memory alloys [27].
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The shape memory characteristics of Cu-Al-Ni SMA are mainly dependent on 
the properties of the body centered cubic β phase for the binary alloys of Cu-Al 
[29]. During the cooling of β phase from 565°C, this phase undergoes the eutectoid 
decomposition of β → α + γ2. However, the high cooling rates are able to prevent this 
phase from eutectoid decomposition and enable the martensitic transformation. 
When the Cu-Al-Ni SMA possess an Al content of more than 11 wt.%, the structure 
of body center cubic transforms to a DO3-type superlattice by transferring the β 
to order β1 phase prior to martensitic transformation. In this case, the martensite 
“inherits” the ordered structure. At Al content between 11 and 13 wt.%, β′1 mar-
tensite, having a monoclinic 18R1 structure prevails. At Al content over 13 wt.%, 
orthorhombic 2H-type 𝛾𝛾′1 martensite prevails. Which of them will appear depends 
on the temperature and the stress condition. In addition to these two, other types of 
martensite can also form (see in Figure 5).

The characteristic temperatures of Cu-Al-Ni alloys can lie between −200 and 
200°C dependent on content of Al and Ni; the content of Al has great influence, 
giving them the permittivity to be used for high temperature applications. The 
transformation temperatures of Ni–Ti alloys can be adjusted in the range between 
−200 and 120°C [31]. The Af temperature of Fe-based SMAs can increase to 
approximately 300°C; but at the same time, the Ms remains at room temperature 
or even below. The Ms temperature can be estimated using the following empirical 
equation [32]:

   M  s   (     ° C)  = 2020 − 134 ×  (wt . %Al)  − 45 ×  (wt . %Ni)   (1)

The addition of Al wt.% to the Cu-based shape memory alloys can lead to 
reduce the transformation temperature, for instance, the addition of 14 w.% Al, the 
martensitic transformation start will lie around the room temperature. In spite of 

Figure 4. 
Cross-section diagram of the ternary alloy of Cu-Al-3 wt.% Ni [28].
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Group No. Alloy 
composition
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temperature 
(°C)

Hysteresis 
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temperatures

• High corrosion resistance

Table 1. 
Properties of copper-based shape memory alloys [27].
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on the temperature and the stress condition. In addition to these two, other types of 
martensite can also form (see in Figure 5).

The characteristic temperatures of Cu-Al-Ni alloys can lie between −200 and 
200°C dependent on content of Al and Ni; the content of Al has great influence, 
giving them the permittivity to be used for high temperature applications. The 
transformation temperatures of Ni–Ti alloys can be adjusted in the range between 
−200 and 120°C [31]. The Af temperature of Fe-based SMAs can increase to 
approximately 300°C; but at the same time, the Ms remains at room temperature 
or even below. The Ms temperature can be estimated using the following empirical 
equation [32]:

   M  s   (     ° C)  = 2020 − 134 ×  (wt . %Al)  − 45 ×  (wt . %Ni)   (1)

The addition of Al wt.% to the Cu-based shape memory alloys can lead to 
reduce the transformation temperature, for instance, the addition of 14 w.% Al, the 
martensitic transformation start will lie around the room temperature. In spite of 

Figure 4. 
Cross-section diagram of the ternary alloy of Cu-Al-3 wt.% Ni [28].
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this, the Al addition may lead to from new phase known as phase γ2 (i.e., it refers to 
the cubic intermetallic compound of Cu9Al4), in which it results in increasing the 
brittleness of the alloy. However, the nickel addition will play an important role of 
controlling the diffusion rate of Cu into Al, thereby, the may lead to retain single 
phase of β or β1 till the martensitic phase transformation starts been reached during 
the cooling process. From another point of view, increasing the percentages of Ni 
in the ternary alloy of Cu-Al-Ni SMAs will be a result of the high brittleness associ-
ated with shifting the eutectoid point to higher values. Therefore, optimizing the 
chemical composition of the Al and Ni in the range of 14 and 3.5–4 wt.%, respec-
tively [1]. On the other hand, these alloys still have drawbacks such as low reversible 
transformation that included the 4% of one-way shape memory effect and 1.5% 
of two-way shape memory effect. These disadvantages are mainly attributed to 
the intergranular cracks that occurred at a low stress level. The reasons behind the 
low stress failure are the large grain size, high elastic anisotropy, intense reliance of 
transformation strain on crystal orientations as well as segregation on grain bound-
aries. The first three reasons apply when there is high concentration of shear stress 
at the grain boundaries. The fourth reason is mainly due to weakening of grain 
boundaries [33].

3.2 Phase transformation morphology

The martensitic transformation can be induced both thermally and/or through 
applying an external stress. In other words, applying stress and decreasing the 
temperature both drive the austenite → martensite transformation. In fact, there 
is a linear relationship between the two forces that is derived from the thermody-
namics relationships of the phase transformation, called the Clausius-Clapeyron 
relationship. Thermal treatments significantly influence the characteristics of the 
martensitic transformation [34], such as martensite, transformation temperatures 
and hysteresis, which are very sensitive to the order degree of the β phase and the 
precipitation process [35, 36]. The copper-based shape memory alloys exhibit a 
martensitic transformation from the β-phase to a close-packed structure on cool-
ing. Additionally, the high temperatures of the β-phase for the Cu-Al-Ni alloys 
have a disordered bcc structure similar to the Cu-Zn-Al alloys [37]. In the Cu-Al-Ni 
alloys, two types of thermally induced martensites (β′1 and γ′1) form, depending 

Figure 5. 
Schematic phase diagram of Cu-Al-Ni alloy in temperature-stress coordinates [1, 30].
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on the alloy’s composition and heat treatment [38–41]. The stability of the β-phase 
decreases with decreasing temperature. For example, at a lower temperature, the 
β-phase can remain metastable under proper cooling (air cooling) [42–44]. The sta-
bility limit of the overcooled β-phase must then be established to avoid the expan-
sion of the ordination state of the β-phase and/or the precipitation of the stable 
phases. However, the improved mechanical properties of Cu-Al-Ni SMA are highly 
related to the production of alloys with a fine grain size [45]. During the heating-
cooling processes, the structure of these alloys’ changes within the martensitic 
region. Moreover, usable forces arise during the martensite ⇔ austenite transforma-
tion upon thermal cycling due to the shape recovery properties, which allows these 
alloys to be used as a component in some devices [46, 47]. The martensitic transfor-
mation requires higher energy than the reverse transformation [48].

4. Effects of alloying elements on the:

4.1 Martensitic transformation temperature of Cu-Al-Ni SMA

In copper-based shape memory alloys, the most significant factor that controls 
the martensite transformation is the alloy chemical composition. In commercial 
applications, the effect of alloying elements on the martensite transformation 
temperature is highly beneficial during the design of an alloy with the required 
characteristics [49]. Grain refiners are added to Cu-Al-Ni shape memory alloys 
for many reasons. These effects are both direct and indirect, such as [50] (i) the 
transformation temperatures are modified due to the formation of intermetallics; 
(ii) the remaining solid solution may increase the strength of β phase, thus leading 
to reduce the Ms and other temperatures; (iii) producing a chemical contribu-
tion; and (v) grain growth which occurs during annealing has an influence on the 
transformation temperatures.

For decreasing brittleness, one of the most important defects of Cu-Al-Ni SMAs, 
Itsumi et al. [51] replaced 2% of the aluminum content with Mn, which suppressed 
the eutectoid reaction β1 → α + γ2; Mn does not decrease the transformation temper-
ature. At the same time, they used 1% of the Ti, which resulted in grain refinement 
and thus intergranular cracking can be eliminated. Karagoz and Canbay [52] stud-
ied the variations of Al and Ni percentages on the phase transformation tempera-
tures, and have found that the forward and reverse transformation temperatures 
are strongly influenced by the variation of Al wt.%, therefore, higher percentage 
of Al exhibited lowest transformation temperatures. The variation of Ni wt.% was 
found to be mainly responsible for suppressing the diffusivity of Cu and Al. Chang 
[53] found that the Ms temperature of Cu-xAl-4Ni SMAs decreased significantly 
from 180.9 to −54.7°C when the content of Al was increased from x = 13.0 to 14.5 
as shown in Figure 6(a–c). This is consistent with the study by Recarte et al. [49], 
in which the Ms temperature of Cu-Al-Ni SMA depended strongly on its chemical 
composition, particularly with the content of Al. Cu-xAl-4Ni SMAs with a higher 
content of Al exhibiting a lower Ms temperature could be ascribed to the fact that 
the driving force necessary for nucleation of the γ′1 (2H) martensite is higher than 
that of the β′1 (18R) [49, 54, 55].

Sampath [50] found that addition of alloying elements and grain refiners are 
the main factors that can increase solid solution strengthening, as some of these 
elements are capable of dissolving into the solution leading to the formation of a 
second phase. Therefore, with the addition of a minor amount of Ti, Zr, and B to 
the Cu-Al-Ni SMA, the transformation temperatures are led to increase, as shown 
in Figure 7(a–d). On the other hand, when the weight percentage of Al and Ni are 
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on the alloy’s composition and heat treatment [38–41]. The stability of the β-phase 
decreases with decreasing temperature. For example, at a lower temperature, the 
β-phase can remain metastable under proper cooling (air cooling) [42–44]. The sta-
bility limit of the overcooled β-phase must then be established to avoid the expan-
sion of the ordination state of the β-phase and/or the precipitation of the stable 
phases. However, the improved mechanical properties of Cu-Al-Ni SMA are highly 
related to the production of alloys with a fine grain size [45]. During the heating-
cooling processes, the structure of these alloys’ changes within the martensitic 
region. Moreover, usable forces arise during the martensite ⇔ austenite transforma-
tion upon thermal cycling due to the shape recovery properties, which allows these 
alloys to be used as a component in some devices [46, 47]. The martensitic transfor-
mation requires higher energy than the reverse transformation [48].

4. Effects of alloying elements on the:

4.1 Martensitic transformation temperature of Cu-Al-Ni SMA

In copper-based shape memory alloys, the most significant factor that controls 
the martensite transformation is the alloy chemical composition. In commercial 
applications, the effect of alloying elements on the martensite transformation 
temperature is highly beneficial during the design of an alloy with the required 
characteristics [49]. Grain refiners are added to Cu-Al-Ni shape memory alloys 
for many reasons. These effects are both direct and indirect, such as [50] (i) the 
transformation temperatures are modified due to the formation of intermetallics; 
(ii) the remaining solid solution may increase the strength of β phase, thus leading 
to reduce the Ms and other temperatures; (iii) producing a chemical contribu-
tion; and (v) grain growth which occurs during annealing has an influence on the 
transformation temperatures.

For decreasing brittleness, one of the most important defects of Cu-Al-Ni SMAs, 
Itsumi et al. [51] replaced 2% of the aluminum content with Mn, which suppressed 
the eutectoid reaction β1 → α + γ2; Mn does not decrease the transformation temper-
ature. At the same time, they used 1% of the Ti, which resulted in grain refinement 
and thus intergranular cracking can be eliminated. Karagoz and Canbay [52] stud-
ied the variations of Al and Ni percentages on the phase transformation tempera-
tures, and have found that the forward and reverse transformation temperatures 
are strongly influenced by the variation of Al wt.%, therefore, higher percentage 
of Al exhibited lowest transformation temperatures. The variation of Ni wt.% was 
found to be mainly responsible for suppressing the diffusivity of Cu and Al. Chang 
[53] found that the Ms temperature of Cu-xAl-4Ni SMAs decreased significantly 
from 180.9 to −54.7°C when the content of Al was increased from x = 13.0 to 14.5 
as shown in Figure 6(a–c). This is consistent with the study by Recarte et al. [49], 
in which the Ms temperature of Cu-Al-Ni SMA depended strongly on its chemical 
composition, particularly with the content of Al. Cu-xAl-4Ni SMAs with a higher 
content of Al exhibiting a lower Ms temperature could be ascribed to the fact that 
the driving force necessary for nucleation of the γ′1 (2H) martensite is higher than 
that of the β′1 (18R) [49, 54, 55].

Sampath [50] found that addition of alloying elements and grain refiners are 
the main factors that can increase solid solution strengthening, as some of these 
elements are capable of dissolving into the solution leading to the formation of a 
second phase. Therefore, with the addition of a minor amount of Ti, Zr, and B to 
the Cu-Al-Ni SMA, the transformation temperatures are led to increase, as shown 
in Figure 7(a–d). On the other hand, when the weight percentage of Al and Ni are 



Recent Advancements in the Metallurgical Engineering and Electrodeposition

34

decreased, the transformation temperatures increased. Thus, at less than 12 wt.% of 
Al, the transformation temperatures are increasing, which is in complete agreement 
with other researchers [23]. From the same point of view, Miyazaki et al. [56] found 
that with increase in the amount of Al and Ni in the entire composition of Cu-Al-Ni 
SMA, the transformation temperatures also tend to decrease. Sugimoto et al. [57] 
found that with the addition of different percentages of titanium to the Cu-Al-Ni 
SMA, the transformation temperature are increase. These increases are related to the 
presence of the X-phase as Ti-rich particles into the microstructure that can reduce 
the mobility of interfaces between the martensite and β phase. The martensite trans-
formation temperature has behaved according to the type of the alloying element, 
where it has decreased with increasing Ti amount and increased with increasing the 
Zr amount as reported by Wayman and Lee [58]. This is attributed to the dissolving 
percentage of Ti and Zr in the β-phase. Dutkiewicz et al. [59], disagreed that Ti addi-
tions decreased the Ms. However, they have proved that the Ms temperature increases 
as grain size reduces, where the rapid drop of the transformation temperatures is 
in the smallest grain size range. Saud et al. [60] was shown that the transformation 
temperature of Cu-Al-Ni SMAs after the addition of Sn which was represented by the 
exothermic and endothermic curve in Figure 8, the results revealed that the behavior 
of the observed peak tend to be sharp and board at 232 and 350°C, respectively, due 
to the existence of different types of precipitates that led to limit the stability of the 

Figure 6. 
Evolution of (a) DSC heating-cooling curves, (b) the Ms transformation temperature, and (c) the 
transformation enthalpy of the as a function of Al content [53].
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low temperature phase and resulted in an individual transformation corresponding 
to the high driving force.

4.2 Martensitic structure of Cu-Al-Ni SMAs

The sort of thermally introduced martensite is totally dependent primarily on 
the chemical substance composition of Al and Ni in the Cu-Al-Ni SMAs. Once the 
martensitic transformation is produced by the deformation loading, the particular 
martensite acquired is determined by aspects including crystal orientation, chemi-
cal compositions of Al/Ni, deformation stress as well as applied temperature. There 

Figure 7. 
Differential scanning calorimetry profiles for Cu-Al-Ni alloys: (a) Cu-Al-Ni; (b) Cu-Al-Ni-0.2Ti; (c) Cu-Al-
Ni-0.4Mn; and (d) Cu-Al-Ni-0.2Zr [50].

Figure 8. 
Transformation temperature of Cu-Al-Ni SMAs modified with different percentage of Sn [60]; the magnified 
peaks of the (a,b) forwards transformation and (c) reverse transformation.
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low temperature phase and resulted in an individual transformation corresponding 
to the high driving force.
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The sort of thermally introduced martensite is totally dependent primarily on 
the chemical substance composition of Al and Ni in the Cu-Al-Ni SMAs. Once the 
martensitic transformation is produced by the deformation loading, the particular 
martensite acquired is determined by aspects including crystal orientation, chemi-
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Transformation temperature of Cu-Al-Ni SMAs modified with different percentage of Sn [60]; the magnified 
peaks of the (a,b) forwards transformation and (c) reverse transformation.
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are several reasons behind adding the alloying elements to Cu-based shape memory 
alloys [50, 61–64], including to (1) refine the grain size, (2) restrict the martensite 
stabilization, (3) adjust the phase diagrams, (4) accommodate the transformation 
temperature, (5) improve the workability of these alloys, since they are difficult to 
process, due to a large grain size having formed during the solidification process, 
and to enhance the service life of copper shape memory alloys in applications.

The microstructure of Cu-Al-Ni SMA can be formed in a needle and/or plate-
like martensites with self-accommodating morphology [50]. Two different phases 
are excited during adding 13.3% Al and 4.3% Ni to Cu-Al-Ni SMAs: (i) acicular 
morphology: β′1; and (ii) self-accommodating morphology: γ′1. The martensite 
in Cu-Al-Ni alloy has experienced a gradual transition from β′1 to γ′1 via a β′1 + γ′1 
composition when the percentage of Al increased [49, 65]. At high cooling rate, β 
martensite transformed to β′1 martensite with tiny quantities of γ′1 phase. However, 
in case of low cooling rate, β′1 transformed to γ′1 martensite. The formation of γ′1 
martensite is inevitable irrespective of the processing conditions if the Al content is 
>14.2 wt.%. Minor additions to the base Cu-Al-Ni alloy tend to produce intermetal-
lic compounds with Al, when the matrix of Al decreases resulting in the formation 
of β′1 martensite. If the percentage of Al is less than 11.9 wt.%, large plates of α′ 
martensite will be formed. Fine plates of β′1 martensite form when the Al content is 
about 11.9 wt.%. β′1 + γ′1 mixtures are observed in Cu-13.03 wt.% Al-4.09 wt.% Ni 
[66] and martensite formed mainly the M18R type with an orthorhombic structure 
[67]. However, Chentouf et al. [68] studied the microstructural and thermody-
namic analysis of hypoeutectoidal Cu-Al-Ni shape memory alloys and determined 
that the amount of Al and Ni has a greater effect on the morphology of the precipi-
tated phase as shown in Figure 9.

Figure 9. 
Optical micrographs for alloys: (a) Cu-9.9 wt.% Al-4.43 wt.% Ni, (b) Cu-11.25 wt.% Al-4.07 wt.% Ni and  
(c) Cu-11.79 wt.% Al-4.37 wt.% Ni [68].
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In Cu-Al-Ni shape memory alloys, large precipitate (XL) particles are formed 
resulting in the transformation of the 18R basal plane order into 2H martensite 
at the interface of the precipitate-free and precipitate-matrix. Ratchev et al. [69] 
stated that there would be a change in the 18R sequence due to the modification of 
the stresses around the precipitates. Karagoz and Canbay [52] found that when the 
percentage of Al addition increased, the β phase leads to the total martensitic trans-
formation of β′1 and γ′1 phases during the homogenization process and the grains 
formed in V-type shape along with different orientations. Chang [53] with 13 wt.% 
of Al, martensite exhibited self-accommodating zig zag groups at room temperature, 
whereas the martensite is typical β′1 martensite with an 18R structure as shown in 
Figure 10a. However, by increasing the Al to 13.5 wt.%, a number of coarse vari-
ants of γ′1 (2H) structure exist in the matrix of β′1 (18R), as shown in Figure 10b. 
With further increase in the Al amount to 13.7 and 14 wt.%, the microstructure 
became more distinct exhibiting a β′1 (18R) or γ′1 (2H) martensite along with the 
abundant precipitate of γ2 phase as demonstrated in Figure 10c and d. According to 
the relationship between the variety of transformed martensite and the composition 
of Cu-xAl-4Ni SMAs reported by Recarte [49, 54, 70], the β′1 (18R) and the γ′1 (2H) 
martensite should coexist in Cu-13.7Al-4Ni SMA, while only γ′1 (2H) martensite 
exists in Cu-14.0Al-4Ni SMA.

Sugimoto et al. [57] found that with the addition of Ti to the Cu-Al-Ni SMA, a 
new phase known as X-phase is going to be formed which is rich in Ti-rich. Also, the 
volume fraction of this phase is increased linearly with increase in the percentage of 
Ti addition. Other work has been done by Dutkiewicz et al. [59], where they have 
agreed that the addition of Ti to the Cu-Al-Ni caused a smaller and elongated grain 

Figure 10. 
SEM micrographs of (a) Cu-13.0Al-4Ni, (b) Cu-13.5Al-4Ni, (c) Cu-13.7Al-4Ni, and (d) Cu-14.0Al-4Ni 
SMAs [53].
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size because the Ti addition restricted the grain growth as shown in Figure 11(a–d). 
Font et al. [71] found that the addition of Mn and B along with different thermal 
cycling have an effect on the parameters on the martensite morphologies and orien-
tations. They found that the martensite formed in two morphologies: plates and thin 
needles. The plates martensite form as self-accommodation variant groups. However, 
some particles have been observed to form between the plates and needles and their 
size is almost same with different amounts of Mn and B added. The distribution of 
these particles are mainly dependent on the thermal treatment conditions and by 
using energy dispersive spectroscopy, it was found that these particles are Mn and/
or aluminum boride, a result which is in complete agreement with Morris [72]. The 
existence of these particles is due to difficulties dissolving Mn/B into the matrix. 
Sampath [50] has shown that two different morphologies are formed into the micro-
structure of Cu-13.3 wt.% Al-4.3 wt.% Ni SMA and these morphologies are (γ′1 with 
a self-accommodating structure and β′1 with a acicular structure). Also, it was found 
that with adding a minor addition of Ti, Mn, or Zr to the base alloy, new precipita-
tions/compounds have formed with Al element as shown in Figure 12(a–d). These 
precipitations are able to enhance the formation of martensite β′1 phase. Saud et al. 
[21] presented the changes in the microstructure changes of Cu-Al-Ni SMAs after the 
addition of different percentages of Ti and the microstructure changes were exhib-
ited in Figure 13(a–d). it was revealed that the presence of γ′1 and β′1 phases, on the 
other hands, there is an irregular phase was observed in the modified microstructure 
in the shape of flower and it has been formed randomly between β′1 plates and 
needles, which this phase was called as X-phase.

Figure 11. 
Optical micrographs of (a) Cu-11.85 wt.% Al-3.2 wt.% Ni-3 wt.% Mn, (b) Cu-11.9 wt.% Al-5 wt.% 
Ni-2 wt.% Mn-1 wt.% Ti, (c) Cu-11.4 wt.% Al-2.5 wt.% Ni-5 wt.% Mn-0.4 wt.% Ti, and (d) Cu-11.8 wt.% 
Al-5 wt.% Ni-2 wt.% Mn-1 wt.% Ti [59].
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4.3 Mechanical properties of Cu-Al-Ni SMA

Cu-Al-Ni shape memory alloys (SMA) have been selected as high potential 
materials for high temperature applications. This is attributed to their high thermal 
stability at temperatures above 100°C [73–76]. On the other hand, these alloys 
have their limitations such as high brittleness because of the appearance of brittle 
phase γ2 at grain boundaries, the enormous increase in grain size duplicated with a 
high elastic variation [77–81]. Thus, their disadvantages have restricted the usage 
of these alloys for commercial applications [82–92]. One way to solve this problem 
is the grain refinement. By adding some of the alloying elements such as Ti, Mn, 
V, Nb, B and others or varying the compositions of Ni or Al, some improvement 
in mechanical properties of the conventional Cu-Al-Ni SMAs [86, 93–96] was 
observed. This improvement is attributed to the addition of alloying elements, 
where these elements are restricting the grain growth and refining the grains. 
However, these alloying elements have a significant effect on the mechanical prop-
erties of Cu-Al-Ni SMAs due to the formation as a second phase structure in the 
microstructure [97]. Miyzakai et al. [23, 56] found that varying the percentage of 
Al and Ni lead to changes in crack formation and propagation. It was also found that 
increases in the Al and Ni amount from 14 and 3.9 wt.% to 14.2 and 4 wt.% lead to 
the appearance of clear crack formation. This may be attributed to the amount of 
thermal stress induced and in accordance to the Clausius-Claperyron equation, the 
increase in the alloying composition of Al and Ni has an effective influence on the 

Figure 12. 
Optical micrographs of Cu-Al-Ni alloys: (a) Cu-Al-Ni; (b) Cu-Al-Ni-0.2 Ti; (c) Cu-Al-Ni-0.4 Mn; and  
(d) Cu-Al-Ni-0.2 Zr [50].
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martensite thermal stress induced, which lead to crack initiation and propagation. 
The addition of manganese and boron efficiently refine the grain size, however, 
increasing of the boron concentration produced the highest strain hardening. 
Wayman and Lee [58] have found that the addition of boride particles helped to 
relieve the stress concentrations at the grain boundaries. Morris [72] found that 
by adding the boron to the Cu-Al-Ni SMAs, the ductility increased. This can also 
be attributed to the presence of boride particle. Another relevant point is that the 
boron addition can have an effect on the fracture mode, as it has been transferred 
from brittle failure to intergranular and transgranular failure. Another work by 
the same author [98], found that the values of yield stress, hardness and tensile 

Figure 13. 
FESEM micrographs showing the microstructures of the Cu-Al-Ni SMA with different concentration of Ti 
additions: (a) Cu-Al-Ni (alloy A), (b) Cu-Al-Ni-0.4 mass% Ti (alloy B), (c) Cu-Al-Ni-0.7 mass% Ti  
(alloy C), (d) Cu-Al-Ni-1 mass% Ti (alloy D) [21].

Figure 14. 
Variation in the (a) transition stress, (b) fracture strain, and (c) fracture stress versus grain size [99].
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strength have been increased with increasing the percentage of boron addition. It 
seems that the boride particles have restricted the interface movement, therefore 
the required stress to re-orient the martensite phase is high. These particles have 
played a significant role by accommodating a new strain concentration generated 
by the coexistence of the new stress-induced martensite. Roh et al. [99] reported 
that the fine grained alloys resulting from the addition of Ti, Mn, and Zr to the 
coarse grained Cu-Al-Ni SMA lead to enhance the fracture stress-strain. It was 
found that the fracture stress and strain obtained the highest value of 930 MPa and 
8.6%, respectively, with the combined addition of 0.3Ti-0.6Zr to Cu-13.4AI-3.05Ni 
SMA. This improvement is due to grain refinement and the presence of precipitates 
that formed within grains in the alloy. They have also confirmed other researchers’ 
findings [86, 100, 101] that the tensile properties of (σt, σf, and εt) increased as a 
function of decreasing grain size, as shown in Figure 14. In contrast, the fractured 
surfaces of Cu-Al-Ni SMA changed from brittle mode to different modes according 
to the type and amount of the addition element as shown in Figure 15.

Figure 15. 
Tensile fracture surfaces at room temperature for (a) Cu-13.4Al-3.8Ni SMA, (b) Cu-13.2Al-3.04Ni-0.36Ti 
SMA, (c) Cu-13.0Al-2.9Ni-0.36 Ti-0.22 Mn SMA and (d) Cu-13.4Al-3.05Ni-0.24Ti-0.63Zr SMA [99].
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Xu et al. [102, 103] found by adding the Be to the Cu-Al-Ni SMAs, the fatigue life 
has been increased, as the strain recovery has reached 30% higher than base alloy. 
Increase in the recovery strain is almost equal to the recovery strain of the NiTi. Zhu 
et al. [97] found the bending performance, tensile strength, and elongation percentage 
of Cu-Al-Ni-Be are higher than Cu-Al-Ni alloy, where the maximum stress of this alloy 
could reach to 780 MPa with 18% of strain as shown in Figures 16 and 17. This may 
imply that the mechanical property of Cu-based SMAs can be significantly improved 
by adding the alloying elements. The additions of Ti, Mn, and Zr to Cu-Al-Ni shape 
memory alloys have decreased the grain size reported by Sampath [50], therefore the 
values of hardness increased. This is attributed to the formation of fine precipitates that 

Figure 17. 
Stress-strain curves of SMA samples at room temperature (25°C) [105].

Figure 16. 
Recoverable strain versus bend-relaxing time of Cu-Al-Ni and Cu-Al-Ni-Be [105].
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Figure 19. 
Compressive stress–strain of different loading-unloading cycles tested at a temperature of 473 K (200°C);  
(a) Cu-Al-Ni; (b) Cu-Al-Ni-0.5 wt.% Sn; (c) Cu-Al-Ni-1.0 wt.% Sn; and (d) Cu-Al-Ni-1.5 wt.% Sn [60].

Figure 18. 
Shape memory effect curves of the alloys performed at T < Mf, then preheated to T > Af to obtain the shape 
recovery [21], Cu-Al-Ni (alloy A), Cu-Al-Ni-0.4 mass% Ti (alloy B), Cu-Al-Ni-0.7 mass% Ti (alloy C), 
Cu-Al-Ni-1 mass% Ti (alloy D).



Recent Advancements in the Metallurgical Engineering and Electrodeposition

42

Xu et al. [102, 103] found by adding the Be to the Cu-Al-Ni SMAs, the fatigue life 
has been increased, as the strain recovery has reached 30% higher than base alloy. 
Increase in the recovery strain is almost equal to the recovery strain of the NiTi. Zhu 
et al. [97] found the bending performance, tensile strength, and elongation percentage 
of Cu-Al-Ni-Be are higher than Cu-Al-Ni alloy, where the maximum stress of this alloy 
could reach to 780 MPa with 18% of strain as shown in Figures 16 and 17. This may 
imply that the mechanical property of Cu-based SMAs can be significantly improved 
by adding the alloying elements. The additions of Ti, Mn, and Zr to Cu-Al-Ni shape 
memory alloys have decreased the grain size reported by Sampath [50], therefore the 
values of hardness increased. This is attributed to the formation of fine precipitates that 

Figure 17. 
Stress-strain curves of SMA samples at room temperature (25°C) [105].

Figure 16. 
Recoverable strain versus bend-relaxing time of Cu-Al-Ni and Cu-Al-Ni-Be [105].

43

Cu-Based Shape Memory Alloys: Modified Structures and Their Related Properties
DOI: http://dx.doi.org/10.5772/intechopen.86193

Figure 19. 
Compressive stress–strain of different loading-unloading cycles tested at a temperature of 473 K (200°C);  
(a) Cu-Al-Ni; (b) Cu-Al-Ni-0.5 wt.% Sn; (c) Cu-Al-Ni-1.0 wt.% Sn; and (d) Cu-Al-Ni-1.5 wt.% Sn [60].

Figure 18. 
Shape memory effect curves of the alloys performed at T < Mf, then preheated to T > Af to obtain the shape 
recovery [21], Cu-Al-Ni (alloy A), Cu-Al-Ni-0.4 mass% Ti (alloy B), Cu-Al-Ni-0.7 mass% Ti (alloy C), 
Cu-Al-Ni-1 mass% Ti (alloy D).



Recent Advancements in the Metallurgical Engineering and Electrodeposition

44

restricted the grain growth by the pinning effect. Also, other elements have shown a sig-
nificant effect on the mechanical properties of Cu-Al-Ni SMAs during the addition. For 
example, the rupture strain of Nb and V has increased up to 14 and 6%, respectively, 
which is much higher than the base alloy as reported by Gomes et al. [104]. The strain 
recovery by the shape memory effect (εSME) of the Cu-Al-Ni SMAs with and without 
the Ti additions was studies by Saud et al. [21], as shown in Figure 18. The results  
were shown that the addition of Ti with different mass percentages exhibited an 
increase in the values of strain recovery by the SME. These enhancements in references 
the strain recovery were attributed to the existence of the X-phase that was brought 
about by the Ti additions in the parent phase. Another study by the same authors [60] 
shown the effect of different percentage of 0.5, 1.0, and 1.5 wt.% of Sn addition on the 
stress–strain curves under multi-cycles of loading and unloading. It was found that  
the largest number of cycles was indicated with the Cu-Al-Ni-1 wt.%Sn SMA before 
the occurrence of fracture, as shown in Figure 19(a–d). This improvement is due to 
two reasons: low porosity density and the finest particle size among the alloys.

5. Brief applicability of Cu-based SMAs

Predominantly, the shape memory applications can be separated into four classes 
as per the essential capacity of their memory component [106–109] where the SME 
can be utilized to create movement as well as load, and the SE can store the twisting 
vitality [110, 111]. The extraordinary conduct of SMAs has produced new applica-
tions in the aviation, automobile, robotization, and control, machine, vitality, syn-
thetic handling, warming and ventilation, security and safety, and hardware (MEMS 
gadgets) ventures. A part of these applications applies comparative strategies, ideas 
or systems, which are additionally relevant for different regions. Most of these 
plausible applications are secured with the economically accessible parallel Nitinol 
SMA, where its operational temperature run lies around inside the standard scope 
of ecological temperature boundaries to which a traveler vehicle might be uncovered 
amid administration, for example, between −40°C to approx. +125°C [112, 113]. 
The binary alloy system of NiTi SMA with change temperatures from −50°C to 
approximately to +110°C [106] performs well for various cycles inside vehicle areas 
in varies range of performing temperatures [113, 114], however not in areas with 
higher temperatures, for example, under the motor hood. The SMAs ought to have 
a martensite finish temperature well over the most extreme working temperatures 
(see the dark spotted lines in Figure 20) so as to work appropriately. The correlation 
of the change temperature scopes of the most widely recognized SMAs that the less 
expensive Cu-Al-Ni SMAs can play out the change with temperatures up to 200°C, 
however, these SMAs are fragile, unsteady, have low exhaustion quality and are not 
appropriate for numerous cyclic activities [106, 113, 115–119]. A wide determination 
of high temperature SMAs are accessible, however, these materials are known as 
costly for automobile applications [113].

Since the 1980s, SMAs have been used in many different robotic systems, 
especially as micro-actuators or artificial muscles [123–125] as described by Furuya 
and Shimada [126] and Sreekumar et al. [127]. Today, most of the SMA robotic 
applications were biologically inspired (i.e., biomechanics) and widely utilized in 
biomedical areas but are also used extensively in other fields as well. The difficulties 
are to expand the execution and scaling down of the equipment stage and to build 
the insight of the coordinated framework (for example small-sizes, consistent and 
self-controlling). A few specialized issues were featured and should be settled, for 
example, clamping difficulties, miniature electrical connection (for micro robots), 
small strain, control issues and very low efficiency. Besides, part of these issues 
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has been controlled by choosing an appropriated modeling strategy as sensor to 
control and feedback. For instance, the control of resistance feedback is perfect for 
small scale robots as it takes out the additional requirement for extra sensors, in 
spite of the fact that the obtained limited accuracy [127]. Earlier, it was found that 
the response of the SMA actuator is mainly relying on structural design and thus 
limited the robotic functionalities in terms of the degree of freedom (DOF). On the 
other hands, the heating resistivity is a common technique been implemented for 
a micro-size SMA actuators, however, macro-size actuators are required to a direct 
heating source to acquire the shape memory features. In addition to enhance the 
frequency of the actuators, a capacitor will be attached for a faster heating response 
along with above-mentioned cooling methods that resulted in larger device shape 
[127]. Another problem to be mentioned that the complexity of the control system 
that found due to the large numbers of actuator were employed to increase the 
robots DOF.

Another significant implementation for shape memory as absorbers in bridges 
that been effectively used [128, 129]. According to the study was carried out by 
European Union on the earthquake damages and the way of finding a sustainable 
technology to prevent the disaster damage via seismic vibration. A research was 
conducted for as modeling for four story building, which was constructed using 
the tendons techniques to minimize the earthquake possible damage, where it was 
found that the building without SMA was completely destroyed while the incorpo-
rated building with SMA got less damage, whereby, the implemented tendons were 
used to absorb energy based on the shape memory feature of super-elastic behavior 
and reduced the shocked waves of earthquake.

6. Summary

In this chapter the characteristic of shape memory alloys in terms of microstruc-
ture, mechanical properties and thermal cyclic stress-strain curves of Cu-Al-Ni 
SMAs. The main benefits of these alloys can be obtained after the modifications 
were made, as, for a certain application, the selective of shape memory alloys 

Figure 20. 
Operating temperature range for automobiles applications and the transformation temperatures for selected 
commercially available and developed SMAs [106, 113, 120–122].
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the tendons techniques to minimize the earthquake possible damage, where it was 
found that the building without SMA was completely destroyed while the incorpo-
rated building with SMA got less damage, whereby, the implemented tendons were 
used to absorb energy based on the shape memory feature of super-elastic behavior 
and reduced the shocked waves of earthquake.

6. Summary

In this chapter the characteristic of shape memory alloys in terms of microstruc-
ture, mechanical properties and thermal cyclic stress-strain curves of Cu-Al-Ni 
SMAs. The main benefits of these alloys can be obtained after the modifications 
were made, as, for a certain application, the selective of shape memory alloys 

Figure 20. 
Operating temperature range for automobiles applications and the transformation temperatures for selected 
commercially available and developed SMAs [106, 113, 120–122].



Recent Advancements in the Metallurgical Engineering and Electrodeposition

46

© 2019 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. 

Author details

Safaa Najah Saud Al-Humairi
Faculty of Information Sciences and Engineering, Management and Science 
University, Shah Alam, Selangor, Malaysia

*Address all correspondence to: safaaengineer@gmail.com

required the main consideration in term of manufacturing cost and performance, 
thus the Cu-Al-Ni SMAs have been shown interested attentions due to their low cost 
compared with Ti-based shape memory alloys. However, many researchers have 
faced a challenge when Cu-based shape memory materials are used for in many 
applications, due to their limitations such as the high brittleness and low recovery 
strain, thereby these properties need to be improved. Therefore, modifying the 
microstructure and the phase characteristics via adding the alloying elements may 
represent a more significant solution. The addition of the fourth element to the 
ternary alloy of Cu-Al-Ni SMA is able to alter the structure and/or morphology of 
the martensitic phase and thus improve the mechanical properties.
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Abstract

In this chapter, we have discussed about the fabrication of MgTiO3 and (K0.5Na0.5)
(Nb0.7Ta0.3)O3 (KNNT) thick films via EPD, including the preparation of stable suspen-
sion, which is the essential requirement for EPD. Acetone and isopropyl alcohol are 
used as solvents for MgTiO3 and (K0.5Na0.5)(Nb0.7Ta0.3)O3, respectively. In both the cases 
triethanolamine (TEA) is used as the surfactant.  It was observed that with increase 
in applied voltage and deposition time, the deposition of particle on the substrate has 
increased. For KNNT particle the optimum voltage and time to get quality film was 
100 V and 10 min respectively. The surface morphology and film thickness was ana-
lyzed from SEM images. The thickness of KNNT and MgTiO3 films was found to be  ̴32 
and 18–20 μm (for film sintered at 900°C) respectively. In the case of MgTiO3 thick 
films, the sintering temperature plays an important role in the quality of films since it 
affects the density and grain growth. An increase in the sintering temperature, from 
800–900°C, resulted in increase in the dielectric constant and reduced loss. The dielec-
tric values of the KNNT and MgTiO3 thick film at 1 MHz was 320 and 18.3 respectively.
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1. Introduction

Miniaturization of electrical components have inherent advantages like less 
space usage, low cost, high speed and easy transportation owing to its size and 
light weight. In most industrial applications of piezoelectric materials, crack-free 
thick or thin films with a uniform microstructure are required. Lapping down a 
bulk material to the desired thickness is a tedious and time consuming process and 
thus corresponding thick films are apparently a promising alternative. Thus better 
understanding of the fabrication methods is necessary to make future generations of 
miniaturized components/materials. There are many coating techniques available to 
develop the materials in nano or micro sizes, which are either expensive or follow a 
tedious processing deposition methodology. On the other hand, preparation of thick 
film by the electrophoretic deposition has attained much attention owing to its high 
versatility, cost effectiveness, simple equipment design and process requirements 
[1]. Generally, thick films of any solid can be deposited by EPD provided the solid 
assumes its form as powder or a colloidal suspension [2]. In the following sections 
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light weight. In most industrial applications of piezoelectric materials, crack-free 
thick or thin films with a uniform microstructure are required. Lapping down a 
bulk material to the desired thickness is a tedious and time consuming process and 
thus corresponding thick films are apparently a promising alternative. Thus better 
understanding of the fabrication methods is necessary to make future generations of 
miniaturized components/materials. There are many coating techniques available to 
develop the materials in nano or micro sizes, which are either expensive or follow a 
tedious processing deposition methodology. On the other hand, preparation of thick 
film by the electrophoretic deposition has attained much attention owing to its high 
versatility, cost effectiveness, simple equipment design and process requirements 
[1]. Generally, thick films of any solid can be deposited by EPD provided the solid 
assumes its form as powder or a colloidal suspension [2]. In the following sections 
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we have included in details the preparation of stable suspensions of KNNT and 
MgTiO3. EPD comprises of two steps; the first step includes the preparation of a sta-
ble suspension of the material to be deposited and movement of the particle towards 
the oppositely charged electrode and the second step involves the deposition of the 
particle on the substrate surface to forms a film. After the first two deposition steps, 
a heat-treatment step is normally needed to further densify the deposited films 
and to eliminate porosity in the film [3, 4]. Compared to other advanced shaping 
technique, EPD offers easy control of the thickness and morphology of a deposited 
film through simple adjustment of the deposition time and applied potential [5].

Considering the environmental and health risks of lead-based materials, lead-
based materials in the electronics industry are now being replaced with lead-free 
material. In lead-free ceramic materials, potassium sodium niobate-based materi-
als have received much attention due to its superior piezoelectric properties and 
high Curie temperature [6]. A piezoelectric vale of 80pC/N has been reported for 
pure KNN ceramics prepared by solid state reaction route method [7]. However 
compared to the pure KNN material, doped materials have got high piezoelectric 
as well as ferroelectric properties. So far, studies have been carried out to improve 
the piezoelectric properties of KNN ceramics by partial substitutions of Li at Asite 
and/or Ta at B-site, [8, 9]. Tantalum doping in the B site has a major effect on the 
materials properties and a piezoelectric value of 205pC/N has been reported for 
(K0.5Na0.5)(Nb0.7Ta0.3)O3 (KNNT) ceramics [10]. Even though the bulk ceramics 
such as KNNT and MgTiO3 based materials have good electronic properties [10], 
miniaturizations of electronic devices demand smaller and lighter components with 
properties comparable to that of bulk material. Potassium Sodium Niobate (KNN) 
based layers are being employed in applications such as high frequency transducer 
and in ultra sound imaging [11, 12] and magnesium titanate (MgTiO3) based 
materials are used in many applications such as high density capacitors, resonators 
and filters, in wireless communication systems, global positioning system, antennas 
for communications, radar and broadcasting satellite, operating at micro-wave and 
millimeter-wave frequencies [13]. The versatile use MgTiO3 is due to its high quality 
factor (Q f = 160,000 GHz, Q f = 1/tanδ), low dielectric constant (εr ~ 17) and nega-
tive temperature coefficient of resonant frequency (τf = − 50 ppm/°C) [14].

2. Experimental

2.1 Stable suspension

In order to prepare a stable suspension of the any ceramic, it is desirable to have 
nano grain sized powders, hence the precursor for MgTiO3, which contentions 
excess of MgO (Mg2TiO4), prepared by Solar Physical Vapor Deposition (SPVD) 
was used. The details of the SPVD process could be found elsewhere [15]. The main 
advantage of SPVD is direct synthesis of nanopowders without any contamination. 
Moreover, the process is eco-friendly since it uses solar energy which is available 
abundantly in nature. The KNNT powder required for the EPD was prepared by 
conventional solid state reaction technique [16, 17]. The KNNT and Mg2TiO4 pow-
ders were thoroughly mixed in isopropyl alcohol and acetone, respectively, followed 
by ultra-sonication and rigorous magnetic stirring. Ultra sonication and magnetic 
stirring was performed to get homogeneous and well dispersed suspensions.

In both the cases, Triethanolamine (TEA), which is an organic base, was added as 
the dispersant to increase the zeta potential and colloidal stability of particles in the 
suspension. It is known that H+TEA species generated by proton capturing from the 
isopropyl alcohol/acetone are chemically adsorbed on the ceramic nanoparticles via 
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strong hydrogen bonding thereby enhancing their zeta potential and hence the colloi-
dal stability. Also, the addition of TEA is resulted in increase of pH (7 to 9 for KNNT 
and 6 to 8.2 for Mg2TiO4). The charging mechanism of KNNT in TEA added isopropyl 
alcohol will be discussed in the coming section. Care is taken while adding TEA since 
the excess amounts of TEA may lead to the sedimentation of the particle [18].

2.2 Electrophoretic deposition

The EPD was performed at room temperature using a customized EPD setup/cell 
(Figure 1a) and a voltage source (Keithely 2636 B). Pre-cleaned platinum (Pt) plates 
and foils are used as the electrodes. One of the peculiarities of EPD is that electrodes 
with various shapes and dimension can be used for deposition. The distance between 
the two working electrodes was kept constant at 2 cm. The deposition of KNNT was 
carried out at 100 V for 10 min and Mg2TiO4 at 60 V for 1 min. The picture of thick 
films obtained is shown in Figure 1. The deposition of KNNT as well as MgTiO3 
particles happened in the cathode, indicating the negative charge of particles in the 
suspension. The deposition of particle at cathode is known as cathodic deposition. 
After deposition the KNNT films were annealed in an oven at 200°C for 1 h and 
Mg2TiO4 films were dried in desiccators to evaporate the solvent. Then the KNNT 
films are sintered at 1000°C for 2 hr. For better compaction the dried Mg2TiO4 films 
were isostatically pressed at 150 MPa for 5 minutes before carrying out the sintering 
process in air at 800, 900 and 1000°C for 15 minutes in a box furnace.

X-Ray diffraction technique was used for the phase analysis of the films and the 
microstructures were characterized using a scanning electron microscope (SEM). 
Later dielectric measurements were carried-out on all the thick films for which 
metallic top electrodes were sputter deposited through shadow mask.

3. XRD analysis

XRD patterns of KNNT powder, green and sintered KNNT thick films 
are shown in Figure 2a and the XRD patterns of the SPVD obtained MgTiO3 

Figure 1. 
(a) Schematic representation of customized EPD cell (b) optical micrograph of MgTiO3 thick film [17], and 
(c) KNNT thick film.
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factor (Q f = 160,000 GHz, Q f = 1/tanδ), low dielectric constant (εr ~ 17) and nega-
tive temperature coefficient of resonant frequency (τf = − 50 ppm/°C) [14].
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2.1 Stable suspension

In order to prepare a stable suspension of the any ceramic, it is desirable to have 
nano grain sized powders, hence the precursor for MgTiO3, which contentions 
excess of MgO (Mg2TiO4), prepared by Solar Physical Vapor Deposition (SPVD) 
was used. The details of the SPVD process could be found elsewhere [15]. The main 
advantage of SPVD is direct synthesis of nanopowders without any contamination. 
Moreover, the process is eco-friendly since it uses solar energy which is available 
abundantly in nature. The KNNT powder required for the EPD was prepared by 
conventional solid state reaction technique [16, 17]. The KNNT and Mg2TiO4 pow-
ders were thoroughly mixed in isopropyl alcohol and acetone, respectively, followed 
by ultra-sonication and rigorous magnetic stirring. Ultra sonication and magnetic 
stirring was performed to get homogeneous and well dispersed suspensions.

In both the cases, Triethanolamine (TEA), which is an organic base, was added as 
the dispersant to increase the zeta potential and colloidal stability of particles in the 
suspension. It is known that H+TEA species generated by proton capturing from the 
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strong hydrogen bonding thereby enhancing their zeta potential and hence the colloi-
dal stability. Also, the addition of TEA is resulted in increase of pH (7 to 9 for KNNT 
and 6 to 8.2 for Mg2TiO4). The charging mechanism of KNNT in TEA added isopropyl 
alcohol will be discussed in the coming section. Care is taken while adding TEA since 
the excess amounts of TEA may lead to the sedimentation of the particle [18].

2.2 Electrophoretic deposition

The EPD was performed at room temperature using a customized EPD setup/cell 
(Figure 1a) and a voltage source (Keithely 2636 B). Pre-cleaned platinum (Pt) plates 
and foils are used as the electrodes. One of the peculiarities of EPD is that electrodes 
with various shapes and dimension can be used for deposition. The distance between 
the two working electrodes was kept constant at 2 cm. The deposition of KNNT was 
carried out at 100 V for 10 min and Mg2TiO4 at 60 V for 1 min. The picture of thick 
films obtained is shown in Figure 1. The deposition of KNNT as well as MgTiO3 
particles happened in the cathode, indicating the negative charge of particles in the 
suspension. The deposition of particle at cathode is known as cathodic deposition. 
After deposition the KNNT films were annealed in an oven at 200°C for 1 h and 
Mg2TiO4 films were dried in desiccators to evaporate the solvent. Then the KNNT 
films are sintered at 1000°C for 2 hr. For better compaction the dried Mg2TiO4 films 
were isostatically pressed at 150 MPa for 5 minutes before carrying out the sintering 
process in air at 800, 900 and 1000°C for 15 minutes in a box furnace.

X-Ray diffraction technique was used for the phase analysis of the films and the 
microstructures were characterized using a scanning electron microscope (SEM). 
Later dielectric measurements were carried-out on all the thick films for which 
metallic top electrodes were sputter deposited through shadow mask.

3. XRD analysis

XRD patterns of KNNT powder, green and sintered KNNT thick films 
are shown in Figure 2a and the XRD patterns of the SPVD obtained MgTiO3 

Figure 1. 
(a) Schematic representation of customized EPD cell (b) optical micrograph of MgTiO3 thick film [17], and 
(c) KNNT thick film.
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nanoparticle and the thick films sintered at different temperatures is shown in 
Figure 2b. XRD analysis of KNNT revealed that the powder as well as the films 
has perovskite monoclinic structure (JCPDS 770038) along with some second-
ary phase. On comparing the patterns of green and sintered films, no additional 
peaks were observed, indicating that the quality of the film merely depend on the 
quality of the powder. However, in the case of Mg2TiO4, a phase change between 
the SPVD nanopowders and the sintered films was observed. An apparent 
decrease in the peak width between the nanopowders and the sintered films as 
also observed in Mg2TiO4samples, which indicate an increase in the crystallite size 
of the sintered films [19]. Even though the starting powder was Mg2TiO4, a pure 
MgTiO3 phase without secondary phases was obtained after sintering because 
nanopowders were very fine and very reactive. Moreover, the XRD patterns were 
matched to crystallographic data on synthetic geikielite crystalline phase and the 
peaks were indexed to a rhombohedral unit cell with a = b = 0.5057(2) nm and 
c = 1.3890(4) nm [17].

4. Charging mechanism and deposition

Depending on the surface charge on the particle in a suspension, the deposi-
tion can be anodic or cathodic deposition. The deposition of a negatively charged 
particle on anode is called anodic electrophoretic deposition and the deposition 
of a positively charged particle on cathode is called cathodic electrophoretic 
deposition. The surface charge of the particle can be easily modified by the 
appropriate choice of solvent or/and surfactant [18, 20]. Moreover, different 
surface charge can be introduced on KNN particle using a single solvent with 
different surfactants [21].

Here we have observed that the KNNT particles were deposited on cathode 
yielding a smooth deposit. Cathodic deposition of KNNT particle indicates that 
KNNT particles have acquired positive charge in the medium. Since TEA is a weak 
base, it increases the pH of the suspension and when it is added to isopropyl alcohol 
it takes the proton from isopropyl alcohol and acquires positive charge. The overall 
reaction can be written as [18].

Figure 2. 
(a) XRD patterns of KNNT powder, green film and sintered thick films (b) XRD patterns of Mg2TiO4 
nanopowder, EPD films sintered at 800 (15 min) and 900°C (15 min) [17].
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 C3H7OH + N(C2H4OH)3 ↔ C3H7O− + NH+(C2H4OH)3  (1)

This charged species NH+(C2H4OH)3 get adsorbed on the surface of the 
KNNT particles confer positive charge to them and the electrostatic repulsion 
force between TEA adsorbed KNNT particles prevent the agglomeration of the 
particles in the medium. Upon applying an electric field of proper strength, the 
charged particles get attracted towards oppositely charged plate and there it get 
neutralized and the deposition of KNNT particles occurs on the plate leaving 
NH+(C2H4OH)3 back to the solution. Even though the stabilization of suspen-
sion is via electrostatic repulsion force, the high molecular weight TEA may also 
contribute to some steric stabilization mechanism [18]. The green and sintered 
film showed good adhesion with the Pt-electrode and showed no micro cracks, 
peelings, or pores (Figure 3).

5. Effect of EPD voltage and time on the deposition weight

According to Hamaker’s equation the yield of electrophoretic deposition (w) is 
related to electrophoretic mobility (μ), surface area of the electrode (A), electric 
field strength (E) particle mass concentration in the suspension (C) and deposition 
time (t) through the following relation [22].

  w =   ∫ 
 t  1  
  
 t  2  
   μ .  E .  A .  C . dt   (2)

Figure 4 shows the variation of weight of KNNT particles deposited on 
substrate at various dc voltages and the variation in deposit weight with deposi-
tion times at a particular voltage (100 V). From Figure 4, it is evident that the 
rate of deposit increases with the increase in applied voltage and deposition time. 

Figure 3. 
Schematic representation of charge acquisition of KNNT particle in TEA added isopropyl alcohol medium.
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At high voltage and longer deposition durations, though the rate of deposition 
was high, it does not yield smooth film surface. The surface morphology was very 
rough and the films tend to peel off from the substrate due to the low adhesion 
between the film and the Pt substrate. At low voltages and short deposition time, 
the amount of deposit was too small to form a uniformly thick film. Since we 
obtained films with good surface morphology at 100 V, this film was used for 
further studies.

6. SEM analysis

When there is dominancy of gravity and/or adhesive force of suspension over 
the inter particle van der Waals force, dislodgement of particle may occur during 
the lifting of the substrate out of suspension. This may lead to crack formation or 
micro cavities on the film surface. Hence, to study the quality of the deposited film, 
SEM images were taken and analyzed. The SEM images of KNNT thick film sintered 
at 1000°C are shown in Figure 5a. From Figure 5a, it is evident that KNNT particles 
are well deposited on the substrate with good compaction. In addition, no cracks 
were observed on the surface indicating that the processing conditions are favor-
able to get crack free thick films. Thickness as well the uniformity in thickness was 
analyzed from SEM images using Image J software and it was found that the film 
had uniform thickness of   ̴32 μm over the entire deposited region.

SEM micrographs MgTiO3 thick film is shown in Figure 5c–f. A regular 
shaped grain with an average size of 50 nm can be observed in as deposited 
green films (Figure 5c). Whereas a porous microstructure with an average 
grain size of 60–70 nm was observed in MgTiO3 thick films sintered at 800°C 
(Figure 5d). It is clear from Figure 5e that the films sintered at 900°C have 
more homogeneous and denser microstructure with higher grain size (100 nm). 
However, at higher sintering temperature (1000°C) inhomogeneous grain 
growth and delaminating effects were observed. The cross-sectional (CS) image 
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7. Dielectric constant (εr)

Variation of dielectric constant and dielectric loss with frequency at room 
temperature for sintered KNNT thick film is obtained using a metal- insulator- 
metal structure and the data is shown in Figure 6. Dielectric constant value of 320 
(at 1 MHz) was obtained for sintered KNNT thick film. The dielectric value of 
the KNNT film (320) at 1 MHz was lower than the value reported for KNN thick 
films fabricated via electrophoretic deposition in acetone (393) [21] and aqueous 

Figure 5. 
SEM images (a) surface morphology of the sintered KNNT thick film (b) SEM showing the thickness of the 
KNNT film sintered at 1000°C. SEM micrograph of (c) as-deposited green film. (d–f) SEM images of MgTiO3 
thick films sintered at (b) 800°C (15 min), (c) 900°C (15 min); the inset shows the cross sectional SEM image of 
the film sintered at 900°C and (d) 1000°C (15 min) sintered film showing delamination (the dark island like 
regions are the film and the lighter area is the Pt substrate).
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media (495) [20] and the higher values of later two might be the result of dense film 
obtained by isostatic pressing and higher sintering temperature (1100°C). Dielectric 
permittivity and loss tangent (tan δ) of MgTiO3 films were evaluated over a fre-
quency range of 1 kHz to 1 MHz, using an impedance analyzer (HP 4284Aprecision 
LCR Meter). Since the samples sintered at 1000°C were not of good enough quality 
for electrical studies, the films sintered at 800 and 900°C were used for the studies. 
Among these two samples, those sintered at 900°C exhibited a good dielectric con-
stant ~18.3 (tan δ ~ 0.0012) at 1 MHz compared to films sintered at 800°C (εr ~ 8.6 
and tan δ ~ 0.0031). The low density and porous microstructure can be the reason for 
low εr values for the films at sintered at 800°C. εr value obtained for samples sintered 
at 900°C was comparable with that of other literature reports [23, 24].

8. Conclusions

(K0.5Na0.5)(Nb0.7Ta0.3)O3 and MgTiO3 thick films were fabricated successfully by 
electrophoretic deposition method from TEA added isopropyl alcohol medium and 
acetone medium, respectively. We suggest that the stability of the KNNT suspen-
sion is mainly due to electrostatic stabilization mechanism and the NH+(C2H4OH)3 
ions being adsorbed on the KNNT particle is responsible for the observed positive 
surface charge in KNNT particles. From SEM images we confirmed that KNNT par-
ticles as well as MgTiO3 particles were well deposited on the substrate and the thick-
ness was found to be   ̴32 μm and 18–20 μm (for film sintered at 900°C) respectively. 
In the case of MgTiO3 thick films, the sintering temperature plays an important role 
in the quality of films since it affects the density and grain growth. An increase in 
the sintering temperature, from 800–900°C, resulted in increase in the dielectric 
constant and reduced loss. Moreover, no cracks were observed on the surface of the 
thick films, indicating that the processing conditions are favorable to get crack free 
thick films. The dielectric values of the KNNT and MgTiO3 thick film at 1 MHz was 
320 and 18.3 respectively, which is in agreement with the earlier reported values. 
For these reasons we can say that compared to other solution based techniques EPD 
is a cost effective and simple technique to fabricate high quality thick films.
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Dielectric constant (εr) and tan δ as function of frequency for (left) KNNT thick film sintered at 1000°C 
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Effect of Electrolytic
Compositions in Kinetics
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Extraction Process
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Abstract

High pure titanium, which is a critical material used for integrated circuit (IC)
manufacturing, can be extracted by molten salt-electrolysis process. It will be widely
used in the future for the process, is simple and easy, to achieve continuous produc-
tion. However, some scientific questions need to be clarified at present. (1) Current
efficiency needs to be enhanced by way of electrolyte designing and selection; (2)
Product quality needs to be improved by means of electrolyte purification; (3) Elec-
trolytic parameters need to be optimized for obtaining a better morphology. Above
on, this chapter aims to explore the behaviors of titanium ions in various molten salts
by means of chemical analysis and electrochemical testing. The complexes will be
discussed for clarifying the influence of electrolytic compositions on kinetics mecha-
nisms of the electrolysis process and the properties of the molten salt. A quantitative
method for estimating oxygen content will be also discussed for the purpose of
optimizing the composition of electrolytes. The chapter will provide a better under-
standingmechanism of kinetics of high pure titanium electrolysis, and the basic theory
and experimental data can be used for reference in the industrialization process.

Keywords: electrolysis, molten salt structures, kinetics mechanism,
high-purity titanium

1. Introduction

High-purity titanium has excellent properties, such as light weight, corrosion
resistance, and low electrical resistivity [1, 2]. It is mainly used in large-scale inte-
grated circuit (IC) manufacturing, new type of titanium-alloy and other fields.
Therefore, it is a strategic material for electronic and aerospace.

As a sputtering target for manufacturing large-scale IC, a purity of 4 N5
(99.995%) to 6 N (99.9999%) is required for titanium, in which the oxygen content
is below 200 ppm, and the metal impurity content is less than 10 ppm. However,
the current technology for preparing high-purity titanium has caused a high price,
which directly leads to lacking of application in large scale. Thereby, the develop-
ment of new methods and technologies to prepare high-quality and low-cost
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method for estimating oxygen content will be also discussed for the purpose of
optimizing the composition of electrolytes. The chapter will provide a better under-
standingmechanism of kinetics of high pure titanium electrolysis, and the basic theory
and experimental data can be used for reference in the industrialization process.
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1. Introduction

High-purity titanium has excellent properties, such as light weight, corrosion
resistance, and low electrical resistivity [1, 2]. It is mainly used in large-scale inte-
grated circuit (IC) manufacturing, new type of titanium-alloy and other fields.
Therefore, it is a strategic material for electronic and aerospace.

As a sputtering target for manufacturing large-scale IC, a purity of 4 N5
(99.995%) to 6 N (99.9999%) is required for titanium, in which the oxygen content
is below 200 ppm, and the metal impurity content is less than 10 ppm. However,
the current technology for preparing high-purity titanium has caused a high price,
which directly leads to lacking of application in large scale. Thereby, the develop-
ment of new methods and technologies to prepare high-quality and low-cost
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titanium will greatly promote large-scale IC industry. Considering the preparation
technology of high-purity titanium, the process of electro-refining in molten salt
which is simple in process and easy to realize successive has a very broad applica-
tion prospect, and has attracted much attention. The extraction process of high-
purity titanium in molten salt is shown in Figure 1.

In the process, for the first step, TiCl4 and high-purity titanium were used to react
for obtaining a molten salt containing low-valent titanium ions (Ti2+ and Ti3+). The
salt will be used as a source of titanium ions to be added to the eutectic salt. Second,
titanium sponge which comes from Kroll process is used as anode, and a high-purity
titanium plate is used for cathode. During the working of electrolysis, the anode is
electrochemically dissolved and the electrochemical deposition of high-purity tita-
nium occurs on the cathode. Finally, high-purity titanium products with different
morphology and quality are obtained under different electrolysis parameters.

At present, the problems that need to be solved in the industrialization process
of high-purity titanium extraction with the method of electro-refining in molten
salt are below: (a) current efficiency need to be improved; (b) product qualities
should be enhanced. Since the existence of various state of titanium ions in the
molten salt (Ti2+, Ti3+, and Ti4+), the disproportionation reactions between titanium
ions and the metallic titanium cause a current consumption. Thus, it is critical to
reveal the behavior of titanium ions in different electrolyte compositions/structures
for improving current efficiency. In addition, oxygen has a great influence on the
quality of the product, and the oxygen ions in the electrolyte cannot be completely
removed. It is of great practical significance to discuss the influence of oxygen ions
on the structure of the molten salt for enhancing the product quality. With a better
understanding of the kinetics in titanium electrolysis process on the basis of sys-
tematic investigation of electrolyte microstructures, it will provide theoretical
guidance for high-purity titanium electro-refining process in molten salt, and has
important reference value for its industrialization test.

In this chapter, it aims to explore the behaviors of titanium ions in various
molten salts by means of chemical analysis and electrochemical testing. The com-
plexes will be discussed for clarifying the influence of electrolytic compositions on
kinetics mechanisms of the electrolysis process and the properties of the molten salt.

2. Experimental methods

2.1 Electrochemical analysis

The electrolyte was melted in the alumina crucible after being placed in a
furnace. The electrochemical analyses, such as cyclic voltammetry (CV), square

Figure 1.
Diagram of electro-refining process of high-purity titanium in molten salt.
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wave voltammetry (SWV), line scanning voltammetry (LSV), and so on, were
performed in an inert argon atmosphere previously dehydrated by heating in a
vacuum. All measurements were carried out under the atmosphere of dried argon.
In order to investigate the influence of the radius of the cations and fluoride ion in
the melts, analyses were executed in various types of molten salts.

All the electrochemical tests were carried out in a three-electrodes configuration
with a glassy carbon or metallic rod/desk being the working electrode, a spectral
graphite rod being counter electrode, and an Ag/AgCl electrode or metallic titanium
rod being the reference electrode, respectively. Sometimes, the potential of the
reference electrode was calibrated relative to chlorine gas emission by using gal-
vanic square wave technology.

In addition, during the electrochemical testing, the gas was analyzed on line with
a resolution mass spectra and a high-sensitivity gas analysis instrument connected
to the electrode tail tubing. The gas-collecting device was made with a quartz bell
jar, and it correlates with resolution mass spectra, and high-purity helium was used
as a carrier gas.

2.2 Concentration determination

A special quartz sampler consisting of an injector and a quartz tube was applied
for determining the concentrations of Ti2+ and Ti3+ ions. The injector on top of the
quartz tube is sealed with a rubber plug. Four parallel samples were extracted from
the molten salts for analysis. The concentrations of Ti2+ and Ti3+ ions in the sample
were determined by H2 volumetric analysis and titration, respectively. According to
reaction (1), the concentration of Ti2+ was quantified by H2 volumetric analysis.

2Ti2þ þ 2Hþ ¼ 2Ti3þ þH2 gð Þ (1)

It is worth noting that that the dissolved oxygen in an aqueous solution will
oxidize titanium ions from Ti2+ into Ti3+, which is also the reason why the concen-
tration of Ti2+ ions is underestimated. Thus, the deionized water was treated by
vacuum degassing and completely cleaned by the high-purity argon gas. A specific
amount of concentrated hydrochloric acid was injected into the deoxygenized water
to prepare diluted hydrochloric acid (1 mol/L). The deoxygenized hydrochloric acid
solution was saturated by bubbling high-purity H2 for 30 min to prevent the evolu-
tion of H2 by reaction (1).

Note that the concentration of Ti3+ ions in the solution consisted of the initial Ti3+

ions in the sample and the oxidized Ti3+ ions. The total concentration of Ti3+ ions
in the solution was determined by titration using 0.05 mol/L NH4Fe(SO4)2 aqueous
solution. The Ti3+ in the solution reacted with Fe3+ follow by reaction (2).

Ti3þ þ Fe3þ ¼ Ti4þ þ Fe2þ (2)

Finally, the concentration of Ti4+ from reaction (2) was determined by
diantipyryl methane spectrophotometry, the concentration of Ti4+ was equal to the
concentration of Ti2+ plus Ti3+.

2.3 Electrochemical titration technique

The concentration of O2� in the molten salt was determined by the PO
2� indica-

tor electrode consisted of a tube of Yttria Stabilized Zirconia (YSZ), and the refer-
ence electrode was an Ag/AgCl electrode. The auxiliary electrode was a spectrum
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pure graphite rod. The variation of the YSZ electrode potential was recorded using
the potentiostat.

The Nernstian behavior of the system was demonstrated by measuring the
change in electrode potential. The relationship between the concentration of oxide
and potential can be expressed as Eq. (3):

EO2=O2� ¼ E ∗
O2=O2� � RT

2F
PO2� (3)

where EO2/O2� is the equilibrium potential of O2/O
2� system (in V); E*

O2/O2� is an
apparent standard potential of the system (in V) and PO2� is (�lnxO

2�); and xO2�is
the concentration of O2�.

3. Results and discussion

3.1 Influence of electrolyte cation on ionic equilibrium of titanium

Metallic titanium and titanium ions undergo the following disproportionation
reactions in the molten salt, and their equilibrium constants can be expressed by
Eqs. (6) and (7), respectively [3, 4].

3Ti2þ ¼ Tiþ 2Ti3þ (4)

4Ti3þ ¼ Tiþ 3Ti4þ (5)

Kc1 ¼ x2Ti3þ � xTi
x3Ti2þ

¼ x2Ti3þ
x3Ti2þ

(6)

Kc2 ¼ x3Ti4þ � xTi
x4Ti3þ

¼ x3Ti4þ
x4Ti3þ

(7)

Titanium ions with various valent states will compete with host cations, such as
alkali metal or alkaline earth metal ions when they are used as a cation to coordinate
with a host anion (such as Cl�) in molten salt. The coordination rules between
titanium ions and anions will affect the direction of the above equilibrium reactions,
thereby the existence of titanium ions in the molten salt will be changed. Moreover,
the electrolysis process will be a one-step reduction of Ti2+ to Ti when titanium ions
in the molten salt are stably present in form of Ti2+. On the other hand, when Ti3+ or
higher-valent titanium ions are stabilized, the electrolysis process will achieve a
one-step reduction of Ti3+ to Ti. Table 1 shows the reduction potentials of titanium
ions in different chloride molten salts.

Results show that the reduction of titanium ions in above molten salts has
undergone a two-step process of Ti3+ ! Ti2+ ! Ti except CsCl-LiCl [5]. It can also
be concluded that the smaller radius of the alkali metal or alkaline earth metal cation
in the electrolyte, the stronger the coordination ability with the anion (Cl�). Con-
sidering the mechanism in deep-layer, it can be interpreted that it is impossible to
have enough Cl� around Ti3+ in a molten with a smaller radius of the electrolyte.
Then, the instability of Ti3+ in reaction (4) causes the reaction to move to the left,
and the concentration of Ti2+ increases in the total concentration of titanium ions.
When the average valence state of titanium ions in the molten salt is around 2.2–2.5,
the electrolytic reduction of Ti3+ needs to undergo a process of Ti3+ ! Ti2+ ! Ti. On
the contrary, when the average radius of electrolyte cation is larger, such as CsCl,
Ti3+ is relatively stable, and the average valence state of titanium ions is about 2.7–
2.9, which can realize one-step reduction of Ti3+ to Ti.
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In order to deliberate the effect of cation in electrolyte, the relationship between
Kc and cation radius was studied. It should be noted that the Kc are the final results
and were analyzed by best-fitting method [14].

It was studied that the stability of chlorocomplexes is strongly affected by
different solvent cations. One explanation may be described by a simple electro-
static model. Thus, it can be deduced that the titanium ions at their higher oxidation
states are engaged in chlorocomplexes such as TiCl4

� or TiCl6
3� from the model.

Moreover, there is a competition between alkali metal and titanium ions to associate
with chloride ions. The smaller ionic radius of the alkali metal ions is, the more
strongly associate with Cl�, which results in a lesser stability of chlorocomplexes,
and the stability of the Ti2+ complex increased in the presence of outer-sphere
cations in the series Cs+ to Li+. Under the circumstances, the maximum Ti2+ com-
plex stability is achieved in the presence of Li+ outer sphere cations.

For mixtures of alkali chlorides, the polarizing ability of alkali cations to Cl�

could be an average of each according to the mix ratio. Polarizing power is intro-
duced for describing the numerous semi-quantitative relationships, involving the
charge and the radius of the solvent cations can be present as follows:

P ¼
X

xi
Zi

r2i
(8)

where the suffix i represents the solvent cation, Zi is the charge of the cation, and
ri is the radius of it. The relationships between equilibrium constant and polarizing
power is shown in Figure 2.

The values of Kc decreased with the enlargement of the polarizing power. The
results also showed that the Ti3+ is less stable in the alkali chloride with a stronger
polarizing power. A larger polarizing power of electrolyte results in a lesser stability
of TiCl6

3� and smaller Kc value. The stronger polarizing power is the closer of Cl�

combined with the alkali cation. More importantly, the Kc is a constant value when
polarizing power is constant regardless in KCl-LiCl or CsCl-LiCl at 1023 K.

From the above, it can be concluded that the cation of electrolyte will impact on
the equilibrium of disproportionation reactions (4) and (5). The reduction steps
were revealed in various molten salt through electrochemical method, and the
competition relationship between cation and titanium ion was also proved. Hence,

Molten salt ETi
3+

/Ti
2+, V ETi

2+
/Ti, V ETi

3+
/Ti, V Ref. electrode/Temp.

CaCl2 0.20 [6] �0.10 [6] — Ti, 1123 K [6]

CaCl2-NaCl (1:1) �0.85 [7] �1.20 [7] — Ag+/Ag, 823 K [7]

LiCl-KCl (59:41) �1.05 [8] �1.68 [8] — Ag+/Ag, 723 K [8]

LiCl-KCl (59:41) �1.78 [9] �1.9 0 [9] — Cl2/Cl
�, 993 K [9]

CsCl-LiCl (59.5:40.5) �1.88 [9] �1.93 [9] — Cl2/Cl
�, 993 K [9]

CsCl-LiCl (59.5:40.5) — — �2.01 [9] Cl2/Cl
�, 793 K [9]

NaCl-KCl (1:1) �1.75 [10] �2.05 [10] — Cl2/Cl
�, 1023 K [10]

0.18 [11] �0.18 [11] — Ti, 1023 K [11]

�1.95 [9] �1.98 [9] — Cl2/Cl
�, 993 K [9]

0.06 [12] �0.06 [12] — Ti, 1006 K [12]

NaCl-CsCl (1:2) �1.55 [13] �1.80 [13] — Cl2/Cl
�, 873 K [13]

Table 1.
Reduction potentials in various chloride molten salt.
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selecting one type of chloride molten salt in the high-purity titanium electro-
refining process has great directive significance.

3.2 Influence of electrolyte anion on ionic equilibrium of titanium

3.2.1 Effect of fluoride ion on the state of titanium ions in molten salt

Relative to chloride ions, the ionic radius of fluoride ions is smaller, and it is easier to
form a coordination relationship with the cations in themolten salt [14–19]. Therefore,
coordination compounds, TiFi

n+, will be formed between fluorine ions and titanium
ions in a fluoride containingmolten salt. The formation of these coordination com-
poundswill effect on the valence equilibrium of titanium ions in themolten salt.
Figure 3 shows the variation of the apparent equilibriumconstant of disproportionation

Figure 2.
The relationship between polarizing power of electrolyte and equilibrium constant at 1023 K (reprinted from
Ref. [14]).

Figure 3.
Relationship between ri and apparent equilibrium constant of reaction (4) and (5) in NaCl-KCl molten salt at
1023 K (reprinted from Ref. [18]).
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reactions (4) and (5) in NaCl-KCl molten salt under various content of fluoride [18].
It has been shown that the apparent equilibrium constants (Kc1 andKc2) for reactions
(4) and (5) increased with the increasing of fluoride ion concentration in themolten
salt. The equilibrium relationship between titanium ions and titaniummetal is mainly
present in the reaction (4) when the ratio of fluorine to titanium (ri) is less than 1.8. Ti2
+was not detected in themolten salt with ri greater than 1.8. Thus, the titanium ions in
themolten salt were transferred, and it is present in reaction (5).

ri is an important parameter to qualitatively investigate the equilibrium reac-
tions among titanium ions. The initial concentration of titanium ions is also a factor
that cannot be ignored. Figure 4 is a graph showing the color change of samples
under different ri conditions at an initial concentration of Ti3+ of 4.6 � 10�3 (mol
%). It can be seen that the color of the molten salt gradually changed from emerald
green (color of Ti2+) to the deep red (color of Ti3+), and then gradually become
shallower at various concentrations of fluoride ion.

The relationship between the initial concentration of Ti3+, F� and the concen-
tration of the coordination compounds in the molten salt is shown in Figure 5. It can
be seen that these three parameters are a smooth surface on the three-dimensional
map. It indicates that the total concentration of the coordination compound is
determined by the two parameters: initial concentration of Ti3+ and F�.

The coordination reaction between fluoride ion and titanium ion (Ti3+) is as
shown in reaction (9):

Ti3þ þ i F� ¼ TiFi
3�i, i ¼ 1 � 6 (9)

The equilibrium constants of reaction (9) were evaluated using Eq. (10) [19].
Table 2 shows the results of the best fitting of equilibrium constants for the
complex formation.

Figure 4.
Samples of titanium chloride in the NaCl-KCl melt with different concentrations of fluoride at 1023 K.
the initial concentration of Ti(III) was 0.46 � 10�2 and the concentration of fluoride, xtotalF

�/10�2, was
(A) region of a low fluoride content: (a) 0.0; (b) 2.6; (c) 5.3; (d) 6.4; (e) 7.7; (f) 9.0; (B) region of a higher
fluoride content: (g) 10.0; (h) 10.5; (i)11.4; (j) 12.1; (k) 13.0; and (l) 13.8 (reprinted from Ref. [19]).
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selecting one type of chloride molten salt in the high-purity titanium electro-
refining process has great directive significance.

3.2 Influence of electrolyte anion on ionic equilibrium of titanium

3.2.1 Effect of fluoride ion on the state of titanium ions in molten salt

Relative to chloride ions, the ionic radius of fluoride ions is smaller, and it is easier to
form a coordination relationship with the cations in themolten salt [14–19]. Therefore,
coordination compounds, TiFi

n+, will be formed between fluorine ions and titanium
ions in a fluoride containingmolten salt. The formation of these coordination com-
poundswill effect on the valence equilibrium of titanium ions in themolten salt.
Figure 3 shows the variation of the apparent equilibriumconstant of disproportionation

Figure 2.
The relationship between polarizing power of electrolyte and equilibrium constant at 1023 K (reprinted from
Ref. [14]).

Figure 3.
Relationship between ri and apparent equilibrium constant of reaction (4) and (5) in NaCl-KCl molten salt at
1023 K (reprinted from Ref. [18]).
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reactions (4) and (5) in NaCl-KCl molten salt under various content of fluoride [18].
It has been shown that the apparent equilibrium constants (Kc1 andKc2) for reactions
(4) and (5) increased with the increasing of fluoride ion concentration in themolten
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+was not detected in themolten salt with ri greater than 1.8. Thus, the titanium ions in
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shallower at various concentrations of fluoride ion.
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map. It indicates that the total concentration of the coordination compound is
determined by the two parameters: initial concentration of Ti3+ and F�.

The coordination reaction between fluoride ion and titanium ion (Ti3+) is as
shown in reaction (9):

Ti3þ þ i F� ¼ TiFi
3�i, i ¼ 1 � 6 (9)

The equilibrium constants of reaction (9) were evaluated using Eq. (10) [19].
Table 2 shows the results of the best fitting of equilibrium constants for the
complex formation.
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the initial concentration of Ti(III) was 0.46 � 10�2 and the concentration of fluoride, xtotalF

�/10�2, was
(A) region of a low fluoride content: (a) 0.0; (b) 2.6; (c) 5.3; (d) 6.4; (e) 7.7; (f) 9.0; (B) region of a higher
fluoride content: (g) 10.0; (h) 10.5; (i)11.4; (j) 12.1; (k) 13.0; and (l) 13.8 (reprinted from Ref. [19]).
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Ti3þ
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xeq:F‐
� �ixeq:

Ti3þ

, i ¼ 1 � 6 (10)

Thus, it was found that the formation equilibrium constants of the complexes,
TiFi

3�i (i = 1�6), can be revalued by the best-fitting method. They are 3.9,
3.5 � 102, 4.5 � 10�5, 4.1 � 104, 1.6 � 10�8, and 5.8 � 106, respectively. Using the
equilibrium constants, the Gibbs free energies for the complex formation were
revealed by Eq. (11):

ΔGi
0 ¼ �RT ln Kið Þ i ¼ 1 � 6ð Þ (11)

where R is the gas constant and T is the absolute temperature. The results of the
Gibbs free energies for the complex formation reactions are also shown in Table 2.
It can be seen that the values of ΔG1

0, ΔG2
0, ΔG4

0, and ΔG6
0 are negative, while

ΔG3
0 and ΔG5

0 is positive. This corresponds to the extremely small value of K3 and
K5. It is well understandable in the coordination theory that the way of asymmetric
coordination is uncommon. The real coordination number of anion (Cl�, F�)
around each Ti(III) is 6, i is the number of F� ion replaced the position of Cl�.

Figure 5.
The relationship between concentration of fluoride,Ti(III) and concentration of complexes at 1023 K
(reprinted from Ref. [19]).

TiFi
3�i Ki ΔGi

0/kJ mol�1 ΔGi
0i�1/kJ mol�1

i = 1 3.9 �11.6 �11.6

i = 2 3.5 � 102 �49.8 �24.9

i = 3 4.5 � 10�5 85.2 28.4

i = 4 4.1 � 104 �90.4 �22.6

i = 5 1.6 � 10�8 133.1 26.6

i = 6 5.8 � 106 �132.4 �22.1

Table 2.
The formation equilibrium constant and Gibbs free energies of complexes formation (reprinted from Ref. [19]).
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In the complex with 3 and 5 F�, one of F� is coordinated in the opposite position of
Cl�. This asymmetric structure will cause relatively higher chemical potential than a
symmetric structure. Therefore, the mainly existential states of the complexes are
TiF2+, TiF2

+, TiF4
�, and TiF6

3� in NaCl-KCl melt when fluoride ions were added.
The value of ΔGi

0/i is also shown in Table 2. This value corresponds to the change
of the Gibbs free energies for the reactions of each F�replacing the position of Cl�.
As can be found from the table, the values are very close to each other, for TiF2

+,
TiF4

�, and TiF6
3�, which is reasonable because they are all in symmetric

coordination.

3.2.2 Effect of fluoride ion on reduction steps of titanium ions

The chemical behavior of fluoride ion and titanium ion in electrochemical pro-
cess was examined by chemical method, respectively. The influencing mechanism
of fluoride ion on the redox process of titanium ion was determined by various
electrochemical analysis methods [20]. Under the condition of fluoride free in
molten salt, cyclic voltammetry scanning results show that the Ti3+ reduction pro-
cess was proceeded two-step, and they are below: Ti3+ ! Ti2+ and Ti2+ ! Ti,
respectively. However, when ri was equals to 3.0, the reduction of Ti3+ was achieved
by one step of Ti3+ ! Ti. Under such conditions, the power loss caused by the
disproportionation reaction (4) can be effectively reduced.

The above studies show that fluoride ions can form coordination compounds
with titanium ions to change the micro-structure of the molten salt, affect the
equilibrium movement and electrochemical reduction steps of titanium ions in
molten salt.

3.3 Influence of oxygen ions on ionic equilibrium of titanium

3.3.1 The formation of TiOCl in molten salt

Normally, the equilibrium constants of the disproportionation reactions were
determined by concentration analyzing. However, the obtained equilibrium con-
stant value (Kc1) for reaction (4) is severely dissipated, as shown in Figure 6.

The volatility of the Kc1 value in molten salt that evaluated by the HCl treated is
relatively small. Sekimoto [21] and other studies have shown that this is due to the
coordination reaction (12) between Ti3+ and O2� in the molten salt. The removal of
oxygen from the molten salt by HCl will eliminate the effect of TiOCl on the
concentration determination to some extent.

Ti3þ þO2� þ Cl� ¼ TiOCl (12)

Based on above research, the influence of oxygen ions on the evaluation of the
equilibrium constant of disproportionation reaction was considered, and the equi-
librium constant value of reaction (4), the solubility product (Ksp) of TiOCl were
estimated by the best-fitting method. More importantly, it provides a reliable
method for evaluating the equilibrium constant of the disproportionation reaction.
By using this method, a systematically study was carried out to investigate the
influence of cation of electrolyte on the equilibrium constant [14, 23].

Considering the electrochemical behavior of Ti-O ions, Barner speculated that
the intervention of oxygen ions makes the electrochemical reduction process similar
to the homogeneous reaction due to the presence of the coordination compounds
TiF6

2� and TiOF5
3� [24].
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cess was examined by chemical method, respectively. The influencing mechanism
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respectively. However, when ri was equals to 3.0, the reduction of Ti3+ was achieved
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The above studies show that fluoride ions can form coordination compounds
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determined by concentration analyzing. However, the obtained equilibrium con-
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The above studies have shown that the formation of a coordination compound
between oxygen ions and high-valent titanium ions in the molten salt brings about a
deviation in the evaluation of the concentration of titanium ions. At the same time,
Ti-O coordination compounds also affect the electrochemical reduction process of
titanium ions.

3.3.2 Purification and quantification of oxide content

Oxygen ions are very sensitive elements in the high-purity titanium electrolytic
refining process, so it is necessary to find a simple and accurate method for their
quantitative analysis [25–27]. The determination of oxygen ions in the molten salt
can also be achieved by electrochemical titration with YSZE (yttria-stabilized zir-
conia electrode). Castrilejo et al. discussed the concentration changes of oxygen ion
in CaCl2-NaCl molten salt [28]. In addition, the square wave voltammetry was used
to determine the relationship between current density and oxygen content in LiF-
NaF-KF and LiF-NaF molten salts by Shen et al. [29] and Massot et al. [30],
respectively. Thereby, three options for determining the oxygen content in molten
salts can be concluded, namely: the best-fitting method, electrochemical titration
technique (ETT), and square wave voltammetry (SWV).

Taking ETT as an example, in order to clarify the behavior of the impurity
element (oxide) in molten salt, the electrochemical behavior of oxide ions has been
investigated in an equimolar NaCl-KCl by electrochemical titration technique. The
residual content of oxide in the molten NaCl-KCl was determined by using this in-
situ method. The titrations of O2� were applied by sodium oxide additions. The
results obtained through electrochemical titration technique show that the oxide
content in the melt and the free oxide ions (O2�) detected content have a good
linear relationship (Figure 7).

The equation of the fitted line is:

Ip ¼ 5:71� 10�5 þ 4:56� 10�6xO2� (13)

Figure 6.
Experiment data of Kc1 and CTi

2+ in NaCl-KCl equimolar melt at 973, 1023, and 1073 K, respectively
(reprinted from Ref. [22]).
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The valve difference of slope can be explained as: the influence of O2� decreased
when its total concentration was on a high level. The line almost goes through the
origin of the coordinates (the intercept equals to 5.71 � 10�5), which means hardly
any O2� oxidation current can be detected with extremely low O2� concentration
dissolution in the NaCl-KCl melts. The current density differences (ΔJ) at a same
concentration of O2� are 0.0029 and 0.0027 Acm�2, respectively. Thus, the residual
concentration of O2� can be estimated when plugging ΔJ into the Eq. (13), and the
average value is 688 ppm.

3.4 Electro-refining of high-purity titanium in molten salt

3.4.1 Anodic polarization behavior in different molten salt structures

Oxidation occurs on the anode during electrolysis, and the anode material enters
the molten salt in the form of ions. The electrochemical dissolution behavior is
related to the electrolysis voltage, electrolyte composition, etc. [8, 31, 32]. Haarberg
et al. investigated the electrochemical behavior of TiCxOy in NaCl-KCl and TiO2 in
Na3AlF6 molten salt. In the chloride molten salt, titanium ions are mainly dissolved
in the form of Ti2+, and the electrochemical precipitation of titanium ions is in the
form of Ti3+ or Ti4+ in the molten salt of Na3AlF6.

It is of great significance for optimizing molten salt electrolyte and improving
electrolysis efficiency. Thus, the changes of micro-element structure in molten salt,
and the influence of electrochemical dissolution and deposition of titanium ions
should be clarified.

3.4.2 Electrochemical parameters for high-purity titanium extraction

The reason for the low efficiency in electrolysis process is that, power consump-
tion caused by the coordination of titanium ions and anions in the molten salt. The
physical and chemical properties of the molten salt relate to the basis of electrolysis
electrode process in molten salt. Thereby, the current efficiency of high-purity

Figure 7.
Linear relationship of the peak current density versus oxide ion content before and after purified with HCl
(reprinted from Ref. [27]).
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titanium electro-refining is related to the current density and the stable state of
titanium ion in the molten salt. Concentrations of titanium ions and other parame-
ters are also related [33–35]. Therefore, in order to achieve high-purity titanium
with high-efficiency, the molten salt structure should be in-depth understood. It
can be provided a guidance for improving the electrolysis efficiency and product
quality.

4. Conclusions

Based on above analysis, comprehensive and systematic conclusions were done
on the scientific issues to be clarified in the high-purity titaniummolten salt electro-
refining process. The influence of anion and cation in electrolyte on ionic equilib-
rium of titanium was discussed systematically by chemical analysis and electro-
chemical testing. Specifically, the type of microstructure of the molten salt is
dissected in the molten salt mainly composed of chloride. The coordination mecha-
nism between titanium ion and fluoride ion was also revealed. The mechanism of
anodic oxidation and cathodic reduction kinetics in electrolytes with different
micro-structures was clarified, which provide a guiding line for optimizing electro-
lyte. More importantly, on the basis of full theoretical and experimental research, it
proposes parameters for high-purity titanium extraction in molten salt, and pro-
vides theoretical support for the establishment of efficient, low-pollution, and low-
cost metallurgical processes.
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micro-structures was clarified, which provide a guiding line for optimizing electro-
lyte. More importantly, on the basis of full theoretical and experimental research, it
proposes parameters for high-purity titanium extraction in molten salt, and pro-
vides theoretical support for the establishment of efficient, low-pollution, and low-
cost metallurgical processes.
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Chapter 6

Ionothermal Synthesis of  
Metal-Organic Framework
Hyun-Chang Oh, Sukwoo Jung, Il-Ju Ko and Eun-Young Choi

Abstract

Ionothermal synthesis employs ionic liquids for synthesis of metal organic 
frameworks (MOFs) as solvent and template. The cations and anions of ionic 
liquids may be finely adjusted to produce a great variety of reaction environments 
and thus frameworks. Organisation of the structures synthesised from related 
ionic liquid combinations give rise to provocative chemical trends that may be 
used to predict future outcomes. Further analysis of their structures is possible by 
reducing the complex framework to its underlying topology, which by itself brings 
more precision to prediction. Through reduction, many seemingly different, but 
related classes of structures may be merged into larger groups and provide better 
understanding of the nanoscopic structures and synthesis conditions that gave rise 
to them. Ionothermal synthesis has promised to enable us to effectively plan the 
synthesis ahead for a given purpose. However, for its promise to be kept, several 
difficult limitations must be overcome, including the inseparable cations from the 
solvent that reside in the framework pore.

Keywords: ionothermal synthesis, metal organic frameworks, imidazolium-based 
ionic liquids, chemical trend analysis, structure simplification

1. Introduction

Three things are necessary to consider in the preparation of metal organic 
frameworks (MOFs): the metal, organic ligand, and solvent. Often neglected is the 
influence exerted by the solvent on the eventual framework, unlike the metal and 
the ligand that the structure always constitutes of. Varying the key characteristics of 
the solvent, such as hydrophilicity, is often the deciding factor in the reaction yield 
and the nature of the final compound [1]. Until 2002, when Jin et al. first used ionic 
liquids to synthesise metal organic framework [2], the list of solvents in inorganic 
synthesis was limited to few organic solvents and water [3]. This new synthesis 
method received growing attention in the field of MOFs to open a new realm of 
novel structures and provocative findings regarding the very nature of nanoscale 
synthesis. One aspect of ionothermal synthesis that contributed to its attention 
must have been its simplicity; the overall process comprises no more than mixing 
the metal salt and the organic ligand with the ionic solvent and incubating at a high 
temperature for long enough time. Unfortunately, however, the growth seems to 
have ceded in the recent years as shown in Figure 1. Given its distinctive potentials, 
this chapter is dedicated to introduce the field and draw more efforts for the full 
realisation of what the methodology dare to have promised. Before we move to the 
discussion of ionothermal synthesis and its potentials, the chemistry of ionic liquids 



83

Chapter 6

Ionothermal Synthesis of  
Metal-Organic Framework
Hyun-Chang Oh, Sukwoo Jung, Il-Ju Ko and Eun-Young Choi

Abstract

Ionothermal synthesis employs ionic liquids for synthesis of metal organic 
frameworks (MOFs) as solvent and template. The cations and anions of ionic 
liquids may be finely adjusted to produce a great variety of reaction environments 
and thus frameworks. Organisation of the structures synthesised from related 
ionic liquid combinations give rise to provocative chemical trends that may be 
used to predict future outcomes. Further analysis of their structures is possible by 
reducing the complex framework to its underlying topology, which by itself brings 
more precision to prediction. Through reduction, many seemingly different, but 
related classes of structures may be merged into larger groups and provide better 
understanding of the nanoscopic structures and synthesis conditions that gave rise 
to them. Ionothermal synthesis has promised to enable us to effectively plan the 
synthesis ahead for a given purpose. However, for its promise to be kept, several 
difficult limitations must be overcome, including the inseparable cations from the 
solvent that reside in the framework pore.

Keywords: ionothermal synthesis, metal organic frameworks, imidazolium-based 
ionic liquids, chemical trend analysis, structure simplification

1. Introduction

Three things are necessary to consider in the preparation of metal organic 
frameworks (MOFs): the metal, organic ligand, and solvent. Often neglected is the 
influence exerted by the solvent on the eventual framework, unlike the metal and 
the ligand that the structure always constitutes of. Varying the key characteristics of 
the solvent, such as hydrophilicity, is often the deciding factor in the reaction yield 
and the nature of the final compound [1]. Until 2002, when Jin et al. first used ionic 
liquids to synthesise metal organic framework [2], the list of solvents in inorganic 
synthesis was limited to few organic solvents and water [3]. This new synthesis 
method received growing attention in the field of MOFs to open a new realm of 
novel structures and provocative findings regarding the very nature of nanoscale 
synthesis. One aspect of ionothermal synthesis that contributed to its attention 
must have been its simplicity; the overall process comprises no more than mixing 
the metal salt and the organic ligand with the ionic solvent and incubating at a high 
temperature for long enough time. Unfortunately, however, the growth seems to 
have ceded in the recent years as shown in Figure 1. Given its distinctive potentials, 
this chapter is dedicated to introduce the field and draw more efforts for the full 
realisation of what the methodology dare to have promised. Before we move to the 
discussion of ionothermal synthesis and its potentials, the chemistry of ionic liquids 



Recent Advancements in the Metallurgical Engineering and Electrodeposition

84

must be first visited since it is this distinctive nature that lies behind all positive 
aspects, and limitations too, of ionothermal synthesis.

Ionic liquids are simply salts in the liquid state as opposed to the liquids typically 
used as solvents, [4] which are predominantly comprised of electrically neutral 
molecules. While most salts may be brought to their liquid states by heating, the term 
‘ionic liquids’ is exclusively used for those that stay fluid around or below 100°C to 
distinguish them from the older phrase ‘molten salts’ [5]. One reason behind the atten-
tion that ionothermal methodology receives may be directly induced from the term 
‘ionic liquid’ itself. The liquids are held by ionic interactions that far outcompetes the 
most intermolecular interactions in other solvents, including the renowned hydrogen 
bonds in water. Such strong interaction is responsible for their low vapour pressure [6], 
which could resolve the safety and environmental concerns associated with conven-
tional organic solvents [5]. Such characteristics function as the exact same advantages 
in synthesis of MOFs. Nevertheless, the synthesis has greater potential in which the 
reaction environment can be finely tuned by modifying the solvent ions [7]. There are 
only several hundreds of molecular solvents, whereas a million binary combinations 
and a million of millions of ternary combinations possible for ionic liquids [5], hence 
their nickname ‘designer solvent [8]’. Efforts in the field need to be focused not only 
on collecting outcomes from as many combinations as possible, but also, more impor-
tantly, on comprehending the laws of chemistry lying behind the trend observable in 
those data. This shall, as more than enough possible combinations await, ultimately 
enable designing the product for a given purpose, rather than vice versa.

This chapter will focus on showing the potentials of ionothermal synthesis by 
presenting a set of related syntheses in an organised manner. A series of such ionic 
liquids (RMI-X) may be prepared with 1-alkyl-3-methylimidazolium (RMI) and 
halide ions(X) [9]. This series of solvents exhibit finest tunability, in addition to their 
stability, with its variable length of alkyl side chain of the cation and the anion species 
variable along the halide column, which places them among the most extensively 
studied solvents for ionothermal synthesis of MOFs. To confirm their dominance in 
structure reports and the focus of our discussion on them, investigations have been 
made about the number of MOFs synthesised with several popular ionic liquids. The 
scope of our search—the list of cations and anions comprising the most common 
ionic liquids—has been illustrated in Figure 2. According to Cambridge Structural 
Database (CSD), it was shown that much of the reported MOFs is synthesised from 

Figure 1. 
Number of papers published annually under the topic of the ionothermal synthesis of MOFs since its first 
report.
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ionic liquids that contains imidazolium and halide ions. There are no MOF crystal 
containing pyridium cation, and only few crystals synthesised from tetramethyl 
ammonium is reported as MOF. Synthesis using pyrrolidinium cation shows about 
100 crystals, which corresponds to co-crystal form, showing that no crystal exhibits 
MOFs including pyrrolidinium cation. Extensiveness of data is the foundation of 
all successful discussions. With the extensiveness of RMI-X now taken for granted, 
structures synthesised from conditions with piecemeal differences, namely the length 
of the side chain of the cation, halide ions, and core metal atom of the structure were 
analysed to explore the effect on the final product arising from such variations.

2.  Gradual difference in the solvent brings about gradual difference  
in the product

An important characteristic of ionothermal synthesis is that the characteristics 
of the solvents may be gradually varied and investigate the difference induced in 
the final product. While the solvent can be substituted with a complete different 
class of cations or anions to provide a completely reshaped environment, more 
minor changes can be made to the ions so that the change is gradual and quantifi-
able. Changing the length of the alkyl side chains attached to imidazolium cations, 
or changing the anions within the halide column to gradually change the size of the 
solvent ions is one example that will be mainly discussed in the chapter. This way, 
we may grasp a better understanding of the relation between the beginning and the 
end of this nanoscopic synthesis. Actually, organic solvents hold the exact same 
advantage, seeing that even the size variation of imidazolium cations is actually 
an organic one. However, in ionic liquids, this variation is expanded to a two-
dimensional table for binary combinations, and possibly to even four-dimensional 

Figure 2. 
Common cations and anions that composes an ionic liquid. Different combination of cations and anions results 
in various characteristics and gives rise to the diversity of topology and structure in synthesised MOFs. (a) 
Imidazolium (R1 = methyl, ethyl, butyl; R2 = hydrogen, methyl; R3 = methyl, ethyl, propyl, butyl, pentyl, hexyl, 
octyl, benzyl, allyl, vinyl); (b) Ammonium; (c) Pyridinium (R1 = hydrogen, methyl); (d) Pyrrolidinium 
(R1 = ethyl, propyl, butyl, hexyl); (e) Bis((trifluoromethyl)sulfonyl)amide; (f) Alkyl sulphate (R1 = methyl, 
ethyl); (g) Trifluoromethanesulfonate; (h) Hexafluorostibate(V); (i) Hexafluorophosphate(V); (j) 
Thiocyanate; (k) Acetate; (l) Bis(cyanide)amide; (m) Halide ion; (n) Tetrafluoroborate; (o) L-lactate.



Recent Advancements in the Metallurgical Engineering and Electrodeposition

84

must be first visited since it is this distinctive nature that lies behind all positive 
aspects, and limitations too, of ionothermal synthesis.

Ionic liquids are simply salts in the liquid state as opposed to the liquids typically 
used as solvents, [4] which are predominantly comprised of electrically neutral 
molecules. While most salts may be brought to their liquid states by heating, the term 
‘ionic liquids’ is exclusively used for those that stay fluid around or below 100°C to 
distinguish them from the older phrase ‘molten salts’ [5]. One reason behind the atten-
tion that ionothermal methodology receives may be directly induced from the term 
‘ionic liquid’ itself. The liquids are held by ionic interactions that far outcompetes the 
most intermolecular interactions in other solvents, including the renowned hydrogen 
bonds in water. Such strong interaction is responsible for their low vapour pressure [6], 
which could resolve the safety and environmental concerns associated with conven-
tional organic solvents [5]. Such characteristics function as the exact same advantages 
in synthesis of MOFs. Nevertheless, the synthesis has greater potential in which the 
reaction environment can be finely tuned by modifying the solvent ions [7]. There are 
only several hundreds of molecular solvents, whereas a million binary combinations 
and a million of millions of ternary combinations possible for ionic liquids [5], hence 
their nickname ‘designer solvent [8]’. Efforts in the field need to be focused not only 
on collecting outcomes from as many combinations as possible, but also, more impor-
tantly, on comprehending the laws of chemistry lying behind the trend observable in 
those data. This shall, as more than enough possible combinations await, ultimately 
enable designing the product for a given purpose, rather than vice versa.

This chapter will focus on showing the potentials of ionothermal synthesis by 
presenting a set of related syntheses in an organised manner. A series of such ionic 
liquids (RMI-X) may be prepared with 1-alkyl-3-methylimidazolium (RMI) and 
halide ions(X) [9]. This series of solvents exhibit finest tunability, in addition to their 
stability, with its variable length of alkyl side chain of the cation and the anion species 
variable along the halide column, which places them among the most extensively 
studied solvents for ionothermal synthesis of MOFs. To confirm their dominance in 
structure reports and the focus of our discussion on them, investigations have been 
made about the number of MOFs synthesised with several popular ionic liquids. The 
scope of our search—the list of cations and anions comprising the most common 
ionic liquids—has been illustrated in Figure 2. According to Cambridge Structural 
Database (CSD), it was shown that much of the reported MOFs is synthesised from 

Figure 1. 
Number of papers published annually under the topic of the ionothermal synthesis of MOFs since its first 
report.

85

Ionothermal Synthesis of Metal-Organic Framework
DOI: http://dx.doi.org/10.5772/intechopen.79156

ionic liquids that contains imidazolium and halide ions. There are no MOF crystal 
containing pyridium cation, and only few crystals synthesised from tetramethyl 
ammonium is reported as MOF. Synthesis using pyrrolidinium cation shows about 
100 crystals, which corresponds to co-crystal form, showing that no crystal exhibits 
MOFs including pyrrolidinium cation. Extensiveness of data is the foundation of 
all successful discussions. With the extensiveness of RMI-X now taken for granted, 
structures synthesised from conditions with piecemeal differences, namely the length 
of the side chain of the cation, halide ions, and core metal atom of the structure were 
analysed to explore the effect on the final product arising from such variations.

2.  Gradual difference in the solvent brings about gradual difference  
in the product

An important characteristic of ionothermal synthesis is that the characteristics 
of the solvents may be gradually varied and investigate the difference induced in 
the final product. While the solvent can be substituted with a complete different 
class of cations or anions to provide a completely reshaped environment, more 
minor changes can be made to the ions so that the change is gradual and quantifi-
able. Changing the length of the alkyl side chains attached to imidazolium cations, 
or changing the anions within the halide column to gradually change the size of the 
solvent ions is one example that will be mainly discussed in the chapter. This way, 
we may grasp a better understanding of the relation between the beginning and the 
end of this nanoscopic synthesis. Actually, organic solvents hold the exact same 
advantage, seeing that even the size variation of imidazolium cations is actually 
an organic one. However, in ionic liquids, this variation is expanded to a two-
dimensional table for binary combinations, and possibly to even four-dimensional 

Figure 2. 
Common cations and anions that composes an ionic liquid. Different combination of cations and anions results 
in various characteristics and gives rise to the diversity of topology and structure in synthesised MOFs. (a) 
Imidazolium (R1 = methyl, ethyl, butyl; R2 = hydrogen, methyl; R3 = methyl, ethyl, propyl, butyl, pentyl, hexyl, 
octyl, benzyl, allyl, vinyl); (b) Ammonium; (c) Pyridinium (R1 = hydrogen, methyl); (d) Pyrrolidinium 
(R1 = ethyl, propyl, butyl, hexyl); (e) Bis((trifluoromethyl)sulfonyl)amide; (f) Alkyl sulphate (R1 = methyl, 
ethyl); (g) Trifluoromethanesulfonate; (h) Hexafluorostibate(V); (i) Hexafluorophosphate(V); (j) 
Thiocyanate; (k) Acetate; (l) Bis(cyanide)amide; (m) Halide ion; (n) Tetrafluoroborate; (o) L-lactate.
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construct for ternary combinations, which can provide more organised data is obvi-
ous. A better understanding of the nature is a foundation for a better utilisation of 
chemistry for many types of benefits. This section will guide you to the exploration 
that searches for new meaningful correlations in the sea of ionothermally prepared 
materials as the size of the solvent.

2.1 Correlation between the solvent and the product is often very simple

The correlation between the solvent and the product is perhaps the easiest to 
perceive in the system of frameworks synthesised with nickel and 1,3,5-benzen-
etricarboxylic acid(BTC). In Table 1, the structure shifts from the A-topology 
to the B-topology as we move down to the table and increase the cation size [1]. 
The shift occurs at smaller cations when we move right to the table to increase the 
anion size. It appears the size of the solvent, the cation and the anion considered 
together, is the key factor in determining the topology between A and B. From just 
this trend alone, it may be inferred that the B topology has a larger pore size, that is 
more empty space in the framework, than the A topology, which complies with the 
framework analyses by X-ray diffractions. There are certainly more reasons to this 
and we will come back to this later in the chapter, but for now, it is enough to just 
appreciate the simplicity of trend analysis.

The shift in the size of the ionic liquid exerted strong enough a pressure to give 
rise to two totally different topologies, but sometimes, the shift may be minor. In 
manganese-BTC system presented in Table 2, all three combinations in the [EMI] 
row gave rise to the exact same structure, α1 [10]. However, in the [PMI] column, 
only chloride and bromide gave rise to α2, and iodide to a slightly different α3. It 
is predicted that [EMI] cation is too small to induce a structure transition to occur 
in the row, but [PMI] is big enough to do so. Even though all the reported cases 

Ni(OAc)2·H3BTC Cl Br I

[EMI] A1 A1 A1

[PMI] A2 A2 B1

[BMI] A3 B2 B2

[PEMI] B3 B3 B3

Structures sharing a topological identity were labelled under the same alphabet, while the numbers denote minor 
difference among them. Each labels denote, [RMI]2[Ni3(BTC)2(OAc)2] (RMI = EMI for A1, PMI for A2, BMI for 
A3), [RMI]2[Ni3(HBTC)4(H2O)2] (RMI = BMI for B2, PEMI for B3). A1, A2, A3, B1, B2 reported in [1], and 
B3 in [7].

Table 1. 
Organisation of structures in Nickel-BTC system on the length of the alkyl side chain of the cation and the 
halide anion.

Mn(OAc)2·H3BTC Cl Br I

[EMI] α1 α2 α1

[PMI] α2 α2 α3

[BMI] — — —

[PEMI] — — —

Each labels denote, α1-[EMI][Mn(BTC)], α2-[PMI][Mn(BTC)], α2-[PMI][Mn(BTC)]. Combinations that have 
not been reported were left blank. All entries were reported in [10].

Table 2. 
A table for the system of framework synthesised with manganese-BTC system arranged similarly to Table 1.
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in the system belong to the same topology class, but when the smaller differences 
were accounted, the table again shows a similar stair-shaped pattern that may be 
explained using the exact same argument.

Cd(OAc)2·H3BTC Cl Br I

[EMI] a1 [12] b1 [12, 13] b1 [12]

[PMI] b2 [12] b2 [12] b2 [12]

[BMI] — — —

Each labels denote, a1-[EMI][Cd2(BTC)Cl2] for a1, [RMI][Cd(BTC)] (EMI for b1, PMI for b2). Combinations 
that have not been reported were left blank. Reference in literature to which the entries may be corresponded to has 
been indicated next to the entries in the table.

Table 3. 
A table for the system of framework synthesised with cadmium-BTC system arranged similarly to Table 1.

M Formula Nuclear # CCDC code Void with 
cation*

Void without 
cation*

Co [EMI]2[Co3(BDC)3Cl2] Tri-nuclear TACHUD
[14]

0%
0 Å3

/2088.3 Å3

39.6%
827.3 Å3

/2088.3 Å3

[PMI]2[Co3(BDC)3Cl2] Tri-nuclear TACJAL
[14]

0%
0 Å3

/2106.8 Å3

39.8%
839.6 Å3

/2106.8 Å3

[BMI]2[Co3(BDC)3Cl2] Tri-nuclear TACJEP
[14]

0%
0 Å3

/2082.1 Å3

40.0%
832.7 Å3

/2082.1 Å3

[AMI]2[Co3(BDC)3Cl2] Tri-nuclear TACJIT
[14]

0%
0 Å3

/2314.1 Å3

46.8%
1083.9 Å3

/2314.1 Å3

[EMI]2[Co3(BDC)3Br2] Tri-nuclear JOQXOE
[15]

1.7%
35.2 Å3

/2103.5 Å3

38.9%
817.7 Å3

/2103.5 Å3

[PMI]2[Co3(BDC)3Br2] Tri-nuclear JOQXUK
[15]

0.6%
13.0 Å3

/2123.4Å3

40.0%
848.5 Å3

/2123.4 Å3

[BMI]2[Co3(BDC)3Br2] Tri-nuclear JOQPUC
[15]

0%
0 Å3

/2172.6 Å3

40.4%
877.1 Å3

/2172.6 Å3

[AMI]2[Co3(BDC)4] Tri-nuclear JOQQAJ
[15]

17.0%
1001.9 Å3

/5898.3 Å3

52.2%
3081.8 Å3

/5898.3 Å3

[EMI]2[Co3(BDC)3I2] Tri-nuclear TACJOZ
[14]

1.4%
31.0 Å3

/2184.2 Å3

40.3%
879.5 Å3

/2184.2 Å3

[PMI]2[Co3(BDC)3I2] Tri-nuclear TACJUF
[14]

0.9%
20.9 Å3

/2201.7Å3

41.5%
914.8 Å3

/2201.7 Å3

[BMI]2[Co3(BDC)3I2] Tri-nuclear TACKAM
[14]

0%
0 Å3

/2267.4Å3

39.7%
901.0 Å3

/2267.4 Å3

[AMI]2[Co3(BDC)3I2] Tri-nuclear TACKEQ
[14]

0%
0 Å3

/2275.1 Å3

44.7%
1017.9 Å3

/2275.1 Å3
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M Formula Nuclear # CCDC code Void with 
cation*

Void without 
cation*

Zn [EMI]2[Zn3(BDC)3Cl2] Tri-nuclear SIVQEV
[16]

0%
0 Å3

/2085.2 Å3

39.6%
826.7 Å3

/2085.2 Å3

[PMI]2[Zn3(BDC)3Cl2] Tri-nuclear QUGVAR
[17]

0%
0 Å3

/2097.0Å3

39.7%
833.2 Å3

/2097.0 Å3

Zn(BDC)(H2O) Poly-nuclear IFABIA03
[17]

0%
0 Å3

/826.8 Å3

0%
0 Å3

/826.8Å3

[BMI]2[Zn3(BDC)3Cl2] Tri-nuclear SIVCAD
[16]

0%
0 Å3

/2167.9 Å3

41.7%
903.4 Å3

/2167.9 Å3

[EMI]2[Zn3(BDC)3Br2] Tri-nuclear QUGVIZ
[17]

0.8%
16.5 Å3

/2115.0 Å3

39.9%
844.0 Å3

/2115.0 Å3

[PMI]2[Zn3(BDC)3Br2] Tri-nuclear QUGVOF
[17]

0.6%
11.9 Å3

/2139.4 Å3

40.6%
868.6 Å3

/2139.4 Å3

[BMI]2[Zn3(BDC)3Br2] Tri-nuclear QUGVUL
[17]

0%
0 Å3

/2189.2 Å3

42.1%
921.1 Å3

/2189.2 Å3

[EMI]2[Zn3(BDC)3I2] Tri-nuclear QUGWEW
[17]

0.6%
12.1 Å3

/2169.2 Å3

40.0%
868.7 Å3

/2169.2 Å3

[PMI]2[Zn3(BDC)3I2] Tri-nuclear QUGWIA
[17]

0%
0 Å3

/2182.0 Å3

40.4%
882.6 Å3

/2182.0 Å3

[BMI]2[Zn3(BDC)3I2] Tri-nuclear QUGWOG
[17]

0%
0 Å3

/2253.3 Å3

39.7%
894.2 Å3

/2253.3 Å3

[AMI]2[Zn3(BDC)3I2] Tri-nuclear QUGWUM
[17]

0%
0 Å3

/2293.1 Å3

40.7%
933.1 Å3

/2293.1 Å3

Eu [EMI][Eu2(BDC)3Cl] Di-nuclear IXISOZ02
[18]

0%,
0 Å3

/2339.26 Å3

30.5%
714.34 Å3

/2339.3 Å3

[PMI][Eu2(BDC)3Cl] Di-nuclear IXITOA02
[18]

4.6%
157.3 Å3

/3429.0 Å3

30.8%
1055.9 Å3

/3429.0 Å3

[BMI][Eu2(BDC)3Cl] Di-nuclear IXITIU02
[18]

0.2%
14.7 Å3

/6850.9 Å3

29.8%
2038.9 Å3

/6850.9 Å3

[EMI]
[Eu2(BDC)3(H2BDC)

Cl2]

Poly-nuclear YIXFOC03 
[19]

0%
0 Å3

/3153.1Å3

21.4%
673.7 Å3

/3153.1 Å3

Eu(BDC)(CO2) Poly-nuclear LARYEK03
[20]

0%
0 Å3

/929.6 Å3

0%
0 Å3

/929.6 Å3

Eu3(BDC)4Cl(H2O)6 Poly-nuclear 
Mono-
nuclear

IXITEQ02
[18]

0%
0 Å3

/3605.0 Å3

0%
0 Å3

/3605.0 Å3

Eu(BDC)Cl(H2O) Poly-nuclear IXISIT02
[18]

0%
0 Å3

/975.0 Å3

0%
0 Å3

/975.0 Å3
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2.2 Ionic liquids function both as a solvent and template

Similar trends may also be found in other metals, despite less well-pronounced 
than nickel. The similarity may not be noticed at first glance, but it is the same 
stair-shaped pattern to nickel system. The topology shift just takes place with 
smaller ionic species. Again, increase in size of the ionic solvent has changed the 
preferred topology to another class with a larger pore volume to incorporate the 
ions. As some readers might have noticed by now, here is a good point to introduce 
another interesting aspect of ionothermal synthesis; ionic liquids function not only 
as solvents, but also as a template that physically exerts a pressure to determine the 
final topology by residing in the framework [11] (Table 3).

2.3 Many reported syntheses are yet to fit into an organised system

In theory, many choices of organic linkers available in the field of chemistry may add 
to the large number of ionic combinations to create nearly infinite possible cases, but it 
takes time for a theory to become reality. While many valuable efforts are being made to 
contribute, those with 1,3,5-bezenetricarboxylic acid(BTC) and 1,4-benzenedicarbox-
ylic acid(BDC) have done its part particularly extensively and the reported structures 
were organised in Tables 4 and 5. Tables 4 and 5 are great to appreciate the variety 
of ionothermally prepared MOFs, plus for searching purposes, but give hardly any 
information on the chemical reaction that brought about the structures. In order to get a 
closer grasp on how ionothermal synthesis produced this variety, they must be organ-
ised into systems of related syntheses. However, many cases in both tables are rather 
discrete. Efforts need to be made, starting from what have been reported, to expand the 
literature by applying the ionic liquid to gradual variations.

M Formula Nuclear # CCDC code Void with 
cation*

Void without 
cation*

In [EMI]2[In2(BDC)3Br2] Mono-
nuclear

SABJOX
[21]

0%
0 Å3

/2017.0 Å3

36.0%
725.1 Å3

/2017.0 Å3

[PMI]2[In2(BDC)3Br2] Mono-
nuclear

SABJIR
[21]

0%
0 Å3

/2073.5 Å3

36.0%
746.0 Å3

/2073.5 Å3

Dy [EMI][Dy3(BDC)5] Poly-nuclear RINTUF
[22]

2.8%
134.8 Å3

/4840.8 Å3

21.2%
1027.3 Å3

/4840.8 Å3

Tb [EMI][Tb2(μ2-Cl)
(BDC)3]

Poly-nuclear YIXFUI
[19]

19.7%
620.8 Å3

/3152.5 Å3

19.7%
620.8 Å3

/3152.5 Å3

Sm [EMI]2[Sm2(BDC)3(H2-
BDC)Cl2]

Di-nuclear YIXFIW
[19]

0%
0 Å3

/2333.3 Å3

30.4%
709.1 Å3

/2333.3 Å3

Cd [BMI]2[Cd(BDC)3Br2] Tri-nuclear QETDAV
[23]

0%
0 Å3

/2353.8 Å3

40.4%
950.6 Å3

/2353.8 Å3

Cu [EEIM][NaCu(BDC)2] Poly-nuclear VOBRUB
[24]

0%
0 Å3

/2200.5 Å3

31.3%
688.2 Å3

/2200.5 Å3

*Probe radius of 1.2 Å and grid spacing of 0.7 Å was taken for the calculation using the contact surface.

Table 4. 
Chemical formulas of structures arising from imidazolium-based MOFs with BDC are presented with their 
nuclear type, CCDC reference code, void volume with and without the residing cation, and the reference in 
literature that each structure was reported.
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M Formula Nuclear # CCDC code Void with 
cation*

Void without 
cation*
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Eu3(BDC)4Cl(H2O)6 Poly-nuclear 
Mono-
nuclear

IXITEQ02
[18]

0%
0 Å3

/3605.0 Å3

0%
0 Å3

/3605.0 Å3

Eu(BDC)Cl(H2O) Poly-nuclear IXISIT02
[18]

0%
0 Å3

/975.0 Å3

0%
0 Å3

/975.0 Å3
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2.2 Ionic liquids function both as a solvent and template

Similar trends may also be found in other metals, despite less well-pronounced 
than nickel. The similarity may not be noticed at first glance, but it is the same 
stair-shaped pattern to nickel system. The topology shift just takes place with 
smaller ionic species. Again, increase in size of the ionic solvent has changed the 
preferred topology to another class with a larger pore volume to incorporate the 
ions. As some readers might have noticed by now, here is a good point to introduce 
another interesting aspect of ionothermal synthesis; ionic liquids function not only 
as solvents, but also as a template that physically exerts a pressure to determine the 
final topology by residing in the framework [11] (Table 3).

2.3 Many reported syntheses are yet to fit into an organised system

In theory, many choices of organic linkers available in the field of chemistry may add 
to the large number of ionic combinations to create nearly infinite possible cases, but it 
takes time for a theory to become reality. While many valuable efforts are being made to 
contribute, those with 1,3,5-bezenetricarboxylic acid(BTC) and 1,4-benzenedicarbox-
ylic acid(BDC) have done its part particularly extensively and the reported structures 
were organised in Tables 4 and 5. Tables 4 and 5 are great to appreciate the variety 
of ionothermally prepared MOFs, plus for searching purposes, but give hardly any 
information on the chemical reaction that brought about the structures. In order to get a 
closer grasp on how ionothermal synthesis produced this variety, they must be organ-
ised into systems of related syntheses. However, many cases in both tables are rather 
discrete. Efforts need to be made, starting from what have been reported, to expand the 
literature by applying the ionic liquid to gradual variations.

M Formula Nuclear # CCDC code Void with 
cation*

Void without 
cation*

In [EMI]2[In2(BDC)3Br2] Mono-
nuclear

SABJOX
[21]

0%
0 Å3

/2017.0 Å3

36.0%
725.1 Å3

/2017.0 Å3

[PMI]2[In2(BDC)3Br2] Mono-
nuclear

SABJIR
[21]

0%
0 Å3

/2073.5 Å3

36.0%
746.0 Å3

/2073.5 Å3

Dy [EMI][Dy3(BDC)5] Poly-nuclear RINTUF
[22]

2.8%
134.8 Å3

/4840.8 Å3

21.2%
1027.3 Å3

/4840.8 Å3

Tb [EMI][Tb2(μ2-Cl)
(BDC)3]

Poly-nuclear YIXFUI
[19]

19.7%
620.8 Å3

/3152.5 Å3

19.7%
620.8 Å3

/3152.5 Å3

Sm [EMI]2[Sm2(BDC)3(H2-
BDC)Cl2]

Di-nuclear YIXFIW
[19]

0%
0 Å3

/2333.3 Å3

30.4%
709.1 Å3

/2333.3 Å3

Cd [BMI]2[Cd(BDC)3Br2] Tri-nuclear QETDAV
[23]

0%
0 Å3

/2353.8 Å3

40.4%
950.6 Å3

/2353.8 Å3

Cu [EEIM][NaCu(BDC)2] Poly-nuclear VOBRUB
[24]

0%
0 Å3

/2200.5 Å3

31.3%
688.2 Å3

/2200.5 Å3

*Probe radius of 1.2 Å and grid spacing of 0.7 Å was taken for the calculation using the contact surface.

Table 4. 
Chemical formulas of structures arising from imidazolium-based MOFs with BDC are presented with their 
nuclear type, CCDC reference code, void volume with and without the residing cation, and the reference in 
literature that each structure was reported.
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M Formula Nuclear # CCDC Void with 
cation*

Void without 
cation*

Ni [EMI]2[Ni3(BTC)2(OAc)2] Tri-
nuclear

VEMSUC 
[25]

0%
0 Å3

/3704 Å3

36.5%
1350.8 Å3

/3704 Å3

[PMI]2[Ni3(BTC)2(OAc)2] Tri-nuclear XUJPIC [1] 0.9%
26.4 Å3

/2780.4 Å3

38.7%
1076.8 Å3

/2780.4 Å3

[BMI]2[Ni3(BTC)3(OAc)2] Tri-nuclear XUJPOI [1] 0%
0 Å3

/3802.9 Å3

0%
0 Å3

/3802.9 Å3

[PMI]2[Ni3(HBTC)4(H2O)] Tri-nuclear VEMSUC01 
[1]

0%
0 Å3

/3712.3 Å3

36.7%
1363.0 Å3

/3712.3 Å3

[BMI]2[Ni3(HBTC)4(H2O)] Tri-nuclear XUJQAV [1] 0%
0 Å3

/3806.2 Å3

0%
0 Å3

/3806.2 Å3

[BMI]2[Ni(HBTC)2(H2O)2] Tri-nuclear NUNNUH 
[26]

3.4%
132.7 Å3

/3944.7 Å3

53.6%
2113.7 Å3

/3944.7 Å3

[BMI]2[Ni(HBTC)2(H2O)2] 
chiral

Tri-nuclear NUNPAP
[26]

3.2%
124.9 Å3

/3953.2 Å3

53.6%
2120.3 Å3

/3953.2 Å3

[AMI][Ni3(BTC)2(OAc)(MI)3] Mono-
nuclear

Di-nuclear

EGOYUV 
[27]

0%
0 Å3

/4592.0 Å3

22.4%
1029.7 Å3

/4592.0 Å3

Co [EMI][Co2(HBTC)2(4,4′-
bpy)3]Br

Di-nuclear YODYUM 
[28]

0%
0Å3

/5060.8 Å3

13.6%
688.9 Å3

/5060.8 Å3

[EMI][Co(HBTC)(4,4′-bpy)2]
(4,4′-bpy)Br

Mono-
nuclear

YODZAT** 
[28]

0%
0 Å3

/4290.3 Å3

17.8%
762.0 Å3

/4290.3 Å3

[EMI][Co(BTC)(H-Im)] Mono-
nuclear

YODZEX 
[28]

0%
0 Å3

/933.9 Å3

30. 1%
280.63 Å3

/933.9 Å3

[EMI]2[Co(BTC)2(H2TED)] Mono-
nuclear

YODZIB 
[28]

0%
0 Å3

/7246.2 Å3

30.7%
2221.6 Å3

/7246.2 Å3

[EMI]2[Co3(BTC)2(OAc)2] Tri-nuclear VEMTAJ 
[25]

38.6%
1466.9 Å3

/3797.9 Å3

38.6%
1466.9 Å3

/3797.9 Å3

[EMI][Co(BTC)] Di-nuclear CIPLIX [29] 0%
0 Å3

/3018.2 Å3

26.0%
784.2 Å3

/3018.2 Å3

[EMI]
[Co2(BTC)4H7(2,2′-bpy)2]

Mono-
nuclear

CIPLOD 
[29]

16.1%
483.0 Å3

/3002.0 Å3

16.1%
483.0 Å3

/3002.0 Å3

[PMI]2[Co2(BTC)2(H2O)2] Di-nuclear XAPSIS 
[30]

0%
0 Å3

/1850.4 Å3

51.1%
945.9 Å3

/1850.4 Å3

[BMI]2[Co2(BTC)2(H2O)2] Di-nuclear [31] 0%
0 Å3

/1840.5 Å3

51.8%
952.94 Å3

/1840.5 Å3

[EMI]2[In2Co(OH)2(BTC)2Br2] Tri-nuclear
(In + Co)

VUVZAP 
[32]

0%
0 Å3

/1884.5 Å3

36.6%
690.4 Å3

/1884.5 Å3
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3. The correlation between the reaction solvent and the product

In the previous section, we have explored through the chemical trend observ-
able in nickel, manganese, and cadmium-BTC systems. Some basic explanations 
have been provided by relating the size of the ionic species to the pore size 

M Formula Nuclear # CCDC Void with 
cation*

Void without 
cation*

Zn [BMI][Zn2(BTC)(OH)I] Tetra-
nuclear

VIWZOR 
[33]

4.7%
106.8 Å3

/2260.6 Å3

49.4%
1117.8 Å3

/2260.6 Å3

[BMI]2[Zn4(BTC)3(OH)
(H2O)3]

Tri-nuclear MIQLEE
[34]

4.8%
228.0 Å3

/4739.5 Å3

38.4%
1819.6 Å3

/4739.5 Å3

[AMI][Zn2(BTC)(OH)Br] Tetra-
nuclear

MIQLII
[34]

0%
0 Å3

/2229.3 Å3

51.0%
1137.0 Å3

/2229.3 Å3

[EMI][Zn(BTC)] Di-nuclear MIQKUT 
[34]

0%
0 Å3

/3077.8 Å3

38.2%
1175.6 Å3

/3077.8 Å3

[PMI][Zn(BTC)] Mono-
nuclear

MIQLAA 
[34]

0%
0 Å3

/3353.5 Å3

43.9%
1472.9 Å3

/3353.5 Å3

[Zn3(BTC)2(H2O)2]·2H2O Poly-
nuclear

MISRUC 
[34]

0%
0 Å3

/1985.1 Å3

0%
0 Å3

/1985.1 Å3

[Zn4(BTC)2(μ4-O)(H2O)2] Tetra-
nuclear

XOHLEM 
[35]

37.7%
1293.1 Å3

/3431.7 Å3

37.7%
1293.1 Å3

/3431.7 Å3

[BMI][Zn(BTC)] Di-nuclear FUTZEB 
[36]

0%
0 Å3

/1678.8 Å3

46.8%
786.5 Å3

/1678.8 Å3

Cd [EMI][Cd2(BTC)Cl2] Poly-
nuclear

SIZGEO 
[12]

0%
0 Å3

/924.3 Å3

34.0%
314.7 Å3

/924.3 Å3

[EMI][Cd(BTC)] Di-nuclear NEHMET 
[13]

0%
0 Å3

/3181.9 Å3

43.4%
1381.4 Å3

/3181.9 Å3

[PMI][Cd(BTC)] Di-nuclear SIZGIS [12] 0%
0 Å3

/3296.9 Å3

43.2%
1425.3 Å3

/3296.9 Å3

Mn [EMI][Mn(BTC)] Di-nuclear WEYQAU 
[10]

0%
0 Å3

/3051.7 Å3

38.7%
1181.6 Å3

/3051.7 Å3

[PMI][Mn(BTC)] Di-nuclear WEYQEY 
[10]

0%
0 Å3

/3229.3 Å3

42.8%
1382.5 Å3

/3229.3 Å3

[PMI][Mn(BTC)] Di-nuclear WEYPUN 
[10]

0%
0 Å3

/3172.0 Å3

45.8%
1451.3 Å3

/3172.0 Å3

*Calculation was done with the same setting. Calculation for the entry ‘void without cations’ has been conducted by 
removing only the cations from the channel.
**In the entry with reference code YODZAT, not only ionic cations but also 4,4’-bpy ligands were found in the channel.

Table 5. 
Structures arising from imidazolium-based MOFs with BTC presented in a similar manner to Table 1.
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M Formula Nuclear # CCDC Void with 
cation*

Void without 
cation*
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[PMI]2[Ni3(BTC)2(OAc)2] Tri-nuclear XUJPIC [1] 0.9%
26.4 Å3

/2780.4 Å3

38.7%
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3. The correlation between the reaction solvent and the product

In the previous section, we have explored through the chemical trend observ-
able in nickel, manganese, and cadmium-BTC systems. Some basic explanations 
have been provided by relating the size of the ionic species to the pore size 

M Formula Nuclear # CCDC Void with 
cation*

Void without 
cation*

Zn [BMI][Zn2(BTC)(OH)I] Tetra-
nuclear

VIWZOR 
[33]

4.7%
106.8 Å3

/2260.6 Å3

49.4%
1117.8 Å3

/2260.6 Å3

[BMI]2[Zn4(BTC)3(OH)
(H2O)3]

Tri-nuclear MIQLEE
[34]

4.8%
228.0 Å3

/4739.5 Å3

38.4%
1819.6 Å3

/4739.5 Å3

[AMI][Zn2(BTC)(OH)Br] Tetra-
nuclear

MIQLII
[34]
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0 Å3
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51.0%
1137.0 Å3

/2229.3 Å3

[EMI][Zn(BTC)] Di-nuclear MIQKUT 
[34]
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0 Å3
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38.2%
1175.6 Å3

/3077.8 Å3

[PMI][Zn(BTC)] Mono-
nuclear

MIQLAA 
[34]

0%
0 Å3

/3353.5 Å3

43.9%
1472.9 Å3

/3353.5 Å3

[Zn3(BTC)2(H2O)2]·2H2O Poly-
nuclear

MISRUC 
[34]

0%
0 Å3

/1985.1 Å3

0%
0 Å3

/1985.1 Å3

[Zn4(BTC)2(μ4-O)(H2O)2] Tetra-
nuclear

XOHLEM 
[35]

37.7%
1293.1 Å3

/3431.7 Å3
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1293.1 Å3

/3431.7 Å3

[BMI][Zn(BTC)] Di-nuclear FUTZEB 
[36]
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Cd [EMI][Cd2(BTC)Cl2] Poly-
nuclear
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1381.4 Å3

/3181.9 Å3

[PMI][Cd(BTC)] Di-nuclear SIZGIS [12] 0%
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/3296.9 Å3
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1425.3 Å3
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*Calculation was done with the same setting. Calculation for the entry ‘void without cations’ has been conducted by 
removing only the cations from the channel.
**In the entry with reference code YODZAT, not only ionic cations but also 4,4’-bpy ligands were found in the channel.
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Structures arising from imidazolium-based MOFs with BTC presented in a similar manner to Table 1.
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of each structure. However, many questions still remain to be answered. For 
example, why does the topology shift has to occur right there, not anywhere 
else? If even larger cations were used, will the topology remain unchanged or 
will a new one appear? In order to answer this question, we have to get a deeper 
knowledge about the structures and the ions of the solvent. Qualitative analyses 
were simple, but it becomes necessary to add numbers to our logics to advance 
further.

3.1 Trends to predict future outcomes

In the nickel-BTC system we first examined, increasing the cation size caused 
the topology to shift from the more condensed A-class to the B-class with a larger 
cavity volume. In Table 1, data have been provided from [EMI] to [PEMI] only. 
Suppose we are interested in the results for a new [HMI] column; the cation alkyl 
side chain increased by a carbon. The simplest way to predict the outcome is to 
analyse the cavity of the B-class topology and test if it is capable of housing the 
elongated [HMI] cations. In addition, taking a deeper look into the A-class topology 
might also strengthen our previous reasoning.

In the A-class topology, we can see that the cavities are not so well connected 
with each other [1, 7]. On the other hand, the B-class topology has cavities con-
nected to their neighbours to create a linear channel-shaped pore as illustrated in 
Figure 3. The maximum length of the cation that can fit into the A-class topology 
is limited, but it is not so in the B-class topology. After looking at how the struc-
tures actually look like, we can now more confidently say that elongating the cation 
by a carbon is unlikely to exert enough pressure on the framework to give rise to a 
new topology.

The next step is to test whether the predictions are correct. When a completely 
new material is synthesised and its structure is to be determined, advanced tools 
like single-crystal X-ray diffractions must be used to resolve all positions of the 
atoms in the unit cell. However, when we have a reference material with a known 
structure, simpler techniques like powder X-ray diffractions (PXRD) are enough 
to tell whether the new material has the same structure to the reference. Therefore, 
the common step is to obtain the PXRD graph and compare it to the graph of some 
suspected structures. It is only when the new graph is different enough, the new 
material is subjected to complete structure analysis. Since our expectation was that 
the entries for the [HMI] column will have the same topology to the [BMI] column, 
we took the PXRD data for two and compared as in Figure 4. To assure the topologi-
cal identity, several different combinations have been selected. All major peaks 
occur at the same angles, and our prediction by extrapolation has been proven valid 
[7]. We have now seen that correlations are valuable in that they may be used to 
predict future outcomes. This is the moment where prediction is no more but only 
an extrapolation.

Figure 3. 
Diagrams depicting the pores of (a) the A-class topology and (b) the B-class topology at Ni-BTC system. The 
linear shaped channels of the B-class topology become evident [7].
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3.2 The effect of the final framework on the solvent properties

The trend extrapolation introduced above was a success, but by no means is a 
guarantee that similar arguments will always hold true. All scientific explanations 
are based on reductive models where many details in reality must have been missed. 
However, discussions until now have only focused on how the variance in solvent 
properties, namely size, give rise to another variance in the product framework, 
but never vice versa. Chemistry is a study of interactions, and the term ‘interac-
tions’ imply that there may always be bidirectional influence. It surely is the solvent 
that was in the reaction system first and then frameworks were built on top of the 
influence of the solvent, and thus, its influence on the product is more pronounced 
and also more important. However, the ionic species residing in different structures 
are in fact different even if they were in the same bottle before being deployed to the 
reaction. We would now like to guide your attention to an interesting system where 
the framework exerts a strong pressure to the cation to alter its shape. In such cases, 
extrapolations may not give accurate results.

Table 6 shows three reported entries in the not-so-extensively-studied cobalt-
BTC system. Nevertheless, simplicity is not to be confused with incompleteness. 
While it may be true that the entire trend may not be fully described, deeper 
analysis may follow in a more complete manner for the part that has been, or at least 
it reduces the burden to describe so many entries in full details.

The bromide column is never an exception to the systems we have been 
through. The α-class topology has pore volume smaller than the β-class, and it is 

Figure 4. 
PXRD data presented in pairs or triplets to illustrate the similarity and difference of the topologies occurring in 
the Ni-BTC system. (a) Structures synthesised from [PEMI]Cl, [PEMI]Br, and [PEMI]I show that all three in 
the [PEMI] row belong to the same topology group. (b) Three structures from [HMI] row show that they belong 
to the same topology group similarly to (a). (c) Two structures from the Cl column show that the topology 
groups of [HMI] row and [PEMI] row are identical. (d) The structure synthesised from [HMI]Cl is compared 
to that from [BMI]Br and shows that each two belong to the same class. The magnitude may be different, but 
the positions of the main peaks coincide [7].
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of each structure. However, many questions still remain to be answered. For 
example, why does the topology shift has to occur right there, not anywhere 
else? If even larger cations were used, will the topology remain unchanged or 
will a new one appear? In order to answer this question, we have to get a deeper 
knowledge about the structures and the ions of the solvent. Qualitative analyses 
were simple, but it becomes necessary to add numbers to our logics to advance 
further.

3.1 Trends to predict future outcomes

In the nickel-BTC system we first examined, increasing the cation size caused 
the topology to shift from the more condensed A-class to the B-class with a larger 
cavity volume. In Table 1, data have been provided from [EMI] to [PEMI] only. 
Suppose we are interested in the results for a new [HMI] column; the cation alkyl 
side chain increased by a carbon. The simplest way to predict the outcome is to 
analyse the cavity of the B-class topology and test if it is capable of housing the 
elongated [HMI] cations. In addition, taking a deeper look into the A-class topology 
might also strengthen our previous reasoning.

In the A-class topology, we can see that the cavities are not so well connected 
with each other [1, 7]. On the other hand, the B-class topology has cavities con-
nected to their neighbours to create a linear channel-shaped pore as illustrated in 
Figure 3. The maximum length of the cation that can fit into the A-class topology 
is limited, but it is not so in the B-class topology. After looking at how the struc-
tures actually look like, we can now more confidently say that elongating the cation 
by a carbon is unlikely to exert enough pressure on the framework to give rise to a 
new topology.

The next step is to test whether the predictions are correct. When a completely 
new material is synthesised and its structure is to be determined, advanced tools 
like single-crystal X-ray diffractions must be used to resolve all positions of the 
atoms in the unit cell. However, when we have a reference material with a known 
structure, simpler techniques like powder X-ray diffractions (PXRD) are enough 
to tell whether the new material has the same structure to the reference. Therefore, 
the common step is to obtain the PXRD graph and compare it to the graph of some 
suspected structures. It is only when the new graph is different enough, the new 
material is subjected to complete structure analysis. Since our expectation was that 
the entries for the [HMI] column will have the same topology to the [BMI] column, 
we took the PXRD data for two and compared as in Figure 4. To assure the topologi-
cal identity, several different combinations have been selected. All major peaks 
occur at the same angles, and our prediction by extrapolation has been proven valid 
[7]. We have now seen that correlations are valuable in that they may be used to 
predict future outcomes. This is the moment where prediction is no more but only 
an extrapolation.

Figure 3. 
Diagrams depicting the pores of (a) the A-class topology and (b) the B-class topology at Ni-BTC system. The 
linear shaped channels of the B-class topology become evident [7].
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3.2 The effect of the final framework on the solvent properties

The trend extrapolation introduced above was a success, but by no means is a 
guarantee that similar arguments will always hold true. All scientific explanations 
are based on reductive models where many details in reality must have been missed. 
However, discussions until now have only focused on how the variance in solvent 
properties, namely size, give rise to another variance in the product framework, 
but never vice versa. Chemistry is a study of interactions, and the term ‘interac-
tions’ imply that there may always be bidirectional influence. It surely is the solvent 
that was in the reaction system first and then frameworks were built on top of the 
influence of the solvent, and thus, its influence on the product is more pronounced 
and also more important. However, the ionic species residing in different structures 
are in fact different even if they were in the same bottle before being deployed to the 
reaction. We would now like to guide your attention to an interesting system where 
the framework exerts a strong pressure to the cation to alter its shape. In such cases, 
extrapolations may not give accurate results.

Table 6 shows three reported entries in the not-so-extensively-studied cobalt-
BTC system. Nevertheless, simplicity is not to be confused with incompleteness. 
While it may be true that the entire trend may not be fully described, deeper 
analysis may follow in a more complete manner for the part that has been, or at least 
it reduces the burden to describe so many entries in full details.

The bromide column is never an exception to the systems we have been 
through. The α-class topology has pore volume smaller than the β-class, and it is 

Figure 4. 
PXRD data presented in pairs or triplets to illustrate the similarity and difference of the topologies occurring in 
the Ni-BTC system. (a) Structures synthesised from [PEMI]Cl, [PEMI]Br, and [PEMI]I show that all three in 
the [PEMI] row belong to the same topology group. (b) Three structures from [HMI] row show that they belong 
to the same topology group similarly to (a). (c) Two structures from the Cl column show that the topology 
groups of [HMI] row and [PEMI] row are identical. (d) The structure synthesised from [HMI]Cl is compared 
to that from [BMI]Br and shows that each two belong to the same class. The magnitude may be different, but 
the positions of the main peaks coincide [7].
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the increase in the cation size that caused it. However, a question that never has 
been addressed in previous systems was, is the difference between [EMI] to [PMI] 
the same as that between [PMI] and [BMI]? In other words, they are gradual, but 
are they in scale? They both differ by a carbon, and carbon–carbon bond length 
is nearly universally conserved. It seems they should differ only by an iota, if they 
were even different after all.

The in situ conformations of the guest cations were taken and subjected to compu-
tational analysis [31]. The difference in volume between [EMI] and [PMI] was calcu-
lated to be 21.8 Å3, which is significantly larger than 14.9 Å3, the difference between 
[PMI] and [BMI]. It is apparent that this difference arose from the bent conforma-
tion of the butyl chain of [BMI] cation; the distance between the terminal carbon 
to the first carbon in the chain was 2.918°A in compound β2, exceeding 2.567°A of 
compound β1 only by a small difference. The carbon–carbon bond is free to rotate 
about each other, but the β-class framework is stable enough to fix the conformation 
severely bent as they appear; a remarkable example of the framework influencing the 
property of the solvent. Moreover, just because it appears as the same one step on the 
table does not mean the actual size difference between the ionic species is the same.

Even though β1 and β2 structures belong to the same topology class, they may 
have minor differences like the ones described in the manganese system. Even by 
a small bit, [BMI] is still larger than [PMI] and is expected to exert pressure on 
the framework towards retaining a larger void volume. However, this straight-
forward prediction is actually far from the truth. The β-topology framework is so 
rigid that the void volume and the framework volume stay nearly unchanged for 
[PMI] and [BMI].

It also deserves some attention that the β-topology occurs very rare in other 
metal systems, suggesting that it is not so chemically favoured in many other 
environments [31]. While the rigidity of the framework can also be viewed as how 
favoured it is over other possible outcomes, it is interesting that this rare topology 
is so strongly preferred in the system and in cobalt system only. Also, attempts to 
synthesise crystalline frameworks with [PEMI]Br and [HMI]Br in the system all 
failed but only acquired amorphous solids. This further supports the absence of 
any other stable framework possible in the cobalt system. Additional studies must 
follow to provide explanations for the strikingly different preference of framework 
in the cobalt system.

4.  Reducing topologies can easily deliver deep insights  
into the structures

The structural details of nanoscopic frameworks are often difficult to perceive. 
Some basic discussion may be made even with the structures completely ignored, 
but we already have seen many limitations to that. Understanding the structure is 
necessary to provide more thorough explanations for the chemical trends appearing 

Co(OAc)2·H3BTC Cl Br I

[EMI] — α1 [25] —

[PMI] — β1 [30] —

[BMI] — β2 [31] —

Each labels denote, α1-[EMI]2[Co3(BTC)2(OAc)2], β1- [PMI]2[Co2(BTC)2(H2O)2], and β2 -[BMI]2[Co2(BTC)2 
(H2O)2]. Combinations that have not been reported were left blank.

Table 6. 
A table for the system of framework synthesised with cadmium-BTC system arranged similarly to Table 1.
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in the organised systems of ionothermally prepared MOFs, including many unusual 
cases unexplainable by simple intuition. Just like organic chemistry cannot be 
approached without molecular formulas, inorganic chemistry cannot be explained 
without framework structures. We would like to dedicate this chapter to suggest a 
method to break down the complications of nanoscopic structures to see the forest 
beyond the trees, and lastly, tour around that forest.

4.1 Metals atoms tend to exist in clusters

In order to bring down the structures to simpler diagrams, the patterns, or seg-
ments of atoms, that occur frequently throughout the framework must be well 
noticed. After taken the knowledge of the building blocks, we will look into a repre-
sentative building to see how the blocks are assembled to a building. It is obvious that 
the organic linker will stay as it is used before the reaction in most structures, as it is 
very difficult for the benzene ring to disassemble in our BTC example. One thing, 
however, may fluctuate greatly from structure to structure: the coordination mode. 
Often there are many atoms, or sites, that are capable of coordinating to metal atoms, 
but almost always, not all of them do. It is very difficult to predict which coordination 
mode the ligand will take, since even under the same topology, the ligands are found 
to take structures with many different coordination modes [1, 30, 31]. Attempts have 
been made to collectively study coordination modes [34], but for successful discovery 
of any laws governing them, acquisition of more data is necessary.

In collaboration with the coordination modes, though it is difficult to distinguish 
causation from correlation at this level, the reaction environment determines the 
shape in which the metal atoms exist in the framework. From Tables 4, 5 and 7, 
it has been shown the nuclear types the metal atoms take in the framework, but 
the concept has never been visited yet. This ‘nucleus’ is a small collection of metal 
atoms and atoms from the organic ligand coordinating to them and is more com-
monly called ‘metal clusters’ because many metal atoms are found together in most 
structures. These metal clusters are one of the most important character to deter-
mine the topology of MOFs, and the frameworks are named as binuclear, trinuclear, 
etc. according to the number metal atoms present in the metal cluster. If small 
variations within the same topology are ignored, the framework can be viewed as 
a collection of simple connections between the unvarying organic ligand and the 
metal clusters, just like vertices and edges of a mathematical 3D figure.

The simplification illustrated in Figure 5 exemplifies the power of reduction in 
brining different structures together. Although it could have been inferred from the 
same molecular formulas, a great number of structures introduced in Tables 4, 5 
and 7 actually have the exact same framework.

4.2 Structure explains the popularity of [RMI][metal(BTC)] topology

Some of the most commonly occurring structures need attention, not only 
because they will be frequently met in trials of novel conditions, but also they will 
provide a valuable starting point in relating to other structures occurring in the 
same system to understand the correlations like the ones we have visited.

The topology [RMI][Metal(BTC)] occurs in most metal systems that have been 
reported and in the highest frequency. With this topology as an example, we will 
show how a complex structure may be simplified. This way, details unnecessary 
for understanding of the topology can be ignored and attention may be more easily 
focused on the topology itself. The characteristics that may vary within the topology 
without changing it include coordination modes, bond angle, and bond in certain 
ranges.
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the increase in the cation size that caused it. However, a question that never has 
been addressed in previous systems was, is the difference between [EMI] to [PMI] 
the same as that between [PMI] and [BMI]? In other words, they are gradual, but 
are they in scale? They both differ by a carbon, and carbon–carbon bond length 
is nearly universally conserved. It seems they should differ only by an iota, if they 
were even different after all.

The in situ conformations of the guest cations were taken and subjected to compu-
tational analysis [31]. The difference in volume between [EMI] and [PMI] was calcu-
lated to be 21.8 Å3, which is significantly larger than 14.9 Å3, the difference between 
[PMI] and [BMI]. It is apparent that this difference arose from the bent conforma-
tion of the butyl chain of [BMI] cation; the distance between the terminal carbon 
to the first carbon in the chain was 2.918°A in compound β2, exceeding 2.567°A of 
compound β1 only by a small difference. The carbon–carbon bond is free to rotate 
about each other, but the β-class framework is stable enough to fix the conformation 
severely bent as they appear; a remarkable example of the framework influencing the 
property of the solvent. Moreover, just because it appears as the same one step on the 
table does not mean the actual size difference between the ionic species is the same.

Even though β1 and β2 structures belong to the same topology class, they may 
have minor differences like the ones described in the manganese system. Even by 
a small bit, [BMI] is still larger than [PMI] and is expected to exert pressure on 
the framework towards retaining a larger void volume. However, this straight-
forward prediction is actually far from the truth. The β-topology framework is so 
rigid that the void volume and the framework volume stay nearly unchanged for 
[PMI] and [BMI].

It also deserves some attention that the β-topology occurs very rare in other 
metal systems, suggesting that it is not so chemically favoured in many other 
environments [31]. While the rigidity of the framework can also be viewed as how 
favoured it is over other possible outcomes, it is interesting that this rare topology 
is so strongly preferred in the system and in cobalt system only. Also, attempts to 
synthesise crystalline frameworks with [PEMI]Br and [HMI]Br in the system all 
failed but only acquired amorphous solids. This further supports the absence of 
any other stable framework possible in the cobalt system. Additional studies must 
follow to provide explanations for the strikingly different preference of framework 
in the cobalt system.

4.  Reducing topologies can easily deliver deep insights  
into the structures

The structural details of nanoscopic frameworks are often difficult to perceive. 
Some basic discussion may be made even with the structures completely ignored, 
but we already have seen many limitations to that. Understanding the structure is 
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in the organised systems of ionothermally prepared MOFs, including many unusual 
cases unexplainable by simple intuition. Just like organic chemistry cannot be 
approached without molecular formulas, inorganic chemistry cannot be explained 
without framework structures. We would like to dedicate this chapter to suggest a 
method to break down the complications of nanoscopic structures to see the forest 
beyond the trees, and lastly, tour around that forest.

4.1 Metals atoms tend to exist in clusters

In order to bring down the structures to simpler diagrams, the patterns, or seg-
ments of atoms, that occur frequently throughout the framework must be well 
noticed. After taken the knowledge of the building blocks, we will look into a repre-
sentative building to see how the blocks are assembled to a building. It is obvious that 
the organic linker will stay as it is used before the reaction in most structures, as it is 
very difficult for the benzene ring to disassemble in our BTC example. One thing, 
however, may fluctuate greatly from structure to structure: the coordination mode. 
Often there are many atoms, or sites, that are capable of coordinating to metal atoms, 
but almost always, not all of them do. It is very difficult to predict which coordination 
mode the ligand will take, since even under the same topology, the ligands are found 
to take structures with many different coordination modes [1, 30, 31]. Attempts have 
been made to collectively study coordination modes [34], but for successful discovery 
of any laws governing them, acquisition of more data is necessary.

In collaboration with the coordination modes, though it is difficult to distinguish 
causation from correlation at this level, the reaction environment determines the 
shape in which the metal atoms exist in the framework. From Tables 4, 5 and 7, 
it has been shown the nuclear types the metal atoms take in the framework, but 
the concept has never been visited yet. This ‘nucleus’ is a small collection of metal 
atoms and atoms from the organic ligand coordinating to them and is more com-
monly called ‘metal clusters’ because many metal atoms are found together in most 
structures. These metal clusters are one of the most important character to deter-
mine the topology of MOFs, and the frameworks are named as binuclear, trinuclear, 
etc. according to the number metal atoms present in the metal cluster. If small 
variations within the same topology are ignored, the framework can be viewed as 
a collection of simple connections between the unvarying organic ligand and the 
metal clusters, just like vertices and edges of a mathematical 3D figure.

The simplification illustrated in Figure 5 exemplifies the power of reduction in 
brining different structures together. Although it could have been inferred from the 
same molecular formulas, a great number of structures introduced in Tables 4, 5 
and 7 actually have the exact same framework.

4.2 Structure explains the popularity of [RMI][metal(BTC)] topology

Some of the most commonly occurring structures need attention, not only 
because they will be frequently met in trials of novel conditions, but also they will 
provide a valuable starting point in relating to other structures occurring in the 
same system to understand the correlations like the ones we have visited.

The topology [RMI][Metal(BTC)] occurs in most metal systems that have been 
reported and in the highest frequency. With this topology as an example, we will 
show how a complex structure may be simplified. This way, details unnecessary 
for understanding of the topology can be ignored and attention may be more easily 
focused on the topology itself. The characteristics that may vary within the topology 
without changing it include coordination modes, bond angle, and bond in certain 
ranges.
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M Formula Nuclear # CCDC 
code

Void with 
cation*

Void without 
cation*

Co [EMI][Co(1,4-ndc)Br] Di-nuclear AHIYIB 
[37]

0%
0 Å3

/1739.88 Å3

37.8%
658.13 Å3

/1739.88 Å3

[PMI]2[Co7(1,4-
ndc)6(OH)4]

Hepta-
nuclear

AHIYOH 
[37]

0%
0 Å3

/8376.27 Å3

23.4%
1958.42 Å3

/8376.27 Å3

[BMI]2[Co6(1,4-
ndc)6(OH)2]

Hexa-
nuclear

AHIYUN 
[37]

0%
0 Å3

/7998.16 Å3

21.5%
1717.36 Å3

/7998.16 Å3

[AMI]4[Co4Na5(1,4-
ndc)8Br]

Tetra-
nuclear

AHIZAU 
[37]

0%
0 Å3

/6065.78 Å3

31.3%
1897.74 Å3

/6065.78 Å3

Eu [EMI][Eu(1,4-ndc)
(ox)0.5Br]

Poly-
nuclear

EMUTUD 
[38]

0%
0 Å3

/2033.18 Å3

34.8%
708.05 Å3

/2033.18 Å3

[HMI][Eu2Cl(1,4-ndc)3] Poly-
nuclear

MEGPIZ 
[39]

0%
0 Å3

/4188.58 Å3

26.0%
1086.94 Å3

/4188.58 Å3

Sm [HMI][Sm2Cl(1,4-ndc)3] Poly-
nuclear

MEGPEV 
[39]

0%
0 Å3

/4203.36 Å3

25.8%
1086.30 Å3

/4203.36 Å3

[EMI][Sm(1,4-ndc)
(ox)0.5Br]

Poly-
nuclear

EMUVAL 
[38]

0%
0 Å3

/2032.62 Å3

34.9%
709.04 Å3

/2032.62 Å3

Mg [AMI]2[Mg3(1,4-
ndc)4(MeIm)2(H2O)2]·H2O

Tri-nuclear EXUYEC 
[40]

0%
0 Å3

/3424.65 Å3

24.7%
845.14 Å3

/3424.65 Å3

[BMI]2[Mg6(1,4-
ndc)5(H2NDC)2(HCOO)2]

Hexa-
nuclear

NUKBOM 
[41]**

0%
0 Å3

/4700.01 Å3

0%
0 Å3

/4700.01 Å3

Zn [EMI]2[Zn7(μ4-O)2(1,4-
ndc)6]

Hepta-
nuclear

QATLEE 
[42]

0%
0 Å3

/8044.7 Å3

23.2%
1864.05 Å3

/8044.7 Å3

Ni [Ni3(1,4-ndc)4(Mim-
C3Im)2(H2O)2]

Di-nuclear TOLMOY 
[43]

0%
0 Å3

/1704.13 Å3

36.5%
622.27 Å3

/1704.13 Å3

[Ni3(1,4-ndc)4(Mim-
C4Im)2(H2O)2]

Di-nuclear TOLMUE 
[43]

0%
0 Å3

/1721.79 Å3

37.3%
642.55 Å3

/1721.79 Å3

[Ni3(1,4-ndc)4(Mim-
C5Im)2(H2O)2]

Tri-nuclear TOLNAL 
[43]**

0%
0 Å3

/3276.26 Å3

0%
0 Å3

/3276.26 Å3

[Ni3(1,4-ndc)4(Mim-
C6Im)2(H2O)2]

Tri-nuclear TOLNEP 
[43]**

0%
0 Å3

/3387.26 Å3

0%
0 Å3

/3387.26 Å3

Cd [EMI][CdBr(1,4-ndc)] Di-nuclear UYUPUA 
[44]

0%
0 Å3

/1814.56 Å3

38.4%
697.55 Å3

/1814.56 Å3

Sr [EMI][Sr10(1,4-ndc)10Br4] Poly-
nuclear

VUXGOM
[45]

0.2%
17.02 Å3

/6950.81 Å3

18.4%
1279.20 Å3

/6950.81 Å3
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The simplification above is itself beautiful but is meaningless if description of 
the topology is not accompanied. Description gives meaning to the structure and 
explanations for many of the observed phenomena.

Based on face-centred cubic lattice (FCC), the unit cell of [RMI][Metal(BTC)] is 
very compact. Its binuclear metal cluster occupies all the FCC sites, and BTC occu-
pies the interstitial sites. There are eight BTC ligands, and the rest of the interstitial 
sites appear empty in Figure 6. These sites, however, are not actually empty. There 
are eight metal clusters and eight BTC ligands in the unit cell, but each metal cluster 
has double positive charge while BTC ligand has triple negative. The framework is 
negatively charged, as nearly every ionothermally synthesised framework is, and 
the charge balance is maintained by the guest cations occupying the rest of the 

M Formula Nuclear # CCDC 
code

Void with 
cation*

Void without 
cation*

Na, 
Cu

[EMI][NaCu(1,4-ndc)2] Poly-
nuclear

WIKZAT 
[44]

0.6%
16.45 Å3

/2729.18 Å3

25.7%
700.27 Å3

/2729.18 Å3

La [HMI][La2Cl(1,4-ndc)3] Poly-
nuclear

MEGNIX 
[39]

0%
0 Å3

/4328.43 Å3

26.6%
1150.84 Å3

/4328.43 Å3

Ce [HMI][Ce2Cl(1,4-ndc)3] Poly-
nuclear

MEGNOD
[39]

0%
0 Å3

/4296.06 Å3

26.6%
1142.24 Å3

/4296.06 Å3

Pr [HMI][Pr2Cl(1,4-ndc)3] Poly-
nuclear

MEGNUJ 
[39]

0%
0 Å3

/4262.42 Å3

26.3%
1122.11 Å3

/4262.42 Å3

Nd [HMI][Nd2Cl(1,4-ndc)3] Poly-
nuclear

MEGPAR 
[39]

0%
0 Å3

/4241.32 Å3

26.4%
1121.26 Å3

/4241.32 Å3

Gd [HMI][Gd2Cl(1,4-ndc)3] Poly-
nuclear

MEGPOF
[39]

0%
0 Å3

/4164.69 Å3

25.7%
1069.98 Å3

/4164.69 Å3

Tb [HMI][Tb2Cl(1,4-ndc)3] Poly-
nuclear

MEGPUL 
[39]

0%
0 Å3

/4152.78 Å3

25.7%
1066.29 Å3

/4152.78 Å3

Dy [HMI][Dy2Cl(1,4-ndc)3] Poly-
nuclear

MEGQAS
[39]

0%
0 Å3

/4124.91 Å3

25.5%
1052.86 Å3

/4124.91 Å3

Ho [HMI][Ho2Cl(1,4-ndc)3] Poly-
nuclear

MEGQEW 
[39]

0%
0 Å3

/4105.46 Å3

25.4%
1044.15 Å3

/4105.46 Å3

Er [HMI][Er2Cl(1,4-ndc)3] Poly-
nuclear

MEGQIA
[39]

0%
0 Å3

/4103.22 Å3

25.4%
1040.46 Å3

/4103.22 Å3

Y [HMI][Y2Cl(1,4-ndc)3] Poly-
nuclear

MEGQOG 
[39]

0%
0 Å3

/4127.12 Å3

25.5%
1052.17 Å3

/4127.12 Å3

Calculation was done with the same setting. In the entry with reference code NUKBOM, TOLNAL, and TOLNEP, 
the calculation for the void volume with the cation removed was not conducted since the cations were bound to the 
framework.

Table 7. 
Structures arising from imidazolium-based MOFs with 1,4-naphthalene dicarboxylic acid(NDC) presented in 
a similar manner to Table 4.
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M Formula Nuclear # CCDC 
code

Void with 
cation*

Void without 
cation*

Co [EMI][Co(1,4-ndc)Br] Di-nuclear AHIYIB 
[37]

0%
0 Å3

/1739.88 Å3

37.8%
658.13 Å3

/1739.88 Å3

[PMI]2[Co7(1,4-
ndc)6(OH)4]

Hepta-
nuclear

AHIYOH 
[37]

0%
0 Å3

/8376.27 Å3

23.4%
1958.42 Å3

/8376.27 Å3

[BMI]2[Co6(1,4-
ndc)6(OH)2]

Hexa-
nuclear

AHIYUN 
[37]

0%
0 Å3

/7998.16 Å3

21.5%
1717.36 Å3

/7998.16 Å3

[AMI]4[Co4Na5(1,4-
ndc)8Br]

Tetra-
nuclear

AHIZAU 
[37]

0%
0 Å3

/6065.78 Å3

31.3%
1897.74 Å3

/6065.78 Å3

Eu [EMI][Eu(1,4-ndc)
(ox)0.5Br]

Poly-
nuclear

EMUTUD 
[38]

0%
0 Å3

/2033.18 Å3

34.8%
708.05 Å3

/2033.18 Å3

[HMI][Eu2Cl(1,4-ndc)3] Poly-
nuclear

MEGPIZ 
[39]

0%
0 Å3

/4188.58 Å3

26.0%
1086.94 Å3

/4188.58 Å3

Sm [HMI][Sm2Cl(1,4-ndc)3] Poly-
nuclear

MEGPEV 
[39]

0%
0 Å3

/4203.36 Å3

25.8%
1086.30 Å3

/4203.36 Å3

[EMI][Sm(1,4-ndc)
(ox)0.5Br]

Poly-
nuclear

EMUVAL 
[38]

0%
0 Å3

/2032.62 Å3

34.9%
709.04 Å3

/2032.62 Å3

Mg [AMI]2[Mg3(1,4-
ndc)4(MeIm)2(H2O)2]·H2O

Tri-nuclear EXUYEC 
[40]

0%
0 Å3

/3424.65 Å3

24.7%
845.14 Å3

/3424.65 Å3

[BMI]2[Mg6(1,4-
ndc)5(H2NDC)2(HCOO)2]

Hexa-
nuclear

NUKBOM 
[41]**

0%
0 Å3

/4700.01 Å3

0%
0 Å3

/4700.01 Å3

Zn [EMI]2[Zn7(μ4-O)2(1,4-
ndc)6]

Hepta-
nuclear

QATLEE 
[42]

0%
0 Å3

/8044.7 Å3

23.2%
1864.05 Å3

/8044.7 Å3

Ni [Ni3(1,4-ndc)4(Mim-
C3Im)2(H2O)2]

Di-nuclear TOLMOY 
[43]

0%
0 Å3

/1704.13 Å3

36.5%
622.27 Å3

/1704.13 Å3

[Ni3(1,4-ndc)4(Mim-
C4Im)2(H2O)2]

Di-nuclear TOLMUE 
[43]

0%
0 Å3

/1721.79 Å3

37.3%
642.55 Å3

/1721.79 Å3

[Ni3(1,4-ndc)4(Mim-
C5Im)2(H2O)2]

Tri-nuclear TOLNAL 
[43]**

0%
0 Å3

/3276.26 Å3

0%
0 Å3

/3276.26 Å3

[Ni3(1,4-ndc)4(Mim-
C6Im)2(H2O)2]

Tri-nuclear TOLNEP 
[43]**

0%
0 Å3

/3387.26 Å3

0%
0 Å3

/3387.26 Å3

Cd [EMI][CdBr(1,4-ndc)] Di-nuclear UYUPUA 
[44]

0%
0 Å3

/1814.56 Å3

38.4%
697.55 Å3

/1814.56 Å3

Sr [EMI][Sr10(1,4-ndc)10Br4] Poly-
nuclear

VUXGOM
[45]

0.2%
17.02 Å3

/6950.81 Å3

18.4%
1279.20 Å3

/6950.81 Å3
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The simplification above is itself beautiful but is meaningless if description of 
the topology is not accompanied. Description gives meaning to the structure and 
explanations for many of the observed phenomena.

Based on face-centred cubic lattice (FCC), the unit cell of [RMI][Metal(BTC)] is 
very compact. Its binuclear metal cluster occupies all the FCC sites, and BTC occu-
pies the interstitial sites. There are eight BTC ligands, and the rest of the interstitial 
sites appear empty in Figure 6. These sites, however, are not actually empty. There 
are eight metal clusters and eight BTC ligands in the unit cell, but each metal cluster 
has double positive charge while BTC ligand has triple negative. The framework is 
negatively charged, as nearly every ionothermally synthesised framework is, and 
the charge balance is maintained by the guest cations occupying the rest of the 

M Formula Nuclear # CCDC 
code

Void with 
cation*

Void without 
cation*

Na, 
Cu

[EMI][NaCu(1,4-ndc)2] Poly-
nuclear

WIKZAT 
[44]

0.6%
16.45 Å3

/2729.18 Å3

25.7%
700.27 Å3

/2729.18 Å3

La [HMI][La2Cl(1,4-ndc)3] Poly-
nuclear

MEGNIX 
[39]

0%
0 Å3

/4328.43 Å3

26.6%
1150.84 Å3

/4328.43 Å3

Ce [HMI][Ce2Cl(1,4-ndc)3] Poly-
nuclear

MEGNOD
[39]

0%
0 Å3

/4296.06 Å3

26.6%
1142.24 Å3

/4296.06 Å3

Pr [HMI][Pr2Cl(1,4-ndc)3] Poly-
nuclear

MEGNUJ 
[39]

0%
0 Å3

/4262.42 Å3

26.3%
1122.11 Å3

/4262.42 Å3

Nd [HMI][Nd2Cl(1,4-ndc)3] Poly-
nuclear

MEGPAR 
[39]

0%
0 Å3

/4241.32 Å3

26.4%
1121.26 Å3

/4241.32 Å3

Gd [HMI][Gd2Cl(1,4-ndc)3] Poly-
nuclear

MEGPOF
[39]

0%
0 Å3

/4164.69 Å3

25.7%
1069.98 Å3

/4164.69 Å3

Tb [HMI][Tb2Cl(1,4-ndc)3] Poly-
nuclear

MEGPUL 
[39]

0%
0 Å3

/4152.78 Å3

25.7%
1066.29 Å3

/4152.78 Å3

Dy [HMI][Dy2Cl(1,4-ndc)3] Poly-
nuclear

MEGQAS
[39]

0%
0 Å3

/4124.91 Å3

25.5%
1052.86 Å3

/4124.91 Å3

Ho [HMI][Ho2Cl(1,4-ndc)3] Poly-
nuclear

MEGQEW 
[39]

0%
0 Å3

/4105.46 Å3

25.4%
1044.15 Å3

/4105.46 Å3

Er [HMI][Er2Cl(1,4-ndc)3] Poly-
nuclear

MEGQIA
[39]

0%
0 Å3

/4103.22 Å3

25.4%
1040.46 Å3

/4103.22 Å3

Y [HMI][Y2Cl(1,4-ndc)3] Poly-
nuclear

MEGQOG 
[39]

0%
0 Å3

/4127.12 Å3

25.5%
1052.17 Å3

/4127.12 Å3

Calculation was done with the same setting. In the entry with reference code NUKBOM, TOLNAL, and TOLNEP, 
the calculation for the void volume with the cation removed was not conducted since the cations were bound to the 
framework.

Table 7. 
Structures arising from imidazolium-based MOFs with 1,4-naphthalene dicarboxylic acid(NDC) presented in 
a similar manner to Table 4.
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interstitial sites. This allows no void for the structure and is thus stable. Nevertheless, 
the structure may not house longer cations regardless of how preferred it is over 
other possible options; it is just impossible. This complies with the observation from 
Table 5 that the structure is very much preferred with [EMI], but only with [EMI] 
and the preference drops greatly as we move on to longer cations.

4.3 Seemingly different structures may belong to the same topology class

A large number of syntheses have been reported to the literature, but the num-
ber of novel topologies is much smaller. It will be very interesting to see so many 
structures that once appeared all different converging into one topology. In this 
example, a group of structures with a different formula and a different nuclear type 
will be merged with the [RMI][Metal(BTC)] class that has been described above.

Figure 7 depicts the [RMI][Metal(BTC)] structure. This same structure, how-
ever, is shared by [EMI]2[In2Co(OH)2(BTC)2Br2] structure that has a remarkably 
different molecular formula. The formula is the simplest tool to represent frame-
works, but it can sometimes be misleading. Figure 8 shows an even more striking 

Figure 5. 
The structure represents the (2,6)-connected 2D network. The list of entries that exhibit this 
particular structure is: [EMI]2[Co3(BDC)3X2] (X = Cl, Br, I) (TACHUD for Cl; JOQXOE for Br; 
TACJOZ for I), [PMI]2[Co3(BDC)3X2] (X = Cl, Br, I) (TACJAL for Cl; JOQXUK for Br; TACJUF 
for I), [BMI]2[Co3(BDC)3X2] (X = Cl, Br, I) (TACJEP for Cl; JOQPUC for Br; TACKAM for I), 
[PEMI]2[Co3(BDC)3X2] (X = Cl, I) (TACJIT for Cl; TACKEQ for I), [EMI]2[Zn3(BDC)3X2] (X = Cl, Br, I) 
(SIVQEV for Cl; QUGVIZ for Br; QUGWEW for I), [PMI]2[Zn3(BDC)3X2] (X = Cl, Br, I) (QUGVAR for 
Cl; QUGVOF for Br; QUGWIA for I), [BMI]2[Zn3(BDC)3X2] (X = Cl, Br, I) (SIVCAD for Cl; QUGVUL for 
Br; QUGWOG for I), and [PEMI]2[Zn3(BDC)3X2] (X = I) (QUGWUM for I).

Figure 6. 
The asymmetrical unit and the unit cell of [RMI][Metal(BTC)] topology with its binuclear cluster and 
organic ligand represented, respectively, by singular units.
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example with [RMI][Metal(BTC)] structure and [RMI]2[M3(HBTC)4(H2O)] 
structure. Although it is very difficult to catch any similarities from the formula 
nor the structure if at first glance they actually fall under the same topology 
umbrella. This remarkable similarity is possible because some coordination sites 
of the trinuclear metal cluster are occupied by another molecular moiety, OAc in 
this case as shown in Figure 7. These places the trinuclear clusters in the octahedral 
coordination mode, which is the maximum coordination that binuclear metal 
clusters can have.

5. Outstanding properties of ionothermally prepared MOFs

In previous sections, we have explored through the diverse structures prepared 
by ionothermal synthesis and several perspectives through which the groups of 
structures may be analysed to gain deeper insights. The last step is to find a practi-
cal use for those insights. The versatility of ionothermal synthesis, that its reaction 
environment may be easily altered and related to the change in products, directly 

Figure 7. 
The structure represents (3,6)-connected network. This corresponds to the following formulas: [BMI]
[Zn(BTC)] (FUTZEB), and [EMI]2[In2Co(OH)2(BTC)2Br2] (VUVZAP).

Figure 8. 
The left is the [RMI][Metal(BTC)] class with binuclear clusters and the right [RMI]2[Metal3(HBTC)4 
(H2O)] with trinuclear clusters. Light blue stick represents the octahedral connections between metal clusters 
and BTC to better illustrate the topological identity of the two groups. The molecular moieties in the red circle 
represent acetate groups.
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leads us towards the diversity of structures that may be prepared through the 
methodology. As such, ionothermal synthesis promises a variety of potential uses, 
although most of them have obstacles yet to be resolved along the way towards 
practical employment.

5.1 Ion exchange is the key to make use of the pores

Many of the most popularly studied application of MOFs make use of the 
frameworks as molecular sieves. The nanoscale pores of MOFs can selectively 
filter out any chemicals that do not fit into them and this selectivity can be chosen 
by the industry among the diversity of reported structures. The first use of 
ionothermally prepared MOFs is probably also the same. In this case, ionothermal 
synthesis has one advantage that the solvent functions as a template and can be 
varied in size to modify the pore size. However, it is a double-edged sword that 
actually limits the practicality of ionothermal synthesis. To make any use of the 
pores, the templates occupying the pores must be removed. The problem is that 
they hardly ever do.

The void volume of the structures synthesised with the cation varied in size has 
been compared in Tables 4, 5 and 7. Frameworks with the solvent resident in their 
channels, or cavities, tend to have compact structure with the void volume as low as 
0% of the unit cell volume. For your reference, MOF-5, a representative framework, 
has a void cavity as large as 70% of unit cell volume. This absence of void volume 
arose because of the large solvent cations stuck in the cavity, rather than the frame-
work itself. When calculated with the resident cations completely removed, void 
volume was increased to approximately 50% of unit cell volume. In theory, the large 
volume occupied by the cations may be decreased by subjecting the framework 
to ion exchange with smaller cations, so that the rest may be used purposefully. 
Unfortunately for now, this possibility seems to stay only in theory. Given its 
important position—the first step in bringing ionothermal synthesis to practical-
ity, tremendous efforts have been put into making this exchange possible, but they 
rarely succeeded. In one case that we tested, evacuation of cations was observed 
in [BMI]2[Co2(BTC)2(H2O)2] crystals upon treatment with water, but only when 
accompanied with significant destruction of the framework [31]. Nevertheless, Li 
et al. reported partial but stable ion exchange with [EMI]2[In2Co(OH)2(BTC)2Br2] 
crystals [32], suggesting a new possibility for the ionothermal synthesis 
methodology.

5.2 Placing metal atoms in proximity to yield novel characteristics

The limitations posed by the irreplaceable templates have indeed disappointed 
the researchers and presumably many of you, too. However, even if the pores of 
ionothermally prepared MOFs are totally unusable, they still have some valuable 
characteristics. It is very common in the world of nanoscience that a substance 
acquires some characteristics completely different from those of its macroscopic 
bulk. One of the most frequently reported application is detection of chemicals 
via photoluminescence that changes upon encounter with specific chemicals. This 
includes the photoluminescence of europium ions in [HMI][Eu(DHBDC)2, where 
DHBDC indicates 2,5-dihydroxytelephtalic acid, capable of detect Ba2+ ions quan-
titatively [25], and [RMI][Eu2(BDC)3Cl] for detection of aniline [18]. In addition, 
ionothermally prepared [EMI][Dy3(BDC)5], a rod-shaped polymer, has been shown 
to exhibit slow magnetic relaxation behaviour like single-molecule magnets [22]. It 
seems like ionothermally prepared structures may be applied for any purposes that 
exist in the field of nanochemistry.
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6. Conclusion

In a system of different chemical outcomes from related starting conditions, it is 
often difficult to track what has caused that difference. The ionothermal synthesis 
methodology is excellent in this aspect. Changes can be made in a gradual and 
continuous manner to observe how the result reacts to them. By organising the 
results based on their solvents, we can connect the dots to find useful correlations 
that can be both used for intra- and extrapolation. The relations are often very 
intuitive. For this simplicity to not lead to inaccuracy, there is a need to carefully 
examine the frameworks and how they react with the reaction environment—the 
ionic liquid that functions both as solvent and template. In the course of simplifying 
the frameworks for examination follows merging of structures into large topology 
groups, which can be used to better organise once separated correlations from 
various chemical systems. Despite of all the positive characters of ionothermal 
synthesis, however, there is a limit to their practical application—the irreplaceable 
reaction templates. For this rich and potentially richer field of material synthesis to 
contribute to the industry, efforts must be made to either resolve the issue or to find 
uses from the framework itself, rather than the voids.

List of abbreviations

Cations
RMI 1-alkyl-3-methylimidazolium
EMI 1-ethyl-3-methylimidazolium
PMI 1-propyl-3-methylimidazolium
BMI 1-butyl-3-methylimidazolium
PEMI 1-pentyl-3-methylimidazolium
HMI 1-hexyl-3-methylimidazolium
Organic ligands
BTC 1,3,5-benzenetricarboxylic acid
BDC 1,4-benzene dicarboxylic acid
NDC 1,4-naphthalene dicarboxylic acid
4,4′-bpy 4,4′-bipyridine
DHBDC 2,5-dihydroxytelephtalic acid
Others
MOF metal organic framework
CSD Cambridge structural database
PXRD powder X-ray diffraction
OAc acetate
CCDC Cambridge crystallographic data centre
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Chapter 7

Characterization and Treatment 
of Real Wastewater from an 
Electroplating Company by Raw 
Chitin
Boukhlifi Fatima

Abstract

The objective of this chapter is to study of the heavy metal removal in real waste 
water. The use of the raw chitin shows itself of big potential for the treatment of 
the liquid discharges of the studied unity. It showed itself capable to treating heavy 
metal loads superior to 200 mg/l by presenting percentage removal between 90 and 
97%, as in the case of Cu2+. After the study performed on the global discharge, we 
were interested in the local treatment that rinses out plating baths, and this is the 
aim to optimize the treatment process and develop a project of treatment plant, 
recycling in situ based on the adsorption technique on raw chitin. Examination of 
the results allowed us to save significant percentages of sewage treated for metals 
mainly copper. Raw chitin showed a high affinity toward heavy metals in rinsing 
water supply. According to this study, the design of a treatment facility of this 
type of release must include a waste water treatment by adsorption on chitin. The 
valuation of the raw chitin is situated in this context as an economically adsorbing 
material, which can be an interest at the level of the recovery of heavy metals in 
waste water.

Keywords: chitin, adsorption, heavy metals, current rinsing, global rejection, 
treatment, electroplating

1. Introduction

Generally, a chain of surface treatment consists of sequences of functions 
(pretreatment, treatment, finishing), consisted of several posts (treatment bath, 
rinsing, passivation ...). The composition of industrial waste water of treatment 
surface contains a lot of heavy metals such Cu, Zn, Ni, Cr, Cd and the other toxic 
materials such as the alkalines, the acids and the cyanides. More and more it con-
tains several complexing agents which influence the used process Na+, OH−, SiO3 
and Na2CO3, These products are generated in the operations of rinsing of materials 
before treatment. A variety of acids, HCl, H2SO4, HNO3, H3PO4, HCrO3, etc. is used 
to eliminate the oxidized films. The rejection of the stage of electroplating deposit 
contains widely metals and the following anions: BO3−, CO2−

3, Cr2O2−
7, F−, PO4

3−, 
Cl−, NO−3 and SO4

2−. Generally, wastewater contains many heavy metals. The most 
important of cations are Cr6+, it is reduced to Cr3+, while CN-is oxidized in the 
preliminary treatment.
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7, F−, PO4
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Different treatment techniques for wastewater laden with heavy metals 
have been developed in recent years both to decrease the amount of wastewater 
produced and to improve the quality of the treated effluent. Although various 
treatments such as chemical precipitation, coagulation-flocculation, flotation, 
ion exchange and membrane filtration can be employed to remove heavy metals 
from contaminated wastewater, they have their inherent advantages and limita-
tions in application [1].

Chemical precipitation is widely used for the treatment of electroplating 
wastewater [2, 3]. It consists of adding a base followed by sedimentation. The 
pH is adjusted to the minimum solubility, so it is difficult to treat multiple metals 
simultaneously. Coagulation-flocculation has also been employed for heavy 
metal removal from inorganic effluent [4]. Sorptive flotation has attracted inter-
est in Greece and the USA [5–7] for the removal of non-surface active metal ions 
from contaminated wastewater. In recent years, ion exchange has also received 
considerable interest in Italy and Spain [8, 9] as one of the most promising 
methods to treat heavy metals. Starch xanthate (XA) synthetic polymers resins 
grafted cellulose natural zeolites are used. This process is particularly effective 
for the recovery of metals, but the cost of the process is very expensive and 
often justified only metals are recovered [10]. Due to its convenient operation, 
membrane separation has been increasingly used recently for the treatment 
of inorganic effluent. There are different types of membrane filtration such as 
ultrafiltration, nanofiltration and reverse osmosis. Membrane filtration has used 
in Taiwan and in South Korea [11, 12].

The adsorption treatment is widely used with activated carbons, this process 
has several advantages: it is very effective in removing heavy metals even at low 
pH [13] with different adsorbent materials such as polymers [14–16] and clays 
[17–19]. Electrolysis is generally used to treat water with high metal content. 
One of the major obstacles encountered in this technique is the complexity of the 
environments to be treated that leads to a series of redox reactions [20]. In recent 
year, the clean Technology constituted preventive actions to review and question 
the production concept, these actions converge to a common point: Targeting 
the pollution source rather than its reverse vector example osmosis [21] and zero 
discharge principle [22, 23].

In general, control of water flow requires the establishment of means for 
counting and control flow at the entrance of each channel. In addition, it reduces 
the consumption of reagents and production of sludge treatment plant, which is 
a significant gain in operating costs. Several techniques exist to recover the flow 
pollutants at the source to mention a few key principles:

• The decrease in volumes trained by parts by adjusting the drainage time.

• The establishment of additional rinse tanks such as rinsing tank death after 
degreasing, pickling, hot metal deposition and passivation, it traps the 
metal salts which are then reassembled in the treatment bath to compensate 
for evaporation. Rinsing; in which the parts are dipped before and after the 
cold metal plating baths, it can recover from 30 to 50% of the entrained 
flow.

• Finally, the development of production lines to reduce pollution is an oppor-
tunity to optimize production (questioning of manufacturing ranges, the 
products used and streamlining the flow of parts) and improves quality and 
working condition.
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The objective of this research was to study the ability of raw chitin to purify 
wastewater loaded with a mixture of heavy metals. This chapter first focused on the 
physicochemical characterization and the determination of heavy metals levels in 
wastewater followed by adsorption treatment. We started the study by the global 
rejection of the society then by the rinsing waters running at the exit of the electro-
plating baths. Finally, we have studied the comparison between the efficiency of the 
treatment of heavy metals by chitin shrimps - Ccre or chitin crab -Ccra thus analyz-
ing the possibilities of in situ treatment and recycling.

2. Materials and methods

A study unit is MAFER located at CASABLANCA in MOROCCO. Its activity is 
surface treatment. The studied unit of surface treatment consists of five chains. 
Every chain is determined by the succession of tanks. The average capacity of 
baths varies between 950 and 1710 l. The majority of baths has a volume of 
1440 l and is fed by well water except the bath of metallic deposit and the baths 
of rundown which are filled by the drinking water. Waters of the baths of the 
dead rinsing are recycled in the bath of metallic deposit. The water supply of 
well often matches 1 h a day. Whereas the drinkable water supply is made after 
draining of bath.

2.1 Preparation of the adsorbent

the shells of Shrimp (Ccre) and the shells of crabs (Ccra) are isolated at first by 
their mild part (protein) washed in bidistilled water then dried at 100°C during 
48 h [17], then crushed and sieved. The size grading is understood between 100 
and 125 μm.

2.2 Adsorption test

A mass of the adsorbent is placed in contact with the rejection to be treated 
(100 ml). The suspensions were stirred (500 rev/min) in constant temperature 
(25 ± 2°C) until adsorption equilibrium obtained for a duration of 4 h [17]. The 
supernatant is filtered and the equilibrium concentration (Ceq) is determined after 
mineralization by flame atomic absorption using a Philips type PU 900.

*Physico-chemical analysis of the rejection quality:
PH: Measured using a pH meter ORION RESEARCH type and a combined glass 

electrode.
Electrical conductivity (CE): measured using a conductivity type ORION 

RESEARCH mod 101 and a 1 cm cell.
Chemical oxygen demand (DCO): Determined according to AFNOR T90-101. 

The principle consists in oxidizing the organic matter contained in wastewater by 
an excess of silver sulfate.

Suspended solids (MES): Determined according to standard AFNOR T90-105, 
the filtering is done on Whatman paper (0.45 mm). The drying of the already 
weighed filter is done at 105°C for 1 h and weighed.

Dissolved oxygen (OD): Determined using a pulse oximeter, the assay is per-
formed directly by immersing the electrodes in water for analysis. The oxygen 
reduction at the cathode generates a proportional current to the partial pressure of 
oxygen in the cell.
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3.  Characterization and treatment of global rejection by adsorption  
on raw chitin

3.1 Physical-chemical quality of wastewater to be treated

3.1.1 Physical-chemical quality

In order to determine the degree of pollution caused by this unit, we were 
brought during this work to study the physical–chemical quality of rejection to be 
treated. We will translate the physicochemical parameters evolution during a period 
of study 20 days, study period from 7 to 9-08 to 3-10-08 in Figure 1 below.

*PH: It is an important physiological parameter which influences the develop-
ment of numerous microorganisms [21] as well as speciation and the solubility of 
heavy metals. During followed laborers, the pH value of this discharge (Figure 2b) 

Figure 1. 
Temporary follow-up of the physico-chemical parameters of the global rejection of surface treatment unity 
[(2a) CE, (2b) pH, (2c) DCO, (2d) OD, and (2e) MES].
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fluctuate generally between 5 and 7, it is the optimal pH for the treatment by the 
raw chitin [22], except some exceptional cases such the case samples of days 22, 
26, 29, 30. This is due to oil changes that have occurred in these samples (Table 1). 
Minimum values are recorded in these samples.

*CE: The electrical conductivity varies generally between 3 and 4 for all 
samples except that of the 3-10-98, which is very important. This value is effec-
tively due to break of baths cleaning. The important values are recorded in the 
sampling days 22, 26 and 30. This drain of the baths shows that the degreasing 
depassivation waters of the baths are enormously salted. This salinity is essen-
tially due to the high chloride concentration and to high acidity. The average 
value is of the order of 3.96 ms/cm.

*MES: The MES content confirms the statements made above. Levies where are 
oil changes occurring are charged by the MES. Indeed, the MES concentration is 
very high up to a maximum of 4.59 g/l and so exceed those generally encountered 
in domestic wastewater [23]. This result can be explained by the release of metal-
lic waste and the solid deposits which accumulate at the bottom of a bath.

DCO: It present contents in variable organic matters from 96 to 3240 mg/l, but 
in general the value is situated near 200 mg/l, they are lower in standards dictated 
by the limits values of the indirect discharge [24].

OD: Figure 2d of OD brings to light an almost permanent state of anaerobiosis. 
The invalid contents of the oxygen in this discharge are due to the biological activity 
and to the absence of contributions in oxygen. A deficiency of this element in such 

Figure 2. 
Daily evolution of the heavy metals concentration in the discharge.

Sampling Drain

22-9-08 Bath drain depassivation sulfuric

26-9-08 Bath chemical degreasing

29-9-08 Baths depassivation hydrochloric

30-9-08 Bath depassivation sulfuric
Bath depassivation hydrochloric
Bath anodic degreasing

3-10-08 Bath Accident at work, breaking of a pickling bath in full swing

Table 1. 
Dates and the bath affected by drain.
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effluent can have serious implications for their treatment, fermentation, release 
of smell, etc. This characterization shows that the wastewater of the unit can be 
considered relatively stable if we eliminate the variations dictated by the draining. 
In other words the effluent can be easily handled if we avoid the draining or we get 
back them in the other pipe to treat them to part and thus insure a continuous treat-
ment of the global discharge of the unit (Table 1).

3.1.2 Metallic pollution analysis

The global discharge contains numerous metals that cannot be separated. We 
focused our study on three metals Cu, Cr and Ni. The results of the analysis of 
heavy metals in the effluent are illustrated by the Figure 2.

Cu: The levels of Cu2+ vary from 5.12 mg/l to 97.76 mg/l (Figure 2), the tem-
porary fluctuations in this element are much more pronounced. The registered 
minimal value exceeds 5 times the PVL (1 mg /l). The contents of Cu2 + achieve in 
average 22.21 mg/l. This is due to currents after plating rinses.

Cr: The concentrations of chromium fluctuate between a minimal value of 
0.11 mg/l and a maximal value of 63.86 mg/l (Figure 2). The most values exceed the 
PVL of Cr (2 mg/l).

Ni: as far as the nickel is concerned, the registered concentrations are enor-
mously important and far from being in compliance with national standards. The 
maximal content is registered the takings of 28-9-08.

From these results, we can identify the following points:

1. Among the three metals Cu, Ni and Cr no one presents normal means in 
comparison with the project national standards (PVL) and the international 
standards (FAO, EQO, etc.) This is due to the fact that, in general, the step of 
dead rinsing is often exceeded.

2. The average grade is the highest registered in the case of Ni (Figure 2). This is 
due on the one hand to the fact that the nicklage is in the most part of chains 
and on the other hand to the fact that the standards of the bath Ni (300 mg/l) 
are the most raised with regard to the other one baths of plating.

3. The temporary fluctuations in heavy metal contents are essentially explained 
by the following client commands. The bath can work hundreds of parts by 
hours, consequently current rinsing will strongly by loaded. The minimal 
values are recorded in the case of Cr.

It appears from these results that the effluent of this unit presents a big risk on the 
receiving environment; this is by accumulation along the food chain of the enormous 
quantities of rejected heavy metals [19]. During the study of the impact of the metal-
lic pollution on the Casablanca coast, it showed that the dosage of metallic elements 
in the biological compartment crab Eriphia spinifrons of Fe, Cr, Pb, and Cd in bivalves 
Mytilus sp. Mactra and Corallina are rather high, which indicates a possible threat of 
the health because of the consumption of these mollusks (Table 2).

3.2 Treatment test for global rejection

The results for the Cu2+ are summarized in Table 2.
Figure 3 indicates the changes of removal rates of heavy metals with the change 

of added quantity of raw chitin. For every mass, the raw chitin reduces the residual 
amount of Cu2+ in all treated samples even if the used quantity is weak, quoting the 
example of 250 mg.
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By calculating the average percentage removal of Cu for both materials 
(Table 3), we noticed that the highest percentages of elimination are marked for 
water treated by the Ccra. Whereas the percentages relative to Ccre are weaker than 
what is in agreement with [16].

For a given sample, when the mass of material increases, the percentage of 
reduction increases slightly. The variation of the percentage change can be consid-
ered constant from 250 mg (Table 3).

Ccre Ccra

Test 1
Co = 0.78 mg/l

Test 2
Co = 1.31 mg/l

Test 1
Co = 0.78 mg/l

Test 2
Co = 1.31 mg/l

Weights 
(mg)

Ceq 
(mg/l)

Weights 
(mg)

Ceq 
(mg/l)

Weights 
(mg)

Ceq 
(mg/l)

Weights 
(mg)

Ceq 
(mg/l)

30 0.45 30 1.05 50 0.17 50 0.57

60 0.32 60 1.00 100 0.16 100 0.42

90 0.30 90 0.82 150 0.13 150 0.89

120 0.28 120 0.76 200 0.12 200 0.27

150 0.25 150 0.67 250 0.07 250 0.19

180 0.15 180 0.57 300 0.05

Table 2. 
Evolution of the equilibrium concentration according to the dose of the material to remove.

Figure 3. 
(a) Variation of the Cu concentration as a function of added mass of Ccre. (b) Variation of the Cu 
concentration as a function of added mass of Ccra.

Ccre Ccra

Test 1 Test 2 Test 1 Test 2

Co mg/l 0.78 1.31 1.01 12.22

Ceq mg/l 0.25 0.67 0.13 0.39

% 67.95 48.85 87.13 96.80

Table 3. 
Average removal percentages evolution of Cu for both materials.
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concentration as a function of added mass of Ccra.

Ccre Ccra
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Table 3. 
Average removal percentages evolution of Cu for both materials.
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Ni: To estimate the efficiency of the material for the treatment this wastewater, 
we followed the evolution of the residual concentration of the Ni according to the 
various injected doses. The optimal dose of the material is chosen according to the 
quality wished by the water treaty. It is generally obtained when the ratio of M2+ 
equilibrium/M2+ original becomes little bit constant.

Figure 4 shows that the residual amount of Ni after adsorption on the Ccre 
decreases gradually by increasing the dose of the material. For the Ccra the concen-
tration in the equilibrium after treatment by 50 mg does not differ any more from 
that stayed after treatment by 150 or 200 mg. This results shows that the Ni shows 
an affinity important for Ccra. This is at the middle in evidence by the efficiencies 
on elimination which are maximums for Ccra.

Cr: The results of the dosage of the chromium before and after adsorption are 
included in Table 4 below.

From this table, the removal efficiency increases as the Ccre metal con-
centration decreases. This agrees well with the isothermal studies [16], even 
if the physico-chemical quality of the water differs. We should note also that 
all the initial concentrations exceed the PVL fixed to 0.2 mg/l (Table 5). After 
treatment by the Ccra and by Ccre, the concentrations become lower than 
the standards. The hexavalent chromium is weakly eliminated by Ccre and 

Figure 4. 
Changes in removal efficiencies of Ni as a function of dose % of the material removal.
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Test 1
Co = 0.41 mg/l

Test 2
Co = 0.56 mg/l

Weights (mg) Ceq 
(mg/l)

Weights (mg) Ceq 
(mg/l)

Weights (mg) Ceq (mg/l)

0.036 30 0.096 30 0.051

100 0.044 60 0.024 60 0.100

150 0.016 90 0.002 90 0.060

200 0.011 120 0.018 120 0.087

250 0.053 150 0.014 150 0.056

300 0.020 180 0.019 180 0.033

Table 4. 
Evolution of the concentration of the Cr6+ according to the dose of the material.
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by Ccra [14, 16], yet in this discharge, the elimination of chromium is very 
important by both sources of the chitin.

4.  Characterization and treatment of current rinsing by adsorption  
on raw chitin

4.1 Physical-chemical characterization

4.1.1 Physical-chemical

We have studied the characterization and the treatment of the rejects of the 
metallization baths of metals Cu, Zn, Cr and Ni. The physico-chemical rinses aware 
of four baths metallization (Cu, Zn, Cr and Ni) has been grouped by the following 
table:

pH: Because of degreasing, etching and galvanic deposition, we worked with 
solutions of different types of reactions. We have to avoid absolutely the training of 
the slightest traces of a solution in what is next. In addition, we must ensure that no 
residual solution in the emptiness or back of the room, because this residue would 
affect extremely, adversely the adhesion of a plating. According all to the possibili-
ties the rinsing must be done in that is rinses current water which is characterized 
by a neutral pH, from Table 6, the recorded pH is more neutral. The pH of the 
rinsing current Cr is acidic. All rinses Cr acquire the characteristics of a flushing 
death. The same for the flushing power of Cu, since it works with an alkaline bath, 
the pH of the rinse is relatively high; it reached a maximum 8.33 for the collection 
of 11-9-08. In the case of current rinsing bath of Zn is acid so the pH values below 
7. They reach 6.6 by the same observation was recorded in the case of power flush-
ing Ni. Note that for the same type of rinsing, the pH does not change significantly 
from one chain to another.

CE: Electrical conductivity is the lowest recorded in the case of the Cu current 
rinsing, while the highest values are recorded for the zinc rinses (Table 6).

MES: rinses have higher levels of MES ranging from 162 to 740 mg/l respectively 
for Ni and Zn. MES in the rinses is much smaller than the global rejection [14]. The 
rinses of zinc are the most loaded (Figures 5 and 6).

DCO: Highest values of DCO are recorded in the case of rinsing the zinc in the 
chain II, while for the rinsing of Ni, Cu and Cr, they do not exceed by 400 mg/l, that 
value is less the limit values (PVL).

OD: it is large fluctuations, water bodies are generally well oxygenated 
(Table 6). Maximum values up to 17.8 mg/l are noted in the current Cu rinses. This 
contribution is due to the complete absence of a biological pollution in the rinse 
tanks. Besides all the settings in this collection are low, the DCO does not exceed 
40 mg/l. For comparison the variation of average concentrations of these param-
eters depending on the type of metal rinsing are shown in Figure 5 below.

Ccre Ccre Ccra

Co (mg/l) 0,411 0,564 3,204

Ceq (mg/l) 0,024 0,100 0,044

PVL (mg/l) 0,2 0,2 0,2

Table 5. 
Evolution of the concentration equilibrium Ceq according to the initial concentration C0 for a dose of 0.6 mg/l.
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by Ccra [14, 16], yet in this discharge, the elimination of chromium is very 
important by both sources of the chitin.

4.  Characterization and treatment of current rinsing by adsorption  
on raw chitin

4.1 Physical-chemical characterization

4.1.1 Physical-chemical

We have studied the characterization and the treatment of the rejects of the 
metallization baths of metals Cu, Zn, Cr and Ni. The physico-chemical rinses aware 
of four baths metallization (Cu, Zn, Cr and Ni) has been grouped by the following 
table:

pH: Because of degreasing, etching and galvanic deposition, we worked with 
solutions of different types of reactions. We have to avoid absolutely the training of 
the slightest traces of a solution in what is next. In addition, we must ensure that no 
residual solution in the emptiness or back of the room, because this residue would 
affect extremely, adversely the adhesion of a plating. According all to the possibili-
ties the rinsing must be done in that is rinses current water which is characterized 
by a neutral pH, from Table 6, the recorded pH is more neutral. The pH of the 
rinsing current Cr is acidic. All rinses Cr acquire the characteristics of a flushing 
death. The same for the flushing power of Cu, since it works with an alkaline bath, 
the pH of the rinse is relatively high; it reached a maximum 8.33 for the collection 
of 11-9-08. In the case of current rinsing bath of Zn is acid so the pH values below 
7. They reach 6.6 by the same observation was recorded in the case of power flush-
ing Ni. Note that for the same type of rinsing, the pH does not change significantly 
from one chain to another.

CE: Electrical conductivity is the lowest recorded in the case of the Cu current 
rinsing, while the highest values are recorded for the zinc rinses (Table 6).

MES: rinses have higher levels of MES ranging from 162 to 740 mg/l respectively 
for Ni and Zn. MES in the rinses is much smaller than the global rejection [14]. The 
rinses of zinc are the most loaded (Figures 5 and 6).

DCO: Highest values of DCO are recorded in the case of rinsing the zinc in the 
chain II, while for the rinsing of Ni, Cu and Cr, they do not exceed by 400 mg/l, that 
value is less the limit values (PVL).

OD: it is large fluctuations, water bodies are generally well oxygenated 
(Table 6). Maximum values up to 17.8 mg/l are noted in the current Cu rinses. This 
contribution is due to the complete absence of a biological pollution in the rinse 
tanks. Besides all the settings in this collection are low, the DCO does not exceed 
40 mg/l. For comparison the variation of average concentrations of these param-
eters depending on the type of metal rinsing are shown in Figure 5 below.

Ccre Ccre Ccra

Co (mg/l) 0,411 0,564 3,204

Ceq (mg/l) 0,024 0,100 0,044

PVL (mg/l) 0,2 0,2 0,2

Table 5. 
Evolution of the concentration equilibrium Ceq according to the initial concentration C0 for a dose of 0.6 mg/l.
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Day/
month

Chain pH CE  
(mS/cm)

MES 
(mg/l)

DCO 
(mg/l)

OD 
(mg/l)

SO4
2− 

(mg/l)
Cl- 

(mg/l)
Ca2+ 

(mg/l)

11/9 II 6.96 3.93 190 380 14.6 212 — —

Ni2+ 15/9 II 6.81 3.66 162 — 16.6 348 537 —

23/9 II 6.56 3.73 134 300 12 200 521 —

3/10 II 6.72 4.00 — 340 10.0 64.8 507 736.2

11/9 I 6.04 49.50 525 2960 4.9 631 — 688

Zn2+ 15/9 I 6.07 43.75 500 3920 6.41 556 — —

23/9 I 6.04 63.79 740 2800 5 500 — 785.8

3/10 I 6.08 58.0 715 3760 6.6 424.8 724 883.4

11/9 II 3.02 3.93 492 258 10.2 — —

Cr6+ 15/9 IV 3.21 8.16 234 315 9.2 202 — —

29/9 II 4.12 3.05 138 418 5 353 — —

3/10 IV 2.5 17. 5 74 269 121.4 50.4 — 272

11/9 II 8.33 3.04 88 480 8.5 — 597 112.1

Cu2+ 23/9 IV 7.51 2.13 138 40 17.8 37.9 239 192.1

3/10 I 8.19 2.24 628 400 12.01 13.9 269 160.0

3/10 I 7.97 3.74 190 240 14.7 — 726 288.1

Table 6. 
Quality physical-chemical of rinses for the treatment.

Figure 5. 
Evolution of the physicochemical parameters pH, EC, MES, COD, DO according to the type of current rinsing 
[RC(Ni), RC (Zn), RC(Cu) and RC(Cr)].
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4.1.2 Metal pollution

In order to assess metal pollution, we tried to assay the ion currents located in 
the rinsing after plating by Cu, Zn, Cr and Ni (Figure 6).

In the studied unit, the static rinse is used primarily to recover and recycle 
metal in the plating baths, but on the other hand, the current simple rinsing aims 
to clean the pieces. The determination of heavy metals in these rinses (Table 7) 
shows that the levels of metal ions are very high. They are generally higher than 
those found in the global rejection. Example, the levels of Cu2+ reach an average 
22.21 mg/l [14].

In fact, some bath rinses as Ni and Cr are highly concentrated in the rinse tanks, 
there are many colored water after rinsing the metal: green for Ni, Cu and blue to 
yellow for Cr. These waters differ slightly from the dead rinses. These huge losses of 
metal ions are due to inadequate drainage time pieces and often exceeded the stage 
of rinsing death. For the case of Cu the maximum values are found in the flushing 
of the IV chain, while the levels of the chain I are relatively low, this is due to the 
number of work pieces and the capacity of each channel.

For the case of Ni the values fluctuate between 15 and 34 mg/l with an average of 
24.51 mg/l. In the case of Zn, the maximum values are recorded in samples of 11-9 
and 3-10.

It should be noted also that in the current flush of a metal there are traces of 
other metals, rinsing the Ni the chain of 3-10 II also contains Cu and Zn, Cu rinsing 
contains Cr, Cr rinse contains Ni and Cu (Table 8).

Figure 6. 
Average levels of metal ions in the rinse currents.

Nickel Copper Chrome Zinc

11/9 34.21(II) 296.5(IV) 211.7(II) 201.1(I)

15/9 29.31 (II) — 20.13(IV) 32.4(I)

23/9 19.02(II) 20.70 (I) — 41.6(I)

29/9 — — 0.96(II) —

3/10 15.05(II) 256.6(IV) — 670.1(I)

3/10 — 68.3(I) 188.6(IV) —

Table 7. 
Evolution of metal ion concentrations (mg/l) according to the type of rinsing in different chains.
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the rinsing after plating by Cu, Zn, Cr and Ni (Figure 6).
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shows that the levels of metal ions are very high. They are generally higher than 
those found in the global rejection. Example, the levels of Cu2+ reach an average 
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4.2 Rinsing water treatment test common to plating baths

The current water rinses are treated the same way that releases overall. We 
studied the case of Cu, Ni, Cr and Zn. For each metal we have tried to work on 
two different samples. The results of this study are summarized in the Table 9 
below.

The expression of the calculation of the % of adsorption is 100 * C0-Ceq/C0.
Cu: The table shows that the removal efficiency increases as the mass of material 

increases especially for the rejection diluted. In general, treatment of rinse water is 
more effective than the treatment of Cu in the global rejection [6–8]. Indeed, the 
removal percentages do not exceed more than 63% in the global rejection while for 
flushing streams they reach 98.08%.

Ni: In the case of Ni, we see that the residual concentration decreased from 1.5 
to 1.2 mg/l with a percentage reduction is very small compared to the percentage 
reductions in the case of total rejection [6], we can say that the presence of other 
metals does nothing, but increasing the removal of the Ni.

Cr: the removal yields is relatively low compared to those found in the overall 
rejection, it does not exceed 28% for the diluted rinsing and 25% for the concen-
trated rinsing.

Weights of adsorbant (mg/l) 50 100 150 200

1 C (mg/l) 1.99 2.69 3.99 0.43

% of adsorption 92.23 89.49 84.45 90.17

Cu 2 C (mg/l) 0.59 0.54 0.31 0.12

% of adsorption 71.64 74.06 84.98 94.39

1 C (mg/l) 165.7 155.9 141.1 149.6

% of adsorption 12.14 17.34 25.18 20.68

Cr 2 C (mg/l) 15.39 15.43 16.15 15.10

% of adsorption 27.3 27.11 23.71 28.67

1 C (mg/l) 63.66 — 16.52 6.54

% of adsorption 4.99 — 16.83 90.23

Zn 2 C (mg/l) 0.290 0.051 0.039 0.033

% of adsorption — — — —

Ni 1 C (mg/l) 1.2 — — —

% of adsorption 66.27 — — —

Table 9. 
Changes in percentage of the adsorption of metal ions of the current rinses depending on the dose of added 
material.

Ni Cr Zn Cu

Current rinse of Ni 15.05 0.59 1.93 0

Current rinse of Cr 3.87 188.6 0 12.42

Current rinse of Cu 0 1.17 0 68.3

Current rinse of Zn 0 0 670.11 4.73

Table 8. 
Concentration of metal ions in the rinse of metal in mg/l of sample 3/10.
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Zn: to achieve a removal efficiency of 90.23%, it is necessary to introduce a mass 
of 200 mg, Similar to Cu, the effect of the dose of the material added to the percent-
age reduction of micro metal is very pronounced for high concentrations of metals. 
This result confirms the results found by Boukhlifi et al. [17, 30, 31]. By comparing 
the removal efficiency of the four metals, it appears that the strongest removal is 
marked for the case of Cu [16].

5. Study flow of pollution

A chain consists of a set of tanks whose general functions are: surface prepara-
tion, processing and finishing of the piece part in question. Each tank is defined by 
three characteristics:

• The mode of treatment (pretreatment, metal deposition, stripping ...)

• The type of chosen treatment (e.g. a metal deposit: silver, chrome plating, 
copper plating, zinc plating, etc.)

• The operating conditions (for example, a zinc plating: alkaline non-cyanide, 
acid fluroborate not …) including different chemicals concentrations, fluid 
flow, the rate of production, etc.

The unit of surface treatment under study is composed of five chains. Each 
channel is determined by the succession of tanks. The average capacity of baths 
varies between 950 l and 1710 l, but most of the bath has a volume of 1440 l, 
the majority of the baths is powered water wells except metal plating baths and 
degreasing baths, which are filled with drinking water, bathing water that is 
recycled in metal plating baths of rinses dead. Water supply wells are often for an 
hour a day, while drinking water is draining after a bath. Discharges baths is col-
lected through pipes that lead to the aerated sewage. All discharges are evacuated 
in the rough, but the rejection of the flushing stream which is recycled zinc. We 
were interested in flushing power of Ni and Cr; we followed up daily flow rates 
of 7/9 to 3/10 in Figures 7 and 8.

We found that the high flow rates were recorded for Cr and Ni, the rate of 
flushing power of Cr can be up to 600 l/h and the neither flushing current reached a 
maximum of 841 l/h.

• The flow rates of Ni in the chain will fluctuate between 260 and 390 l/h, they 
will reach 389.21 l/h, a value which represents the 1/3 of the bath of treatment, 
that is to say that every day, the third of the rinsing bath is changed with a 
capacity of 1440 l. This during the fifth of the rinsing bath of Cr is changed. 
These waters are evacuated; this appears from the color of releases. Rejection 
of Cr is yellow while the rejection of Ni is green.

The Ni current rinsing flow varies from one channel to another varies from the 
average flow 389 l/h for channel II 738.8 l/h for the string I.

• The temporal variation of the flow does not follow a given order; it varies from 
day to day depending on water supplies that are directly related to the availability 
of water in the well. - We tried to compare these rates with those of other baths as 
bath chemical degreasing and pickling bath. The flow of degreasing bath is lower 
and messy, while the stripping is relatively constant and is around 400 l/h.
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Zn: to achieve a removal efficiency of 90.23%, it is necessary to introduce a mass 
of 200 mg, Similar to Cu, the effect of the dose of the material added to the percent-
age reduction of micro metal is very pronounced for high concentrations of metals. 
This result confirms the results found by Boukhlifi et al. [17, 30, 31]. By comparing 
the removal efficiency of the four metals, it appears that the strongest removal is 
marked for the case of Cu [16].

5. Study flow of pollution
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tion, processing and finishing of the piece part in question. Each tank is defined by 
three characteristics:

• The mode of treatment (pretreatment, metal deposition, stripping ...)

• The type of chosen treatment (e.g. a metal deposit: silver, chrome plating, 
copper plating, zinc plating, etc.)

• The operating conditions (for example, a zinc plating: alkaline non-cyanide, 
acid fluroborate not …) including different chemicals concentrations, fluid 
flow, the rate of production, etc.

The unit of surface treatment under study is composed of five chains. Each 
channel is determined by the succession of tanks. The average capacity of baths 
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From this study, it follows that the rates baths variation is random. This makes 
the adaptation of a method for processing or recycling of waste water very difficult. 
In conclusion, we must control the flow based on the minimum and maximum 
values recorded by installing a storage buffer.

6. Description of procedure for treatment

Handling treatment facilities are numerous, these some examples of treatment 
courses of this type of release:

Physical–chemical treatment is to continuously purify the various effluents as 
when they are produced to reject them in permanent rates.

The process is a combination of the following basic treatments:

• manure storage

• basic treatment

• additional treatment

• Final Control

• Physical–chemical batch which is to purify the effluent by tarpaulin, it is to say by 
successive and constant volume in the same reactor of suitable sequences [16].

Figure 7. 
Monitoring rinsing flow flows as a function of time.

Figure 8. 
Average flow rates of rinses for different metals.
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• In general the combination of elementary processing is defined by the 
nature of the effluent to be treated. According to preliminary studies we 
conducted, only the rinse water can be recycled after treatment with raw 
chitin in particular rinses common metallization baths [25–28]. We there-
fore propose a processing rinses followed by a comprehensive treatment 
of rejection. The design of items of treatment plant is highly dependent on 
flow rates of each rinse that helps to estimate the reaction time stays easily 
adaptable.

• Reactors as a column filled with the material well-conditioned. Water to be 
treated flows from the bottom up by the effect of differences in level and then 
flows into the rinsing baths continuous overflow. Thus the heavy metal content 
in the total discharge will be reduced.

For the global rejection we prefer a continuous physical–chemical treatment. 
This principle (continuous) is used in preference to batch treatment by tarpaulin, 
where daily volumes in excess treat tens of m3 even if the discontinuity of the 
process provides some security and facilitates the monitoring and treatment by 
visual inspection of each analytical or steps prior to discharge. It allows, if neces-
sary, replacement of the entire process or just step failed. This treatment considered 
contains the following five basic treatments [27–31]:

1. Effluent Storage: The storage provides the interface between production facili-
ties and the treatment plant so it performs the following functions:

• A buffer role with regard to changes in volume and mass charges from 
workshops, and a reserve sufficient to accommodate the effluent during the 
treatment.

• A perfect separation between the different components of the effluent.

• A minimum hydraulic capacity, allowing the complete filling of the reac-
tor treatment at the launch of the operation with the more regular flow of 
possible mergers with minimal variations.

The storage to consider is divided into three types of storage:

• Storage backup’s role is to provide storage during an accident or during an 
overload of other storage.

• Storage diluted normally receives all current daily rinsing of all pre-treatments 
and treatments.

• Storage is focused especially on the garbage baths surface preparation or 
special cases.

The storage times are equipped with means for adjustment and control of flow 
injection in the treatment reactors.

2. liquid–solid separation step that gets rid of the effluent MES and some 
insoluble elements [31]; it is installed mainly concentrated after storage. The 
liquid–solid separation of sludge is achieved by settling, both phases are sepa-
rately drained.
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3. Neutralization, this phase is on the middle that is, the characterization studies 
have shown that most of the pH is close to 5.99 with an average 6.01 except a few 
exceptional cases. From then this step will be in most of the day exceeded even in 
the case of the neutralization of dilute effluents at the exit of treatment, discharge 
will be clarified concentrated alkaline after treatment and then joined the others in 
terms of diluted effluent neutralization.

4. Specific Treatment: The treatment methods are defined in terms of chemical 
elements in the flue. In most cases, the courses include.

• One or more stages of detoxification.

• A phase in dissolution-precipitation.

• A flocculation phase alternating.

But all these steps, we offer the reactors filled with raw chitin from shrimp 
processing is done in series with at least two reactors. Power through the discharge 
is from the bottom up to ensure the best conditions of contact. Similarly we must 
always place two reactors relief and it is also a book containing alternating chain 
also at least two presidents to keep the operation continues.

5-Treatment of sludge generated once the carrier material is saturated, the 
sludge is then pumped out regardless of the waters. This sludge can be regenerated 
by an acid or recycled in building materials [32], such transactions may take place 
after dehydration on a filter press which the design is based on the mass flows of 
raw material and insolubilized in the reactor.

7. Conclusion

In conclusion, and since the coast of Casablanca city is subjected to numerous 
anthropologic attacks, In front of such a situation, it is indispensable that every 
industrial unity must be equipped with a wastewater system treatment, to protect 
the environment and its resources. The treatment of the global discharge shows 
that there is competitive adsorption between metals. The nickel has more affin-
ity toward crab raw chitin. The waste water treatment by raw chitin from shrimp 
entrains a decrease of heavy metals contents in the global rejection. The efficiencies 
on elimination are important and excess 99% for some metals. The use of the raw 
chitin shows itself of big potential for the treatment of the liquid discharges of 
the studied unity MAFER. It showed itself capable of treating heavy metals loads 
superior to 200 mg/l by presenting percentage removal between 90% and 97%, as 
in the case of Cu2+.

The physic-chemical characterization shows that the currents rinses are greatly 
loaded with heavy metals far exceed the proposed limit values Morocco PVL. The 
adsorption test of heavy metals on raw chitin showed interesting results for the 
current rinses. Besides the rejection colored before adsorption (case of Ni, Cu, 
and Cr) becomes colorless after treatment with raw chitin. The study of the rinses 
currents treatment by raw chitin, we allowed the description of a treatment facility 
based on chitin. Consequently the adsorbing support raw chitin must be added in 
the treatment stations of the effluent of the units of surface treatment to eliminate 
the metallic pollution.
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Chapter 8

Analysis of Mechanical Properties 
of Austempered Ductile Iron Weld 
Joints Using Developed Electrode
Tapan Sarkar

Abstract

In the present investigation mechanical properties of austempered ductile iron 
(ADI) joints have been studied using two developed electrodes containing with and 
without Ce content and co-related between microstructure and mechanical proper-
ties. Austenitization was done at 900°C for 2 h and austempering at 300 and 350°C 
for 1.5, 2 and 2.5 h holding time. At 300°C microstructure shows needle shaped 
bainitic ferrite with lower amount of retained austenite indicate higher hardness 
and lower impact toughness. However, at 350°C shows feathery shaped bainitic 
ferrite with higher amount of retained austenite to demonstrate lower hardness and 
higher impact value. Both the welded joints at both austempering conditions tensile 
samples broke from the base metal indicates 100% joint efficiency. Fatigue life was 
varied with varying the austempering temperature and shows higher fatigue life at 
350°C austempering temperature presence of higher amount of retained austenite 
and finer the bainitic ferrite size with smaller graphite nodules. Ce in weld metals to 
refine the microstructure and shows higher impact toughness and fatigue strength 
with lower hardness value at both austempering temperatures.

Keywords: heat treatment, microstructure, tensile test, Charpy impact, high  
cycle fatigue

1. Introduction

Austempered ductile iron (ADI) is a new family member of engineering materi-
als. It has recently received significant attention owing to the excellent combination 
of mechanical properties such as high strength together with good ductility, good 
wear resistance, and higher fatigue strength to make the material as a successful 
substitute for forge steels or aluminum alloys [1–4]. The remarkable properties of 
the ADI are attributed with the unique microstructural constituents such as bainitic 
ferrite and high carbon enriched retained austenite.

The low production cost and production advantage of ADI, it has been used in 
many structural applications and many critical parts of automobiles such as crank-
shaft, steering knuckles, hypoid rear axle gears, camshafts and disk-brake calipers 
etc. in which fatigue resistance is an important requirement [5, 6].

ADI shows higher fatigue life than as-cast ductile iron (DI) and determined by 
generating stress-life (S-N) curves [7]. The fatigue life of ADI strongly depends on 
the austempering temperature, austempering holding time, austempering kinetics, 



127

Chapter 8

Analysis of Mechanical Properties 
of Austempered Ductile Iron Weld 
Joints Using Developed Electrode
Tapan Sarkar

Abstract

In the present investigation mechanical properties of austempered ductile iron 
(ADI) joints have been studied using two developed electrodes containing with and 
without Ce content and co-related between microstructure and mechanical proper-
ties. Austenitization was done at 900°C for 2 h and austempering at 300 and 350°C 
for 1.5, 2 and 2.5 h holding time. At 300°C microstructure shows needle shaped 
bainitic ferrite with lower amount of retained austenite indicate higher hardness 
and lower impact toughness. However, at 350°C shows feathery shaped bainitic 
ferrite with higher amount of retained austenite to demonstrate lower hardness and 
higher impact value. Both the welded joints at both austempering conditions tensile 
samples broke from the base metal indicates 100% joint efficiency. Fatigue life was 
varied with varying the austempering temperature and shows higher fatigue life at 
350°C austempering temperature presence of higher amount of retained austenite 
and finer the bainitic ferrite size with smaller graphite nodules. Ce in weld metals to 
refine the microstructure and shows higher impact toughness and fatigue strength 
with lower hardness value at both austempering temperatures.

Keywords: heat treatment, microstructure, tensile test, Charpy impact, high  
cycle fatigue

1. Introduction

Austempered ductile iron (ADI) is a new family member of engineering materi-
als. It has recently received significant attention owing to the excellent combination 
of mechanical properties such as high strength together with good ductility, good 
wear resistance, and higher fatigue strength to make the material as a successful 
substitute for forge steels or aluminum alloys [1–4]. The remarkable properties of 
the ADI are attributed with the unique microstructural constituents such as bainitic 
ferrite and high carbon enriched retained austenite.

The low production cost and production advantage of ADI, it has been used in 
many structural applications and many critical parts of automobiles such as crank-
shaft, steering knuckles, hypoid rear axle gears, camshafts and disk-brake calipers 
etc. in which fatigue resistance is an important requirement [5, 6].

ADI shows higher fatigue life than as-cast ductile iron (DI) and determined by 
generating stress-life (S-N) curves [7]. The fatigue life of ADI strongly depends on 
the austempering temperature, austempering holding time, austempering kinetics, 



Recent Advancements in the Metallurgical Engineering and Electrodeposition

128

the amount of retained austenite, shape and size of bainitic ferrite and graphite 
nodules [1, 3].

The chemical composition of ADI is similar to conventional DI. However, some 
alloying elements such as Ni, Cu and Mo are usually added to increase the austem-
perability, to delay the austenite decomposition [8, 9] to pearlite and ferrite upon 
cooling. DI converts to ADI with the help of two steps isothermal heat treatment 
process. Austenitization was done at 850–910°C for 30 min–2 h holding time and 
austempering at 250–450°C for 5 min–4 h holding time and finally cooled at room 
temperature in the open air [10]. The total heat treatment process depends on the 
chemical composition and thickness of the as-cast DI. Austempering temperature 
and holding time shows significant effects on the microstructure and mechanical 
properties of ADI. During austempering two-stage reactions have been done, at the 
initial stage (stage I) austenite (residual austenite) decomposed into bainitic ferrite 
and high carbon austenite (retained austenite). Increasing holding time the stage 
II reaction was start and high carbon austenite further decomposed into bainitic 
ferrite and carbide (ɛ carbide). The time periods between the two stage reactions 
is called the process windows, obtained optimum combination of microstructural 
and mechanical properties. Presence of alloying elements such as Ni, Cu and Mn to 
delay the austempering reaction and increased the process windows [11].

At a lower austempering temperature ADI shows needle shaped bainitic fer-
rite with a lower amount of retained austenite and graphite nodules, which in 
turns increased the tensile strength and hardness to decrease the elongation and 
toughness. However, at higher austempering temperature shows coarser bainitic 
ferrite with higher amount of retained austenite and graphite nodules, as a result 
to decrease the tensile strength and hardness; increased toughness that illustrate 
higher fatigue strength [6, 10, 12].

It is reported, the fatigue strength of ADI is not only depended on tensile 
strength and hardness like as steel [13]. However, in ADI the amount of retained 
austenite and its carbon content, size of graphite nodules, nodularity, shape and 
size of bainitic ferrite plays an important role in the high cycle fatigue performance 
and higher fatigue limit [1, 13–15]. Bahmani et al. [16] illustrate a relationship 
between the microstructure and fatigue strength of ADI and obtained, the fatigue 
strength depended on the amount of retained austenite and its carbon content. 
The fatigue strength was increased as increasing the amount of retained austenite 
and its carbon content. Graphite nodularity and its size show significant effects in 
fatigue life. In ADI graphite working as a shrinkage cavities. During fatigue test, 
micro crack was initiated around the graphite and then formed to macro crack 
which leads to the final failure of the sample [17]. Sofue et al. [18] reported, with 
increasing the graphite size to decrease the fatigue strength and the fatigue strength 
was optimized by decreasing the graphite nodule size.

Further, rare earth metal such as cerium has a beneficial effect on the micro-
structure and properties of ADI. However, the optimum rare earth content varies 
significantly according to different investigators. For example, researchers [19] 
reported that the presence of Ce content from 0.005 to 0.014% the nodularity was 
increased with refining the size of the nodules but further increasing Ce content 
up to 0.018 or 0.020%, the nodularity decreased and formed some non-spherical 
graphite with coarsening the nodule size to decreased the fatigue strength. Choi 
et al. [20] observed that DI castings with 0.3% rare earth content attributed 
improved graphite nodules, lower tensile strength and hardness, higher elongation 
to indicate the higher fatigue strength than that of DI castings without rare earth.

However, in spite of high strength, reasonable ductility and higher fatigue 
life, the application of ADI is somehow limited due to non-availability of a suit-
able electrode which has inhibited the joining of such high potential material. 
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Furthermore, many a time ductile iron castings for converting ADI need to repair 
welding which also demands welding consumables compatible with DI base materi-
als. Commercially available coated electrodes for welding conventional DI include 
pure nickel (90–97%) [21], stainless steel and iron-nickel [22] which are first of all 
not suitable for converting ADI from DI weld due to poor austemperability and also 
not cost-effective [21, 22]. Recent authors successfully developed a coated electrode 
for welding DI [23] and convert to ADI after heat treatment, obtained higher 
tensile strength and toughness. Further improvement of the weldability of DI and 
welding of higher grade DI to obtain higher toughness and fatigue strength, coated 
electrode was developed to introduce nano-CeO2 as a flux ingredient [24].

However, all the previous literature discussed about the fatigue strength or 
fatigue life only on DI or ADI base metal [1, 14, 25, 26]. But there is no such a litera-
ture to discuss about the fatigue life of ADI weld joints. Owing to the importance of 
the ADI especially on structural and automobile application, it is needed to find out 
the fatigue properties of ADI weld metal to use in commercial application.

The present work thus aims is to study the mechanical properties of ADI weld 
joints and co-relation between as-cast and heat treated microstructure, using two 
developed electrodes. Microstructural studies were done using optical microscopy 
(OM) and scanning electron microscopy (SEM). Phase analysis was performed 
utilizing XRD analysis and mechanical properties of the weld joints performed 
under microhardness, transverse tensile, room temperature Charpy impact and 
high cycle fatigue (HCF) test. Fatigue crack growth and fatigue fracture surface 
were investigated under SEM studies.

2. Experimental procedure

As cast DI was collected from the local foundry and used as a base metal for this 
experimental purpose. The details chemical composition of the as-cast DI is given 
in Table 1.

Two developed electrodes containing without and with Ce such as Trial 4 and 
Trial 7 selected for the experimental purpose. Among the two electrodes, Trial 4 
contents with without Ce and Trial 7 contents with Ce content (0.1%). The details 
chemical composition of the two developed electrodes is given in Table 2.

Modified U groove (Figure 1) weld was performed on the DI base plate using 
both Trial 4 and Trial 7 electrodes applied shielded metal arc welding (SMAW) 
process. Preheat was applied at 300°C for 1 h and post weld heat treatment 
(PWHT) at 300°C for 1 h immediate after welding using the constant welding 
parameters [27, 28]. The details welding parameters are given in Table 3 and the 
defect free weld was considered as per AWS (D11) [29].

The welded DI specimens are converted to ADI with the help of two steps iso-
thermal heat treatment process. Austenitization was done at 900°C for 2 h holding 
time and then samples are immediately transferred to salt bath for austempering 
process. Austempering was done at 300 and 350°C for 1.5, 2 and 2.5 h holding time 
than air cooled to room temperature. Typical isothermal heat treatment cycle is 
shown in Figure 2.

Element C Si Mn S Cr Mg P Fe

Wt.% 3.60 2.92 0.22 0.019 0.028 0.041 0.01 93.16

Table 1. 
Chemical composition of as-cast ductile iron.
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Metallography samples of 20 × 10 × 15 mm dimensions were cut from the large 
size weld specimen and removed any decarburized skin by surface grinding. Samples 
were mounted at room temperature, then polished systematically in silicon carbide 
paper and followed by cloth polishing using 0.5 μm alumina solution. Polished 
samples were etched with 5% nital solution and microstructures are studied under an 
optical microscopy (Carl Zeiss made: AXIO Imager A1m) and photographs are taken 
at 500× magnification. For better clarity, samples were studied under scanning elec-
tron microscopy (SEM) (JEOL JSM-5510 with INKA software EDS system using an 
ultra-thin window detector) and photographs were taken at higher magnifications.

Figure 1. 
(a) Modified grove design, (b) schematic view of extracting samples from weld metal.

Parameters Unit Value

Preheat temperature (1 h) °C 300

PWHT (1 h) °C 300

Welding current A 150

Arc voltage V 24

Welding speed mm/s 1.70

Heat input kJ/mm 1.58

Table 3. 
Defect free weld procedure.

Figure 2. 
Typical heat treatment cycle.



Recent Advancements in the Metallurgical Engineering and Electrodeposition

130

El
em

en
t w

t.%
C

M
n

Si
S

P
N

i
M

o
C

u
A

l
Bi

M
g

C
a

T
i

Fe
C

e

Tr
ia

l 4
 (w

ith
ou

t C
e)

3.
08

0.
40

2.6
0

0.
00

6
0.

03
9

0.
5

0.
19

0.
24

0.
62

0.
03

0.
00

4
0.

01
5

0.
09

91
.4

0
—

Tr
ia

l 7
 (w

ith
 C

e)
3.

28
0.

43
2.

76
0.

00
8

0.
02

0.
66

0.
31

0.
29

0.
48

0.
03

0.
00

3
0.

00
3

0.
14

91
.4

5
0.

10

Ta
bl

e 
2.

 
C

he
m

ica
l c

om
po

sit
io

n 
of

 th
e w

eld
 d

ep
os

its
 u

sin
g d

ev
elo

pe
d 

co
at

ed
.

131

Analysis of Mechanical Properties of Austempered Ductile Iron Weld Joints Using Developed…
DOI: http://dx.doi.org/10.5772/intechopen.84763

Metallography samples of 20 × 10 × 15 mm dimensions were cut from the large 
size weld specimen and removed any decarburized skin by surface grinding. Samples 
were mounted at room temperature, then polished systematically in silicon carbide 
paper and followed by cloth polishing using 0.5 μm alumina solution. Polished 
samples were etched with 5% nital solution and microstructures are studied under an 
optical microscopy (Carl Zeiss made: AXIO Imager A1m) and photographs are taken 
at 500× magnification. For better clarity, samples were studied under scanning elec-
tron microscopy (SEM) (JEOL JSM-5510 with INKA software EDS system using an 
ultra-thin window detector) and photographs were taken at higher magnifications.

Figure 1. 
(a) Modified grove design, (b) schematic view of extracting samples from weld metal.

Parameters Unit Value

Preheat temperature (1 h) °C 300

PWHT (1 h) °C 300

Welding current A 150

Arc voltage V 24

Welding speed mm/s 1.70

Heat input kJ/mm 1.58

Table 3. 
Defect free weld procedure.

Figure 2. 
Typical heat treatment cycle.



Recent Advancements in the Metallurgical Engineering and Electrodeposition

132

Figure 3. 
Schematic view of transverse high cycle fatigue sample as per ASTM 606.

X-ray diffraction (XRD) analysis was performed to estimate the volume fraction 
of retained austenite and its carbon content using anode Co-Kα radiation in 1.79026 
targets with 24 kV and tube current was 40 mA. The specified 2θ range was varied 
from 30 to 110° with a step size of 0.2°/min. Detailed XRD analysis was performed 
using integrated intensities of the positions and the integrated intensities for the 
{1 1 1}, {2 2 0} and {3 1 1} planes of FCC austenite as well as the {1 1 0} and {2 1 1} 
planes of BCC ferrite. The volume fraction of retained austenite was calculated 
using the following empirical formula [30]:

   X  γ   =    I  γ   /  R  γ   _____________  
 ( I  γ   / R𝛾𝛾)  +  ( I  α   /  R  α  ) 

     (1)

Where Iγ and Iα are the integrated intensities and Rγ and Rα are the theoretical 
relative intensity for the austenite and ferrite, respectively, and Bainitic ferrite was 
calculated by using the formula:

   X  γ   +  X  α   +  X  g   = 1   (2)

Where, Xγ and Xα and Xg represent the volume percentage of retained austen-
ite, volume percentage of bainitic ferrite and volume percentage of graphite. The 
carbon concentration of the austenite was determined using the equation [30].

   a  γ   = 0.3548 + 0.0044  C  γ     (3)

Where aγ is the lattice parameter of austenite (in nm) and Cγ is the carbon 
content of austenite (in wt.%). The {1 1 1}, {2 2 0} and {3 1 1} planes of austenite 
were used to estimate the lattice parameter.

Vickers microhardness test of the weld metals was performed at room tempera-
ture using Leco Vickers microhardness tester (Model LM 248SAT) with 100 gf load 
at 10 s holding. The hardness values were taken from six different positions of each 
weld specimens and the average of the six values considered the final one.

Tensile properties such as ultimate tensile strength (UTS), yield strength (YS) 
and % elongation of the welded joints were evaluated using transverse tensile 
specimen keeping the weld metal at the center of the gauge length. The tests were 
performed under uniaxial loading at a crosshead speed of 5 mm/min in universal 
tensile testing m/c (Instron 8862).

Sub-size (55 × 10 × 3.3 mm) and without notch transverse Charpy impact test 
of the ADI welded joints were performed at room temperature according to ASTM 
E-23 [31]. Four samples were tested at each austempering condition (300 and 350°C 
for the 2 h holding time) and an average of four values has been reported.

High cycle fatigue (HCF) test of transverse weld samples as per ASTM E466-15 
[32] (Figure 3) were performed using Rumul resonant testing machine to determine 
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the S-N curve. The tests were run to failure up to 107 cycles at constant stress control 
mode and the number of cycles of failure was recorded with keeping the load ration 
R at 0.1. The stress levels were varied between 30 and 80% of Yield strength to 
obtaining the endurance limit and S-N curve was plotted by stress amplitude and the 
number of cycles in log-log scale.

After successfully testing, fracture surface and crack path of the tested samples 
were studied under SEM and fractographs were taken at different magnifications.

3. Results and discussion

3.1 Microstructure

3.1.1 Base metal

Figure 4 shows the optical microstructure of as-cast DI (base metal). The 
microstructure shows graphite nodules surrounded with ferrite matrix. The average 
nodularity shows 90% with 130 nodules per unit area (mm2) and average nodule 
size is r = 18.5 μm.

3.1.2 As-welded microstructure

The optical microstructures of weld metals using two selected coated electrodes 
containing without and with Ce is shown in Figure 5. In Figure 5a and b, the 
microstructure shows ledeburitic carbide (LC), alloyed pearlite (AP) and graph-
ite nodules (G). In both the weld metal microstructure shows small amount of 
graphite nodules with smaller in size due to higher cooling rate experienced in weld 
metal. Although both the as-weld microstructure shows similar microstructural 
appearance, a close look into the microstructure reveals difference in grain size and 
volume percentage of ledeburitic carbide and alloyed pearlite. The presence of Ce in 
weld metal has caused the structure finer (the finer the dendritic structure), lesser 
ledeburitic carbide, higher amount of alloyed pearlite and increasing the graphite 
volume percentage and nodularity.

It has been shown that cerium reduces both primary [33] and secondary [34] 
dendritic arm spacing as well as inhibit the development of columnar crystal. 

Figure 4. 
Optical microstructure of as-cast ductile iron.
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Figure 3. 
Schematic view of transverse high cycle fatigue sample as per ASTM 606.
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targets with 24 kV and tube current was 40 mA. The specified 2θ range was varied 
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   X  γ   =    I  γ   /  R  γ   _____________  
 ( I  γ   / R𝛾𝛾)  +  ( I  α   /  R  α  ) 

     (1)

Where Iγ and Iα are the integrated intensities and Rγ and Rα are the theoretical 
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   X  γ   +  X  α   +  X  g   = 1   (2)
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mode and the number of cycles of failure was recorded with keeping the load ration 
R at 0.1. The stress levels were varied between 30 and 80% of Yield strength to 
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were studied under SEM and fractographs were taken at different magnifications.

3. Results and discussion

3.1 Microstructure
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Figure 4 shows the optical microstructure of as-cast DI (base metal). The 
microstructure shows graphite nodules surrounded with ferrite matrix. The average 
nodularity shows 90% with 130 nodules per unit area (mm2) and average nodule 
size is r = 18.5 μm.

3.1.2 As-welded microstructure
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containing without and with Ce is shown in Figure 5. In Figure 5a and b, the 
microstructure shows ledeburitic carbide (LC), alloyed pearlite (AP) and graph-
ite nodules (G). In both the weld metal microstructure shows small amount of 
graphite nodules with smaller in size due to higher cooling rate experienced in weld 
metal. Although both the as-weld microstructure shows similar microstructural 
appearance, a close look into the microstructure reveals difference in grain size and 
volume percentage of ledeburitic carbide and alloyed pearlite. The presence of Ce in 
weld metal has caused the structure finer (the finer the dendritic structure), lesser 
ledeburitic carbide, higher amount of alloyed pearlite and increasing the graphite 
volume percentage and nodularity.

It has been shown that cerium reduces both primary [33] and secondary [34] 
dendritic arm spacing as well as inhibit the development of columnar crystal. 

Figure 4. 
Optical microstructure of as-cast ductile iron.
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Also, the degree of supercooling for rare earth treated steel has been reported to be 
smaller than rare earth free steel [35]. The refined microstructure (Figure 5b) that 
has been observed for Ce treated weld metal is presumably due to the fine primary 
austenite dendrite and suppression of columnar grain growth during solidification 
of the weld pool. Furthermore, it is believed that smaller degree of super cooling 
associated with Ce treated weld metal has caused reduction in ledeburitic carbide.

Ce acts as a modifying element on DI as a form of deoxidization and desulfuration 
[36]. Ce reacts with oxygen and sulfur to form Ce-rich oxides, Ce-rich sulfides or 
Ce-rich oxide-sulfides formed in DI welds and act as a heterogeneous nuclei of primary 
carbides, according to the principle of crystallography so that the nuclei of primary 
carbides can form and grow everywhere in molten metal [37] and refine the structure. 
Furthermore, cerium content present in the carbide as a form of Ce2S3 and CeO2 (mea-
sured by X-RD analysis) and increase the solidification rate to refine the structure [37].

3.1.3 Austempered microstructure

After austempering heat treatment the weld metal microstructure consists of 
bainitic ferrite (BF) and retained austenite (RA) matrix with graphite nodules (G). 
Figure 6a and b illustrate the weld metal microstructure after austempering at 300 
and 350°C for 2 h holding time using Trial 4 electrode. Similarly, Figure 6c and d 
illustrate weld metal structure after austempering at 300 and 350°C for 2 h hold-
ing time using Trial 7 electrode. In both the weld metals austempering at 300°C, 
the microstructure (Figure 6a and c) shows needle shape bainitic ferrite, retained 
austenite and graphite nodules. Whereas at 350°C (Figure 6b and d) shows feathery 
shape (lath type) bainitic ferrite with retained austenite and graphite nodules.

For better clarity, the microstructures of heat treated weld metals after austemper-
ing at 300 and 350°C for 2 h holding time were studied under SEM and the structures 
are shown in Figure 7 for without and with Ce containing weld metals respectively.

Interestingly, both the weld metal shows the same microstructural appearance at 
respective austempering conditions. But the structures were varied in morphology, 
amount, shape and size of bainitic ferrite, amount of retained austenite, nodule size 
and nodularity with changing the austempering conditions and type of electrode 
used (without and with Ce containing).

However, at 350°C more amount of retained austenite and lesser amount of 
bainitic ferrite was observed; but the opposite trend in microstructural constituents 
has been revealed at 300°C i.e. lower amount of retained austenite and higher 
amount bainitic ferrite. The nodularity also varied with varying the austempering 
temperatures and higher nodularity is observed at 350°C at both the weld metals. 
The microstructural constituents also changed with changing the austempering 

Figure 5. 
Optical microstructure of as-welded weld metal (a) Trial 4 (b) Trial 7.
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holding time at a given temperature [9]. However, for both the austempering 
temperatures the variation of the microstructural constituent is similar i.e. with 
changing the holding time from 1.5 to 2 h the amount of retained austenite was 
increased and the amount of bainitic ferrite was decreased also refine the bainitic 

Figure 6. 
Optical microstructure of weld metal austempered at (a) 300°C (b) 350°C for 2 h holding time using Trial 4 
and (c) 300°C (d) 350°C for 2 h holding time using Trial 7 coated electrode.

Figure 7. 
SEM microstructure of weld metal austempered at (a) 300°C (b) 350°C for 2 h holding time using Trial 4 and 
(c) 300°C (d) 350°C for 2 h holding time using Trial 7 coated electrodes.



Recent Advancements in the Metallurgical Engineering and Electrodeposition

134
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ing time using Trial 7 electrode. In both the weld metals austempering at 300°C, 
the microstructure (Figure 6a and c) shows needle shape bainitic ferrite, retained 
austenite and graphite nodules. Whereas at 350°C (Figure 6b and d) shows feathery 
shape (lath type) bainitic ferrite with retained austenite and graphite nodules.

For better clarity, the microstructures of heat treated weld metals after austemper-
ing at 300 and 350°C for 2 h holding time were studied under SEM and the structures 
are shown in Figure 7 for without and with Ce containing weld metals respectively.

Interestingly, both the weld metal shows the same microstructural appearance at 
respective austempering conditions. But the structures were varied in morphology, 
amount, shape and size of bainitic ferrite, amount of retained austenite, nodule size 
and nodularity with changing the austempering conditions and type of electrode 
used (without and with Ce containing).

However, at 350°C more amount of retained austenite and lesser amount of 
bainitic ferrite was observed; but the opposite trend in microstructural constituents 
has been revealed at 300°C i.e. lower amount of retained austenite and higher 
amount bainitic ferrite. The nodularity also varied with varying the austempering 
temperatures and higher nodularity is observed at 350°C at both the weld metals. 
The microstructural constituents also changed with changing the austempering 

Figure 5. 
Optical microstructure of as-welded weld metal (a) Trial 4 (b) Trial 7.
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holding time at a given temperature [9]. However, for both the austempering 
temperatures the variation of the microstructural constituent is similar i.e. with 
changing the holding time from 1.5 to 2 h the amount of retained austenite was 
increased and the amount of bainitic ferrite was decreased also refine the bainitic 

Figure 6. 
Optical microstructure of weld metal austempered at (a) 300°C (b) 350°C for 2 h holding time using Trial 4 
and (c) 300°C (d) 350°C for 2 h holding time using Trial 7 coated electrode.

Figure 7. 
SEM microstructure of weld metal austempered at (a) 300°C (b) 350°C for 2 h holding time using Trial 4 and 
(c) 300°C (d) 350°C for 2 h holding time using Trial 7 coated electrodes.
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Figure 8. 
Volume percentage of retained austenite content at different holding time of weld metal austempering at  
(a) 300°C and (b) 350°C using Trial 4 and Trial 7 electrodes.

ferrite shape and size. Further increasing the austempering holding time from 2 to 
2.5 h the amount of retained austenite was decreased and the amount of bainitic fer-
rite was increased. Interestingly, at both 300 and 350°C austempering temperature 
for 2 h holding time the carbon enrichment in austenite is maximum (Figure 9) 
which has caused to stabilize more amount of retained austenite (Figure 8) at both 
the austempering conditions after cooling to room temperature. However, at higher 
holding time (2.5 h) untransformed austenite transformed to carbides (ε carbide) 
and bainitic ferrite leading to decrease the amount of retained austenite content [1].

The observed finer and homogeneous structure along with increasing the 
amount of retained austenite (Figure 8) with the presence of Ce content in weld 
metal. At both 300 and 350°C austempering temperature microstructure attributed 
finer the bainitic ferrite size, higher amount of carbon enriched retained austenite 
and higher graphite nodularity was observed with presence of Ce in weld metal. 
The carbon enrichment of austenite will be faster in Ce treated weld metal due to 
lesser diffusion distance for carbon, which diffuses from fine cementite lamellae 
of pearlite. Also, smaller the nodule size having more surface area to volume ratio 
will favor carbon diffusion from graphite [38]. Thus, with the increase of carbon 
content of initial austenite the driving force of stage I reaction become slow and 
delay the transformation rate of bainitic ferrite due to drag effects of Ce. As a result 
more amount of carbon was diffused to the surrounding austenite and austenite 
become more stable.

3.1.4 Volume percentage of retained austenite and its carbon content

The volume percentage of retained austenite and its carbon content of both 
the weld metals after austempering at 300 and 350°C for different holding times 
have been calculated from X-RD analysis. The variation of retained austenite 
with changing the holding time (1.5, 2 and 2.5 h) at 300 and 350°C austempering 
temperature has been plotted in Figure 8. In Figure 8, it is seen that at both 300 
and 350°C temperature both the weld metal (without and with Ce containing) the 
amount of retained austenite was changed with changing the austempering holding 
time. Holding time changed from 1.5 to 2 h the amount of retained austenite was 
increased with decreasing the amount of bainitic ferrite. With further increases 
the holding time from 2 to 2.5 h the amount of retained austenite was decreased. 
Although the nature of change the amount of retained austenite is same at both 
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the austempering temperature of both the weld metals, austempering at 350°C 
shows the higher amount of retained austenite compared to 300°C at each holding 
time. This could be due to the higher diffusion rate of carbon during bainitic ferrite 
transformation at higher austempering temperature [39].

Bainitic ferrite formation is a growth process; during austempering process 
bainitic ferrite is transformed from the existing austenite (residual austenite). 
During the transformation of bainitic ferrite, carbon was diffused from the bainitic 
ferrite to the surrounding austenite to make the austenite stable, and this austenite 
is called untransformed austenite or retained austenite. At lower austempering 
temperature, due to higher super cooling the transformation rate of bainitic ferrite 
is high and diffused less amount of carbon to the surrounding austenite, as a result 
formed less amount of retained austenite in weld metals. Furthermore, at higher 
austempering temperatures, due to lower supper cooling the growth of bainitic 
ferrite is high and diffused higher amount of carbon content to the surrounding 
austenite and shows higher amount of retained austenite in weld metals.

Ce is a modifying alloying element and act as a nodularizing and austempering 
element during austempering process. The presence of Ce in weld metal to slow 
the austempering kinetics and prolongs to the stage I reaction. As a result higher 
amount of carbon was diffused during the transformation of bainitic ferrite to 
the surrounding austenite and show a higher amount of retained austenite at both 
the austempering temperature than without Ce content weld metal also refine the 
microstructure to indicate higher toughness and longer fatigue life.

Furthermore, the carbon content of retained austenite in two weld metals 
(without and with Ce containing) at 300 and 350°C for 1.5, 2 and 2.5 h holding time 
have been determined using the empirical formula (2). The calculated results of the 
amount of carbon present in austenite at 300 and 350°C for different holding times 
have been plotted in Figure 9. In Figure 9, it is seen that, in both the weld metals, 
the trend in variation of carbon content in retained austenite with changing the aus-
tempering holding at 300 and 350°C is similar to the variation of retained austenite 
(Figure 8). The maximum amount of carbon content was achieved at 2 h holding 
time irrespective of the austempering temperature and electrode composition. 
Weld metal containing Ce show the highest carbon content (2.2 wt.%) in retained 
austenite at 350°C for 2 h holding time.

During austempering transformation, bainitic ferrites are nucleated out of aus-
tenite (residual austenite) to refusing the carbon content to the surrounding austenite 

Figure 9. 
Austenitic carbon content of weld metal at different holding time austempering at (a) 300°C and (b) 350°C 
using Trial 4 and Trial 7 electrodes.
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Figure 8. 
Volume percentage of retained austenite content at different holding time of weld metal austempering at  
(a) 300°C and (b) 350°C using Trial 4 and Trial 7 electrodes.

ferrite shape and size. Further increasing the austempering holding time from 2 to 
2.5 h the amount of retained austenite was decreased and the amount of bainitic fer-
rite was increased. Interestingly, at both 300 and 350°C austempering temperature 
for 2 h holding time the carbon enrichment in austenite is maximum (Figure 9) 
which has caused to stabilize more amount of retained austenite (Figure 8) at both 
the austempering conditions after cooling to room temperature. However, at higher 
holding time (2.5 h) untransformed austenite transformed to carbides (ε carbide) 
and bainitic ferrite leading to decrease the amount of retained austenite content [1].

The observed finer and homogeneous structure along with increasing the 
amount of retained austenite (Figure 8) with the presence of Ce content in weld 
metal. At both 300 and 350°C austempering temperature microstructure attributed 
finer the bainitic ferrite size, higher amount of carbon enriched retained austenite 
and higher graphite nodularity was observed with presence of Ce in weld metal. 
The carbon enrichment of austenite will be faster in Ce treated weld metal due to 
lesser diffusion distance for carbon, which diffuses from fine cementite lamellae 
of pearlite. Also, smaller the nodule size having more surface area to volume ratio 
will favor carbon diffusion from graphite [38]. Thus, with the increase of carbon 
content of initial austenite the driving force of stage I reaction become slow and 
delay the transformation rate of bainitic ferrite due to drag effects of Ce. As a result 
more amount of carbon was diffused to the surrounding austenite and austenite 
become more stable.

3.1.4 Volume percentage of retained austenite and its carbon content

The volume percentage of retained austenite and its carbon content of both 
the weld metals after austempering at 300 and 350°C for different holding times 
have been calculated from X-RD analysis. The variation of retained austenite 
with changing the holding time (1.5, 2 and 2.5 h) at 300 and 350°C austempering 
temperature has been plotted in Figure 8. In Figure 8, it is seen that at both 300 
and 350°C temperature both the weld metal (without and with Ce containing) the 
amount of retained austenite was changed with changing the austempering holding 
time. Holding time changed from 1.5 to 2 h the amount of retained austenite was 
increased with decreasing the amount of bainitic ferrite. With further increases 
the holding time from 2 to 2.5 h the amount of retained austenite was decreased. 
Although the nature of change the amount of retained austenite is same at both 
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the austempering temperature of both the weld metals, austempering at 350°C 
shows the higher amount of retained austenite compared to 300°C at each holding 
time. This could be due to the higher diffusion rate of carbon during bainitic ferrite 
transformation at higher austempering temperature [39].

Bainitic ferrite formation is a growth process; during austempering process 
bainitic ferrite is transformed from the existing austenite (residual austenite). 
During the transformation of bainitic ferrite, carbon was diffused from the bainitic 
ferrite to the surrounding austenite to make the austenite stable, and this austenite 
is called untransformed austenite or retained austenite. At lower austempering 
temperature, due to higher super cooling the transformation rate of bainitic ferrite 
is high and diffused less amount of carbon to the surrounding austenite, as a result 
formed less amount of retained austenite in weld metals. Furthermore, at higher 
austempering temperatures, due to lower supper cooling the growth of bainitic 
ferrite is high and diffused higher amount of carbon content to the surrounding 
austenite and shows higher amount of retained austenite in weld metals.

Ce is a modifying alloying element and act as a nodularizing and austempering 
element during austempering process. The presence of Ce in weld metal to slow 
the austempering kinetics and prolongs to the stage I reaction. As a result higher 
amount of carbon was diffused during the transformation of bainitic ferrite to 
the surrounding austenite and show a higher amount of retained austenite at both 
the austempering temperature than without Ce content weld metal also refine the 
microstructure to indicate higher toughness and longer fatigue life.

Furthermore, the carbon content of retained austenite in two weld metals 
(without and with Ce containing) at 300 and 350°C for 1.5, 2 and 2.5 h holding time 
have been determined using the empirical formula (2). The calculated results of the 
amount of carbon present in austenite at 300 and 350°C for different holding times 
have been plotted in Figure 9. In Figure 9, it is seen that, in both the weld metals, 
the trend in variation of carbon content in retained austenite with changing the aus-
tempering holding at 300 and 350°C is similar to the variation of retained austenite 
(Figure 8). The maximum amount of carbon content was achieved at 2 h holding 
time irrespective of the austempering temperature and electrode composition. 
Weld metal containing Ce show the highest carbon content (2.2 wt.%) in retained 
austenite at 350°C for 2 h holding time.

During austempering transformation, bainitic ferrites are nucleated out of aus-
tenite (residual austenite) to refusing the carbon content to the surrounding austenite 

Figure 9. 
Austenitic carbon content of weld metal at different holding time austempering at (a) 300°C and (b) 350°C 
using Trial 4 and Trial 7 electrodes.
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and austenite become stabilized. Thus, maximum stability of retained austenite 
should possess at 2 h holding time, irrespective of austempering temperature of both 
the weld metals.

3.2 Mechanical properties

The mechanical properties of ADI welded joints depends on the amount of 
retained austenite and its carbon content presence in microstructure [1, 2, 40]. 
Mechanical properties were varied with varying the austempering temperature and 
it’s holding time due to the variation of microstructural constitutes, shape and size, 
nodularity and numbers of nodule presence in per mm2. At 300°C austempering 
temperature microstructure consists of needle shaped bainitic ferrite with small 
amount of retained austenite indicates higher tensile strength and hardness with 
lower the toughness. However, at 350°C austempering temperature structure shows 
feathery shaped bainitic ferrite with higher amount of retained austenite indicated 
lower tensile strength and hardness with higher toughness and fatigue strength. The 
average mechanical properties of both the weld metals (Trial 4 and Trial 7) after 
austempering at 300 and 350°C for 2 h holding time are given in Table 4.

3.2.1 Microhardness

The microhardness of both the weld metals (without and with Ce containing) 
after austempering at 300 and 350°C for 1.5, 2 and 2.5 h holding time were taken 
at six different positions of the weld metal and the average of six considered final 
value. The average microhardness of the weld metals at both 300 and 350°C aus-
tempering temperature are plotted in Figure 10 with respect to the holding time. 
Figure 10 demonstrates that at 300°C both the weld metal shows higher hardness 
value than 350°C due to the variation of the amount of carbon enriched austen-
ite. However, the hardness values are changed with changing the austempering 
holding time. In both the weld metals at both 300 and 350°C holding time changed 
from 1.5 to 2 h, the hardness values are decreased with increasing the amount 
of retained austenite. With increasing holding time from 2 to 2.5 h the hardness 
values are increased, with decreasing the amount of carbon enriched retained 
austenite in weld metals. At higher holding time the stage II reaction was started 
and the carbon enriched retained was diffused to bainitic ferrite and carbide, as 
a results the amount of retained austenite was decreased and the hardness value 
increased [41]. At both the austempering temperature of both weld metals at 2 h 
holding time attributed lower hardness value, the presence of higher amount of 
retained austenite.

Further, at each austempering conditions Ce containing weld metal shows lower 
hardness value due to higher amount of carbon enriched retained austenite in weld 

Electrode Austempering 
temperature 

(°C)

Holding 
time (h)

Charpy 
impact 

(J)

Fatigue 
strength 

(MPa)

Microhardness 
(Hv)

Trial 4 (without Ce) 300 2 20 211 327

350 26 241 280

Trial 7 (with Ce) 300 22 241 290

350 31 302 273

Table 4. 
Mechanical properties of ADI weld metals.
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metal and attributed minimum hardness (273Hv) at 350°C for 2 h holding time 
presence of higher amount of retained austenite (46.7%) compared to without Ce 
content weld metal.

3.2.2 Tensile test

The transverse tensile tests of Trial 4 and Trial 7 weld joints after austempering 
at 300 and 350°C for 2 h holding time were carried out. For both the austempering 
conditions of both the weld metals failure of the test samples took place from the 
base metal as shown in Figure 11, indicating that weld metal is stronger than base 
metal. Thus the transverse tensile results show 100% joint efficiency of ADI weld 
metals (at 300 and 350°C for 2 h holding time) indicating successfully develop-
ment of coated electrode and establishment of a weld procedure which could be 
applied commercially.

The tensile properties of ADI is strongly depends on the amount of retained 
austenite and its carbon content, the shape and size of bainitic ferrite and the 
numbers of graphite nodules presence in per unit area [42, 43]. At each austempering 
conditions both the weld metal attributed more amount of retained austenite and 
finer bainitic ferrite and smaller size of graphite nodules compare to base metal and 
HAZ. During tensile testing weld metal is possibly more strain hardened compare to 
base metal and HAZ due to presence of higher amount of retained austenite [43, 44]. 
It is well known that austenite having FCC structure possesses higher strain harden-
ing rate than BCC ferrite (bainitic ferrite) and the strain hardening rate of austenite 
also increases with presence of carbon content [45]. Thus, one would expect, due to 
more amount of retained austenite along with higher carbon, that tensile strength 
of Ce containing weld metal would be higher than weld metal having without Ce at 
350°C austempering temperature for 2 h holding time.

3.2.3 Charpy impact test

The average sub-size Charpy impact values of without and with Ce containing 
weld metals after austempering at 300 and 350°C for 2 h holding time are given in 
Table 4. The result states that the Charpy impact values are increased with increas-
ing the austempering temperature from 300 to 350°C. The Charpy impact values 
are strongly depends on the amount of retained austenite, shape and size of bainitic 

Figure 10. 
Variation of microhardness of weld metals at different holding time austempering at (a) 300°C and (b) 350°C 
using Trial 4 and Trial 7 electrodes.
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and austenite become stabilized. Thus, maximum stability of retained austenite 
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austempering at 300 and 350°C for 2 h holding time are given in Table 4.

3.2.1 Microhardness

The microhardness of both the weld metals (without and with Ce containing) 
after austempering at 300 and 350°C for 1.5, 2 and 2.5 h holding time were taken 
at six different positions of the weld metal and the average of six considered final 
value. The average microhardness of the weld metals at both 300 and 350°C aus-
tempering temperature are plotted in Figure 10 with respect to the holding time. 
Figure 10 demonstrates that at 300°C both the weld metal shows higher hardness 
value than 350°C due to the variation of the amount of carbon enriched austen-
ite. However, the hardness values are changed with changing the austempering 
holding time. In both the weld metals at both 300 and 350°C holding time changed 
from 1.5 to 2 h, the hardness values are decreased with increasing the amount 
of retained austenite. With increasing holding time from 2 to 2.5 h the hardness 
values are increased, with decreasing the amount of carbon enriched retained 
austenite in weld metals. At higher holding time the stage II reaction was started 
and the carbon enriched retained was diffused to bainitic ferrite and carbide, as 
a results the amount of retained austenite was decreased and the hardness value 
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Electrode Austempering 
temperature 

(°C)

Holding 
time (h)

Charpy 
impact 

(J)

Fatigue 
strength 

(MPa)

Microhardness 
(Hv)

Trial 4 (without Ce) 300 2 20 211 327

350 26 241 280

Trial 7 (with Ce) 300 22 241 290

350 31 302 273

Table 4. 
Mechanical properties of ADI weld metals.
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metal and attributed minimum hardness (273Hv) at 350°C for 2 h holding time 
presence of higher amount of retained austenite (46.7%) compared to without Ce 
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of Ce containing weld metal would be higher than weld metal having without Ce at 
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Figure 12. 
Fracture surface of ADI weld metal austempering at (a) 300°C and (b) 350°C for 2 h using Trial 4 and  
(c) 300°C and (d) 350°C for 2 h using Trial 7 developed electrode.

ferrite, graphite nodularity, size of the nodules and numbers of nodules presence in 
per unit area. Presence of higher carbon content in austenite the strain hardening 
rate of austenite is high and consequently more energy is being absorbed leading 
to increase in impact toughness [42, 43]. The higher nodularity could suppress the 
crack initiation due to lower stress concentration and increase in amount of graphite 
nodules could act as crack arrester during impact testing. Therefore, increasing the 
graphite nodularity of ADI can improved the high cycle fatigue strength. In both 
the weld metals at 350°C to attributed higher carbon enriched retained austenite to 
signify the higher impact values.

Furthermore Ce containing weld metal shows higher Charpy impact values at 
both the austempering temperature. Ce content in weld metal to refine the bainitic 
ferrite and retained austenite shape with increased the amount of retained austenite 
content, smaller the graphite nodules with higher nodularity indicates higher impact 
values. The highest impact value (31 J) was obtained at 350°C at Ce content weld 
metal presence of maximum amount (46%) of carbon enriched retained austenite.

The fracture surfaces of the freshly broken Charpy impact test specimens of both 
Trial 4 and Trial 7 after austempering at 300 and 350°C for 2 h holding time were 
examined under SEM in order to relate impact properties to operative fracture mech-
anism and are given in Figure 12. At 300°C both the weld metal (Figure 12a and c) 
fracture surface exhibits predominantly dimple and quasi-cleavage types fracture. 
However, at 350°C (Figure 12b and d) the fracture surface exhibits predominantly 

Figure 11. 
Transverse tensile samples after testing, austempering at (a1) 300°C, (a2) 350°C for 2 h using Trial 4 and  
(b1) 300°C, (b2) 350°C for 2 h using trial electrode.

141

Analysis of Mechanical Properties of Austempered Ductile Iron Weld Joints Using Developed…
DOI: http://dx.doi.org/10.5772/intechopen.84763

dimple in nature ductile fracture of both the weld metals. The presence of Ce content 
in weld metal the sizes of the dimple are more fine and with changing the austemper-
ing temperature (300–350°C) the shape and size of dimple are more finer to indicate 
the higher impact value. It appears that extensive plastic flow around the graphite 
nodules results in stress concentration at graphite-matrix interface which leads to a 
decohesion between graphite nodules and the matrix. Figure 12 illustrates the small 
graphite nodules within cavities or dimples that initiated the microvoids. Subsequent 
growth and coalescence of these microvoids produced dimple rupture network. The 
crack, which is likely to initiate near the graphite nodule, propagates through the 
matrix to reach the adjoining nodules. It is anticipated that plastic deformation in 
the matrix ahead of the regions of decohesion will thus be confined essentially to the 
soft ferrite regions [42] and the crack propagation becomes difficult across the tough 
austenite to join up with similar micro cracks in the neighboring ferrite needles. 
Therefore, one can expect improved toughness with increasing the volume fraction 
of retained austenite.

3.2.4 High cycle fatigue analysis

The fatigue life of weld joints after austempering at 300 and 350°C using with-
out and with Ce containing coated electrodes are represented through S-N curve 
in Figure 13. The S-N curve is drawn through the data point as best fit line and the 
arrows are indicates the samples did not fail before an excess of 107 cycle or more 
stress cycle to called the endurance limit. The maximum strength obtained at 107 
cycles is called the fatigue strength. In Figure 13 illustrate that the fatigue strength 
of the weld joints were varied with varying the austempering temperature and 
respective weld metal composition. The maximum fatigue strength (302 MPa) was 
obtained at 350°C for with Ce weld metals due to higher toughness and lower tensile 
strength and hardness of weld metal (Table 4).

At lower (300°C) austempering temperature microstructure shows needle shape 
bainitic ferrite with lower amount of retained austenite to indicate higher tensile 
strength and hardness with lower impact toughness. However, at higher (350°C) 
austempering temperature microstructure shows coarser bainitic ferrite with higher 
amount of retained austenite to indicates lower tensile value and hardness with 
higher impact toughness indicates higher fatigue strength.

Figure 13. 
Comparison of S-N curve of high cycle fatigue test for Trial 4 and Trial 7 weld metals at different 
austempering conditions (arrow indicating the endurance limit of the each condition).
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Figure 12. 
Fracture surface of ADI weld metal austempering at (a) 300°C and (b) 350°C for 2 h using Trial 4 and  
(c) 300°C and (d) 350°C for 2 h using Trial 7 developed electrode.
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crack initiation due to lower stress concentration and increase in amount of graphite 
nodules could act as crack arrester during impact testing. Therefore, increasing the 
graphite nodularity of ADI can improved the high cycle fatigue strength. In both 
the weld metals at 350°C to attributed higher carbon enriched retained austenite to 
signify the higher impact values.

Furthermore Ce containing weld metal shows higher Charpy impact values at 
both the austempering temperature. Ce content in weld metal to refine the bainitic 
ferrite and retained austenite shape with increased the amount of retained austenite 
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Trial 4 and Trial 7 after austempering at 300 and 350°C for 2 h holding time were 
examined under SEM in order to relate impact properties to operative fracture mech-
anism and are given in Figure 12. At 300°C both the weld metal (Figure 12a and c) 
fracture surface exhibits predominantly dimple and quasi-cleavage types fracture. 
However, at 350°C (Figure 12b and d) the fracture surface exhibits predominantly 
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dimple in nature ductile fracture of both the weld metals. The presence of Ce content 
in weld metal the sizes of the dimple are more fine and with changing the austemper-
ing temperature (300–350°C) the shape and size of dimple are more finer to indicate 
the higher impact value. It appears that extensive plastic flow around the graphite 
nodules results in stress concentration at graphite-matrix interface which leads to a 
decohesion between graphite nodules and the matrix. Figure 12 illustrates the small 
graphite nodules within cavities or dimples that initiated the microvoids. Subsequent 
growth and coalescence of these microvoids produced dimple rupture network. The 
crack, which is likely to initiate near the graphite nodule, propagates through the 
matrix to reach the adjoining nodules. It is anticipated that plastic deformation in 
the matrix ahead of the regions of decohesion will thus be confined essentially to the 
soft ferrite regions [42] and the crack propagation becomes difficult across the tough 
austenite to join up with similar micro cracks in the neighboring ferrite needles. 
Therefore, one can expect improved toughness with increasing the volume fraction 
of retained austenite.

3.2.4 High cycle fatigue analysis

The fatigue life of weld joints after austempering at 300 and 350°C using with-
out and with Ce containing coated electrodes are represented through S-N curve 
in Figure 13. The S-N curve is drawn through the data point as best fit line and the 
arrows are indicates the samples did not fail before an excess of 107 cycle or more 
stress cycle to called the endurance limit. The maximum strength obtained at 107 
cycles is called the fatigue strength. In Figure 13 illustrate that the fatigue strength 
of the weld joints were varied with varying the austempering temperature and 
respective weld metal composition. The maximum fatigue strength (302 MPa) was 
obtained at 350°C for with Ce weld metals due to higher toughness and lower tensile 
strength and hardness of weld metal (Table 4).

At lower (300°C) austempering temperature microstructure shows needle shape 
bainitic ferrite with lower amount of retained austenite to indicate higher tensile 
strength and hardness with lower impact toughness. However, at higher (350°C) 
austempering temperature microstructure shows coarser bainitic ferrite with higher 
amount of retained austenite to indicates lower tensile value and hardness with 
higher impact toughness indicates higher fatigue strength.

Figure 13. 
Comparison of S-N curve of high cycle fatigue test for Trial 4 and Trial 7 weld metals at different 
austempering conditions (arrow indicating the endurance limit of the each condition).
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Figure 14. 
Fatigue fracture surface austempered ADI weld metals at (a) lower strength and (b) higher strength using 
Trial 4 electrode and (c) lower strength and (b) higher strength using Trial 7 electrode.

The fatigue strength of ADI joints depended on the amount of retained austen-
ite and its carbon content presence in ADI weld metals and the values are increased 
with increasing the amount of retained austenite content due to the higher strain 
hardening behavior of austenite [46]. Owing to the higher strain hardening 
behavior of austenite to delay the formation of persistent slip bands and reduces 
the nucleating of fatigue crack growth. However higher amount of retained aus-
tenite transformed to plastic induced martensite during high cycle fatigue test [26, 
46, 47]. Such types of transformation was occurred at the plastic zones to ahead 
the fatigue crack and relax the stress concentration at the crack tip, as a result to 
reduce the fatigue crack growth rate and increase the fracture toughness.

However, the fatigue strength also depends on the shape and size of the bainitic 
ferrite, retained austenite and graphite nodules. The fatigue strength of ADI was 
improved when the nodule count was increased, in particular at austempered 
temperatures for higher toughness [26]. Therefore, ADI with a higher nodule 
count with the smaller size exhibits a better fatigue life [26]. The more pronounced 
graphite nodule size with higher optimum toughness to exhibits higher amount of 
retained austenite indicates maximum fatigue strength.

Presence of Ce content in weld metal illustrates higher fatigue strength than 
without Ce content weld metal. Ce content to refine the austenitic grain size also 
increasing the amount of retained austenite and its carbon content to illustrate 
the higher fatigue life. The smaller retained austenite grain size apparently creates 
more dislocation barrier; as a result the formation of precipitate slip band is more 
difficult and required more number of cycles to initiate the fatigue crack [14]. The 
maximum fatigue strength was obtained at 350°C at Ce containing weld metal, 
presence of maximum amount of retained austenite content (46.7%).

The fracture surface of welded fatigue test specimen after austempering at 
300 and 350°C for 2 h holding time are analyzed by SEM studies and the fracto-
graphs are shown in Figure 14. In Figure 14, the fracture surface reveals ductile 
fracture with dimple formation also some cleavage fracture which is mostly 
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occurs in the vicinity of graphite nodules. The combination of ductile striation 
and cleavage plane whose river patterns go in to tear rivers is named as quasi 
cleavage [47]. At 300°C (Figure 14a and c) austempering temperature shoes 
mixture of dimple and quasi-cleavage fracture, however at 350°C shows (Figure 
14b and d) fully dimple in nature feature is the dominant fracture mechanism to 
indicate ductile or transgranular in nature. Presence of Ce to refined the fracture 
surface and shows smaller size dimple in fracture surface and improved the 
fatigue strength.

The fatigue crack (Figure 15) was initiated from the interface between the 
matrix and graphite nodules and crack path through the least resistance matrix 
phase due to the week interface bond between graphite and matrix also the lower 
elastic modulus of graphite. The crack path preferentially intersects with graphite 
nodules and there is an apparent crack branching mechanism to relate the crack-
nodule interactions. This mechanism is responsible for decreasing the fracture 
energy and reduce the crack propagation rate [48]. Figure 15 shows, the fatigue 
crack was initiated comparatively larger size graphite nodules and propagates to the 
nearest graphite through the matrix surface. The graphite nodules are not perfectly 
spheroid and the interface between the matrix and graphite are irregulars with 
multiple sharp corner and high stress concentration to constitute crack that ema-
nate from the graphite nodules [48]. However, the fatigue crack propagation path 
depends on the next graphite nodules ahead of the crack tip [48] and the crack front 
connect to the graphite nodules along to the crack path. At higher austempering 
temperature (350°C), decohesion of nodules and microcracks was observed around 
the graphite nodules.

It is important to note that several graphite nodules are involved with the growth 
of crack front, the shape size and distribution of the graphite nodules affects the 
average growth of crack [49].

Previous investigators [17, 26, 50, 51] states the crack was initiated at the 
interface between the graphite nodules, and a matrix. However crack also may 
initiate defects presence in metal such as inclusion, shrinkage and irregular shaped 
of graphite nodules [52, 53]. The nucleation of the crack grows very rapidly after 
initiation of crack and decelerates due to the interaction of the matrix structure. 
The crack is strongly influenced by the microstructure in the crack path region and 
propagated through discontinuous manner due to the retardation of the matrix 
grain boundary.

Figure 15. 
Fatigue fracture at ADI weld metals indicating the crack initiation and crack propagation path.
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Figure 14. 
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Trial 4 electrode and (c) lower strength and (b) higher strength using Trial 7 electrode.
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the fatigue crack and relax the stress concentration at the crack tip, as a result to 
reduce the fatigue crack growth rate and increase the fracture toughness.
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count with the smaller size exhibits a better fatigue life [26]. The more pronounced 
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retained austenite indicates maximum fatigue strength.
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cleavage [47]. At 300°C (Figure 14a and c) austempering temperature shoes 
mixture of dimple and quasi-cleavage fracture, however at 350°C shows (Figure 
14b and d) fully dimple in nature feature is the dominant fracture mechanism to 
indicate ductile or transgranular in nature. Presence of Ce to refined the fracture 
surface and shows smaller size dimple in fracture surface and improved the 
fatigue strength.

The fatigue crack (Figure 15) was initiated from the interface between the 
matrix and graphite nodules and crack path through the least resistance matrix 
phase due to the week interface bond between graphite and matrix also the lower 
elastic modulus of graphite. The crack path preferentially intersects with graphite 
nodules and there is an apparent crack branching mechanism to relate the crack-
nodule interactions. This mechanism is responsible for decreasing the fracture 
energy and reduce the crack propagation rate [48]. Figure 15 shows, the fatigue 
crack was initiated comparatively larger size graphite nodules and propagates to the 
nearest graphite through the matrix surface. The graphite nodules are not perfectly 
spheroid and the interface between the matrix and graphite are irregulars with 
multiple sharp corner and high stress concentration to constitute crack that ema-
nate from the graphite nodules [48]. However, the fatigue crack propagation path 
depends on the next graphite nodules ahead of the crack tip [48] and the crack front 
connect to the graphite nodules along to the crack path. At higher austempering 
temperature (350°C), decohesion of nodules and microcracks was observed around 
the graphite nodules.

It is important to note that several graphite nodules are involved with the growth 
of crack front, the shape size and distribution of the graphite nodules affects the 
average growth of crack [49].

Previous investigators [17, 26, 50, 51] states the crack was initiated at the 
interface between the graphite nodules, and a matrix. However crack also may 
initiate defects presence in metal such as inclusion, shrinkage and irregular shaped 
of graphite nodules [52, 53]. The nucleation of the crack grows very rapidly after 
initiation of crack and decelerates due to the interaction of the matrix structure. 
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propagated through discontinuous manner due to the retardation of the matrix 
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4. Conclusion

Based on the above studies, the following conclusions can be drawn.

1. Both Trial 4 (without Ce) and Trial 7 (with Ce) weld metals are responds 
in austempering heat treatment at 300 and 350°C for 1.5, 2 and 2.5 h hold-
ing time. At 300°C microstructure shows needle shape bainitic ferrite with 
retained austenite however at 350°C shows feathery shaped bainitic ferrite 
with retained austenite. Ce content in weld metal to refine the bainitic ferrite 
and austenite grain size and structures become homogeneous.

2. Volume percentage of retained austenite and its carbon content changed 
with changing the austempering temperature and holding time. At 300°C 
shows less amount of retained austenite with higher amount of bainitic 
ferrite. However at 350°C shows higher amount of retained austenite with 
comparatively less amount of bainitic ferrite. Retained austenite also varied 
with varying the austempering holding time at respective temperature 
and shows maximum retained austenite content at 2 h holding time at each 
austempering temperature for both the weld metals. However, Ce content 
in weld metal to enlarge the process windows to delay the stage I reac-
tion and shows more amount of retained austenite at each austempering 
temperature.

3. The microhardness of weld metal shows lower value at 350°C, presence of 
higher amount of retained austenite than 300°C austempering temperature. 
With changing the austempering holding time, the hardness values are 
changed and show lower hardness value at 2 h holding time with respective 
austempering temperature. Ce content in weld metal decreased the hard-
ness value and shows at both the temperature, presence of higher amount 
retained austenite and homogeneous microstructure. Tensile test result 
shows failure take place from the base metal for both Trial 4 and Trial 7 
weld metals at 300 and 350°C for 2 h holding time to indicate the 100% 
joint efficiency.

4. Charpy impact values are changes with changing the austempering tempera-
ture with changing the amount of retained austenite in weld metal. 350°C 
shows higher impact value for both weld metals presence of higher amount 
of retained austenite. Ce in weld metal to improve the Charpy impact value 
as a result of refine the microstructure and increasing the amount of retained 
austenite. Maximum Charpy impact value shows at Trial 7 weld metal at 350°C 
austempering conditions.

5. Fatigue strength of both welded joints was improved with improving the 
austempering temperature. At 350°C feathery shaped bainitic ferrite with 
higher amount of retained austenite illustrate higher fatigue strength than 
needle shaped bainitic ferrite with small amount of retained austenite at 
300°C. Presence of Ce content in weld metal Trial 7 weld metal shows higher 
fatigue strength at both austempering temperature due to lower hardness and 
higher Charpy impact value.

6. Fatigue fracture surface shows at 300°C temperature predominantly mixture 
with dimple and reverse pattern quasi-cleavage types fracture, however at 
350°C shows dimple types fracture to indicates ductile in nature. Ce content 
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in weld metal to refine the dimple size indicates higher toughness. Crack was 
initiated in comparatively larger size graphite nodules and propagated through 
less resistance matrix to the nearest graphite.
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and austenite grain size and structures become homogeneous.

2. Volume percentage of retained austenite and its carbon content changed 
with changing the austempering temperature and holding time. At 300°C 
shows less amount of retained austenite with higher amount of bainitic 
ferrite. However at 350°C shows higher amount of retained austenite with 
comparatively less amount of bainitic ferrite. Retained austenite also varied 
with varying the austempering holding time at respective temperature 
and shows maximum retained austenite content at 2 h holding time at each 
austempering temperature for both the weld metals. However, Ce content 
in weld metal to enlarge the process windows to delay the stage I reac-
tion and shows more amount of retained austenite at each austempering 
temperature.

3. The microhardness of weld metal shows lower value at 350°C, presence of 
higher amount of retained austenite than 300°C austempering temperature. 
With changing the austempering holding time, the hardness values are 
changed and show lower hardness value at 2 h holding time with respective 
austempering temperature. Ce content in weld metal decreased the hard-
ness value and shows at both the temperature, presence of higher amount 
retained austenite and homogeneous microstructure. Tensile test result 
shows failure take place from the base metal for both Trial 4 and Trial 7 
weld metals at 300 and 350°C for 2 h holding time to indicate the 100% 
joint efficiency.

4. Charpy impact values are changes with changing the austempering tempera-
ture with changing the amount of retained austenite in weld metal. 350°C 
shows higher impact value for both weld metals presence of higher amount 
of retained austenite. Ce in weld metal to improve the Charpy impact value 
as a result of refine the microstructure and increasing the amount of retained 
austenite. Maximum Charpy impact value shows at Trial 7 weld metal at 350°C 
austempering conditions.

5. Fatigue strength of both welded joints was improved with improving the 
austempering temperature. At 350°C feathery shaped bainitic ferrite with 
higher amount of retained austenite illustrate higher fatigue strength than 
needle shaped bainitic ferrite with small amount of retained austenite at 
300°C. Presence of Ce content in weld metal Trial 7 weld metal shows higher 
fatigue strength at both austempering temperature due to lower hardness and 
higher Charpy impact value.

6. Fatigue fracture surface shows at 300°C temperature predominantly mixture 
with dimple and reverse pattern quasi-cleavage types fracture, however at 
350°C shows dimple types fracture to indicates ductile in nature. Ce content 
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in weld metal to refine the dimple size indicates higher toughness. Crack was 
initiated in comparatively larger size graphite nodules and propagated through 
less resistance matrix to the nearest graphite.
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Abstract

High-entropy alloys (HEAs) are materials of high property profiles with 
enhanced strength-to-weight ratios and high temperature-stress-fatigue capabil-
ity as well as strong oxidation resistance strength. HEAs are multi-powder-based 
materials whose microstructural and mechanical properties rely strongly on 
stoichiometry combination of powders as well as the consolidation techniques. 
Spark plasma sintering (SPS) has a notable processing edge in processing HEAs due 
to its fast heating schedule at relatively lower temperature and short sintering time. 
Therefore, major challenges such as grain growth, porosity, and cracking normally 
encountered in conventional consolidation like casting are bypassed to produce 
HEAs with good densification. SPS parameters such as heating rate, temperature, 
pressure, and holding time can be utilized as design criteria in software like Minitab 
during design of experiment (DOE) to select a wide range of values at which the 
HEAs may be produced as well as to model the output data collected from mechani-
cal characterization. In addition to this, the temperature-stress-fatigue response 
of developed HEAs can be analyzed using finite element analysis (FEA) to have an 
in-depth understanding of the detail of inter-atomic interactions that inform the 
inherent material properties.

Keywords: spark plasma sintering, high entropy alloys, advance material,  
aerospace application

1. Introduction

1.1 Background/motivation

In the aerospace industry, the landing gear is essential for support during land-
ing and ground operations in an aircraft. Manufacturers attach the landing gear to 
primary structural members of an aircraft and must bear the heavy compressive 
load. Therefore, when landing, the impact energy of the aircraft will be absorbed 
through the design and a minimized load transmitted to the airframe. Thus, materi-
als used for landing gear application must be able to withstand high operating tem-
peratures, fatigue, creep, cyclic and translational movement of parts at high-speed, 
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and chemical, erosion, wear, and oxidation degradations [1–3]. The development of 
high-performance materials with superior characteristics for aerospace application 
has continually been the challenge faced by material engineers and scientists over 
the years. However, materials engineers constantly create and improve properties of 
materials by applying the existing knowledge of science to develop advanced engi-
neering materials exhibiting better service performance through the development 
of various manufacturing techniques for different applications as shown in Figure 1 
[4–6]. The traditional alloys used for commercial purposes were designed by choos-
ing a core element which made up the matrix of the part and addition of elemental 
solutes to the primary base element [7, 8]. This basic element, which made up the 
matrix, was primarily titanium [9–11], vanadium [12], iron [13], aluminum [14], or 
nickel [15], amongst others, produced for the aerospace industry with outstanding 
benefits. According to the conventional alloying system, each element compensates 
each other’s deficiencies to give better properties of the alloy than to give the exis-
tence of the materials separately [16, 17]. However, the economy of the fabricated 
part with the conventional melting approach is the primary drive for research and 
development of powder metallurgy [18–21].

Landing gear components are typically manufactured with advanced materi-
als using conventional metallic materials such as aluminum alloy 7075 [22–30], 
alloys steel 4340 [31–36], titanium 6Al-4V [37–42], titanium 6Al-6V-2Sn [43, 44], 
titanium 15Al-3Cr-3Al-3Sn [45–47], and titanium 10Al-2Fe-3V [48–52]. The most 
versatile titanium alloys in the aerospace industry are titanium 6Al-4V, titanium 
6Al-6V-2Sn, titanium 15Al-3Cr-3Al-3Sn, and titanium 10Al-2Fe-3V because of 
their excellent properties. In the class of beta titanium alloys, Ti-15Al-3Cr-3Al-3Sn 
and Ti-10V-2Fe-3Al have been adopted for different airframe applications and 
landing operations [53]. The alloy Ti-10V-2Fe-3Al has the capability to substitute 
precipitation-hardening steels due to its in-depth hardenability and exceptional 
ductility. When it was successfully used in a Boeing 777 aerospace landing gear, the 
alloy Ti-10V-2Fe-3Al came to limelight. Initially, the alloy cost was higher than that 
of 4340 steel used in applications for landing gear [35]. However, the cost-benefit 
of using the alloy was achievable in the long run as the steel parts needed to be 

Figure 1. 
The evolution and characteristics of alloys.
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replaced due to potential susceptibility to stress corrosion cracking [54]. The alloy 
is therefore applied in many airframe applications of landing gear, wings, fuselage, 
doors, and cargo handling structures. Similarly, titanium alloys were not impressive 
for load-bearing components because of uneven stress distribution on parts dur-
ing operation [55]. The nomenclature of typical landing gear is shown in Figure 2, 
comprising axie, shock, and drag strut, walking beam, and torsion links which are 
made up of Ti-10V-2Fe-3Al.

Ti-10V-2Fe-3Al popularly used in landing gear and slat/flap tracks was success-
fully fabricated using alloy forgings [56, 57]. Tracks are the dynamic beams allow-
ing load transmission and movement between wings and moving slats. They are 
generally produced from maraging steel. Recently, Ti-10V-2Fe-3Al has been made of 
flap tracks fitted on the trailing side of the wings to perform similar functions. The 
total weight saving in Boeing 777 was about 40 kg by using six 5 ft. long flap tracks. 
The assessment of Ti-10V-2Fe-3Al’s corrosion resistance is very important given 
its widespread use as structural parts that are susceptible to wear and corrosion in 
simulated environments through which an aircraft flies, which also makes the mate-
rial not exceptional, and surface damage occurs in applications involving contact 
loading. In regard to this, Arya et al. [58] investigated the electrochemical corrosion 
performance of Ti-10V-2Fe-3Al alloy in different corrosive media namely, artificial 
seawater solution, Hank’s solution, 0.5 M sulfuric acid, and 0.5 M hydrochloric 
acid solution. The authors used open circuit potential, current transient time, Tafel 
extrapolation potentiodynamic polarization curves, and electrochemical imped-
ance spectroscopy to evaluate the corrosion rates. The results show that due to the 
formation of thick, compact, and stable passive film, this alloy has a lower corrosion 
rate in alkaline solution. Corrosion rate in acid solution is higher because the passive 
film is less compact, porous, and unstable. Li et al. [59] used a high-frequency 
push-pull fatigue testing machine to report the effect of fretting on the fatigue 
performance of Ti-6Al-4V and Ti-10V-2Fe-3Al alloys. For comparative analysis 
of the fretting effect on the fatigue performance of the different titanium alloy, 
the author obtained both plain and fretting fatigue curves. The result shows that 
Ti6Al4V titanium strength and plain fatigue are lower than Ti-10V-2Fe-3Al titanium 
strength. But the fretting fatigue of Ti6Al4V titanium is higher under each contact 
stress. The fatigue source depth of Ti-10V-2Fe-3Al alloy is greater than that of 
Ti6Al4V alloy. Hardening of Ti-10V-2Fe-3Al alloy is more serious after fretting. The 
wear mechanism of two titanium alloys is different; Ti1023 titanium alloy is more 

Figure 2. 
The nomenclature of main landing gear bogie truck.
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sensitive to fretting wear. According to Li et al. [60], the mechanical behavior of the 
Ti-10V-2Fe-3Al alloy under the high-temperature and dynamic loading conditions 
and the microscopic observations show that the microstructure of Ti-10V-2Fe-3Al 
alloy is sensitive to the external thermal loading. As the testing temperature is lower 
than the β phase transus, the β phase concentration almost remains unchanged 
besides a few of the refinement and spheroidize of β phase grains, which results in 
maintaining the high yield strength of the alloy. When the testing temperature is 
higher than the β phase transus, the thermal loading and mechanical loading can 
respectively cause various refinements and spheroidize of the β phase grain of alloy, 
which remarkably decreases the yield strength of the alloy. Based on the resulting 
stress and strain data obtained in simple shear, the high-temperature dynamic 
shear deformation mechanisms have been evaluated by using the characteristics of 
stress-strain behavior caused by thermal loading and mechanical loading. The high-
temperature dynamic constitutive model is established based on the experimental 
results.

Utama et al. [61] reported surface height irregularities that occurred during 
machining Ti-10V-2Fe-3Al beta (β) titanium alloy. The author observed the height 
differences in two different regions, “soft region” and “hard region.” The hard 
region has higher Fe and lower Al content, resulting in higher β-phase stability to 
resist the precipitation of the primary alpha (αp) phase caused by a solution treat-
ment process failure. By contrast, a higher volume fraction of the αp phase and a 
lower volume fraction of the matrix consisted of a combination of β and secondary 
alpha (αs) phase.

A high number of αs/β interfaces in the matrix with a predicted 520 HV hard-
ness resulted in harness improvement of the hard region. Hence, the hard and soft 
regions had different wear resistance capabilities during the machining process, 
resulting in surface height irregularities. Jiao et al. [62] reported that a compli-
cated and unique phase transformation process takes place with forming different 
microstructures from forging and reconstruction method to study the spatial 
distribution of α phase in different grains present in the Ti-10V-2Fe-3Al alloy 
specimen. Since the process involves repeated heating and cooling during deposi-
tion, there was development of the complex and unique phase transformation 
process in the different microstructures. Their results showed plate-like morphol-
ogy formation of α laths in the deposited alloy, and a tetrahedral relationship 
followed their precipitation from the β phase. The different orientation of the grain 
results in different specific morphologies. The α laths are perpendicular to each 
other when the cutting plane is parallel to the (100) plane of the BCC cell. If the 
cutting plane is parallel to the plane (111), a special morphology is established with 
a mixture of plate-like and rod-like phase α. Liu et al. [63] examined the evolution 
of microstructure and compression properties of Ti-10V-2Fe-3Al titanium alloy 
and solution treatments at temperatures ranging from 710 to 830°C, followed by 
treatment with aging. Ti-10V-2Fe-3Al alloys with α + β-phase have higher mechani-
cal properties than single β-phase alloys. The content of the equiaxed α phase 
decreases with the increase in solution temperature. As a result, the alloy strength 
increases as the plasticity decreases. The highest yield strength value of 1668 MPa 
was obtained in the sample treated with a solution of 770°C treated for 2 hours, 
then water quenched and 520°C aging for 8 hours followed by air cooling. The 
stress-induced phase of martensite α” appeared in the sample solution treated at 
830°C after dynamic compression of SHPB.

Tabachnikova et al. [64] measured the influence of temperature on Young’s 
modulus for different structural states by mechanical resonance spectroscopy. 
The heat treatment of the samples led to an increase (∼25%) of Young’s modulus. 
Ren et al. [65] established that “Ti-10V-2Fe-3Al has the tendency to spall in a 

155

Spark Plasma Sintered High-Entropy Alloys: An Advanced Material for Aerospace Applications
DOI: http://dx.doi.org/10.5772/intechopen.86839

brittle-ductile mixed fracture manner with very rough fracture surfaces covered by 
ductile dimples”. The authors investigated the spall fracture behavior of a typi-
cal metastable β-titanium alloy, Ti-10V-2Fe-3Al, by subjecting it to shock loaded 
through a series of plate impact tests. The microstructural characteristics of the 
spall planes were systemically investigated for the influence of the shock-induced 
SIM phase transformation on the fracture behavior of the β-titanium alloy. The 
authors concluded that the spall strength of Ti-10V-2Fe-3Al is ca. 3.1 GPa at shock 
pressure below 8.5 GPa dropped by nearly 20% as the shock pressure exceeds 
9 GPa due to the abundance of SIM phases with increased shock pressure. The 
microvoids in the spalled Ti-10V-2Fe-3Al mainly nucleate at the intersections of 
the grain boundary and the α martensite lath, which obviously showed that the 
shock-induced β-to-α martensite phase transformation strongly affected the spall 
fracture behavior of this alloy. The shock-induced β-to-α phase transformation has 
a detrimental effect on the spallation resistance of titanium alloys, which should 
be minimized in structural materials of titanium alloys that need to withstand 
shock wave loading. Srinivasu et al. [53] reported the presence of continuous grain 
boundary in Ti-10V-2Fe-3Al which is surrounded by a softer precipitate-free zone 
that leads to flow localization, thereby influencing fatigue crack propagation. The 
authors therefore studied the effect of processing and heat treatment on the tensile 
properties and fracture toughness of Ti-10V-2Fe-3Al, a high-strength metastable 
beta titanium alloy. The alloy was subsequently subjected to thermomechanical pro-
cessing that included combinations of rolling and solution heat treatment in both 
α-β and β phase fields. The rolling temperatures ranged from 710°C (sub-transus) 
to 860°C (super-transus) and the temperatures of the solution treatment ranged 
from 710°C (sub-transus) to 830°C (super-transus). A systematic microstructural 
investigation (optical as well as scanning electron microscopy) was undertaken to 
correlate the property trends with the underlying microstructure, which is strongly 
dependent on the sequence of thermomechanical processing. A subtransus rolling 
followed by subtransus solution treatment resulted in a morphology being equiaxed 
while a super transus rolling followed by subtransus solution treatment resulted in a 
phase being more acicular/lenticular in morphology. While α-β rolling followed by 
α-β heat treatment gave better tensile properties, α-β heat treatment followed by β 
rolling resulted in superior fracture toughness.

In recent years, research has shown that advanced engineering materials used 
in industries are susceptible to corrosion and fatigue-related failures [66]. Authors 
attribute these challenges to design shortcomings, poor selection of materials, 
beyond the design limits, overloading, insufficient maintenance, and manufactur-
ing defects [67]. The resulting repair and replacement costs take up almost half of 
the total budget; therefore, the performance of materials, particularly fatigue and 
corrosion resistances, has received widespread attention. According to Hemphill 
[68], the major drawback of this material is the formation of microcracks, which 
developed during fabrication as a manufacturing defect causing severe fatigue 
challenges. Current applications of Ti-10V-2Fe-3Al mainly in the wide range of 
aircraft structural components [69] are exceeding 200 flying components in each 
Boeing 777 alone [70, 71]. These applications were made by ingot metallurgy and 
forging [72], based on Boeing’s original development for use in the Boeing 757 
[73]. However, a primary problem with the process is the high buy-to-fly ratio [74], 
which results in about 90% scrap or a material utilization factor of just as much as 
10%. Another issue is the severe segregation of α and β phases in the Ti-10V-2Fe-3Al 
as-cast ingot due to the presence of α and β stabilizers at 15 wt.%. This results in the 
so-called “beta flecks” in the forged microstructures [69].

Powder metallurgy (PM) allows the manufacture of near-net shape and effec-
tively eliminates segregation by using micrometer-sized powder materials [69, 75]. 
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forging [72], based on Boeing’s original development for use in the Boeing 757 
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which results in about 90% scrap or a material utilization factor of just as much as 
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There are many advantages of powder metallurgy compared to the conventional 
process in terms of fabricate titanium-based composite, low cost, full densification, 
no segregation, no inner defect, internal stress, excellent stability, and uniform 
microstructure. The high buy-to-fly ratio associated with many titanium compo-
nents, combined with difficulties in forging and machining and recent availability 
issues, has resulted in a strong drive for near-net titanium manufacturing. PM [76]. 
is a very promising way to achieve this goal. Accordingly, a variety of PM-based 
techniques have been implemented to fabricate Ti-10V-2Fe-3Al using either pre-
alloyed powder or titanium or TiH2 and master alloy powder blends [71, 77]. 
Generally, fully dense Ti-10V-2Fe-3Al alloy consolidated by hot isostatic pressing 
(HIP), or HIP + forging, with or without subsequent solid solution treatment 
and aging [78], can achieve tensile properties such as wrought alloys. Technically, 
the simplest and most attractive PM manufacturing route is the cold compaction 
and sinter approach [69]. Its potential for titanium manufacturing on a variety of 
titanium materials [79] has been well demonstrated. Although Ti-10V-2Fe-3Al’s 
tensile properties were previously reported [80], the densification process, sinter-
ing mechanism, microstructural evolution during sintering, and their correlations 
with sintered mechanical properties were not given sufficient details. In contrast, 
the literature on powder-based titanium alloy manufacturing has focused largely 
on Ti-6Al-4V, with a focus on achieving full densification with respect to differ-
ent manufacturing conditions [80, 81]. Therefore, there is an ultimate need to 
understand and establish the fundamentals of the cold-compaction-and-sinter PM 
approach for the fabrication of high strength or specialty solute rich titanium alloys 
such as Ti-10V-2Fe-3Al.

Spark plasma sintering (SPS) has been applied in the preparation of alloys, 
functional materials, ceramics, cermets, nanocomposites, and intermetallic 
compounds [82]. In recent times, extensive efforts were made towards research 
and development of SPS as a promising technique for high entropy alloys. Unlike 
conventional sintering methods, which usually use alternating heat current [83], 
SPS uses an on-off pulse current to heat the graphite die directly to complete the 
sintering process. Considering the SPS sintering mechanism, it is specifically 
assumed that an electrical field is formed between grains during sintering and 
high-temperature plasmas are excited under the action of pulse current to cause a 
cleaning effect on the surface of particles, leading to a sintering enhancement [84]. 
The spark plasma sintering method has several advantages over other conventional 
sintering techniques like hot pressing, mechanical alloying, and isostatic pressing 
due to high chances of sintering materials of near full densification and little grain 
growth [85]. SPS unique features also include a low heating profile, which makes it 
possible to sinter powders with controlled grain size and limited chemical interac-
tion with other constituents [86]. The SPS method has proven its high effective-
ness in fabricating ceramic composites and alloy materials for nano-applications, 
biomaterials, and electronic materials. From the traditional alloy design concept 
of titanium 10Al-2Fe-3V, however, HEAs are not based on a single element but on 
multi-component systems consisting of at least five main elements in an equal or 
near-equal atomic percentage (at.%) with no noticeable difference between the 
solute and the solvent [87]. According to existing physical metallurgy and phase 
diagrams, such multi-element alloys can produce many phases and intermetallic 
compounds, resulting in complex and fragile microstructures that are difficult to 
analyze and engineer but are likely to have finite practical values [88]. Experimental 
results indicate, beyond expectations, that the higher mixing entropy in these alloys 
enhances the formation of random solid-solution phases with simple structures 
such as face-centered cubic (FCC) structures [89], body-centered cubic (BCC) 
structures [90]), or hexagonal close packing (HCP) structures [91], thereby 
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reducing the number of phases [89, 92, 93]. The new alloy design strategy has since 
opened up an enormous, unexplored multi-component alloy field. The alloy design 
strategy has achieved unimaginable successes, and great efforts have been devoted 
to the development and application of many HEAs [94], in various fields because of 
their excellent performance, such as unique wear resistance [95], excellent strength 
and thermal stability at elevated temperatures [96], superior high elongation [93], 
high fatigue, and fracture toughness [97]. Han et al. [98] showed that the “addition 
of Ti is beneficial to the strength and the compressive ductility of the HEAs at room 
temperature”. The authors presented a new refractory HEA alloy of TiNbMoTaW 
fabricated from addition of Ti to NbMoTaW alloy. The new TiNbMoTaW HEA 
was found to have a BBC phase structure that can be maintained even after 24-hour 
annealing at 1200°C. The room temperature yield strengths and compressive 
plastic strains of the developed TiNbMoTaW and TiVNbMoTaW HEAs have been 
significantly enhanced in comparison with the mechanical performance of HEAs 
NbMoTaW and VNbMoTaW. Also, with impressive yield strengths of ~586 and 
~659 MPa at 1200°C, the TiNbMoTaW and TiVNbMoTaW HEAs showed very 
promising high-temperature strength. As a result of these property profiles, it was 
suggested that the newly developed TiNbMoTaW and TiVNbMoTaW HEAs have 
potentials in applications of high-temperature structural materials.

Consequently, extensive research has been conducted to develop next-genera-
tion aerospace materials with high mechanical performance and superior corrosion 
resistance to achieve improvements in both performance and cost repetition. For 
traditional alloys, one or two principal components are selected based on a specific 
property requirement, and other alloying components are added to further improve 
their properties because of the huge formation of bulk intermetallic compounds 
which occurred as a result of the atomic ratios of elements reaching a 40% mark 
and above. Thus, this depletes the reliability of the alloy during service. Therefore, 
the search for an alloy with atomic ratios lower than 35% commenced in 1996 [99]. 
Hence, the possibility of combining several metallic principal elements in equal 
atomic compositions was explored and it was named high-entropy alloys (HEAs). 
HEAs always have the combination of at least five principal elements, each with an 
atomic percentage (at. %) between 5 and 35%. Generally, the atomic percentage 
of each minor element, if present at all, is always smaller than 5. The definition is 
expressed as follows in Eqs. (1) and (2) [94, 102]:

   n  major   ≥ 5, 5at . %≤  c  i   ≤ at35at . %   (1)

   n  minor   ≥ 0,  c  j   5at . %   (2)

where nmajor represents the major elements, nminor represents the minor elements, 
ci represents the atomic percentages of the major element, and cj represents the 
atomic percentages of the minor element.

This definition shows that HEAs need not to be equimolar or near-equimolar, 
and even contain minor elements to balance various material properties [100]. 
HEAs can easily be formed into simple FCC phase structures [101], BCC [102], and 
HCP [91] solid-solution structures. One renowned HEA is an equimolar-shaped 
Cantor alloy [102] consisting of Fe (BCC), Co (HCP), Cr (BCC), Mn (BCC), 
and Ni (FCC), with a solid-solution FCC phase when dendritically cooled in the 
as-shaped sample. Then, by adding Cu (FCC), Nb (FCC), or V (BCC), the five-
component alloy was extended to a six-component alloy system, showing the simple 
solid-solution FCC structure in the as-cast alloy with different lattice parameters. 
When the HCP type Ti was added, a solid-solution phase of the FCC formed a BCC 
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structure [103]. Another typical example is the AlxCoCrFeNi (molar percentage, 
2 ≥ x ≥ 0) system prepared by arc melting [104]. The CoCrFeNi as-cast alloy has 
a solid-solution phase of pure FCC. The AlxCoCrFeNi system changes the crystal 
structure from FCC to FCC + BCC phases by increasing the Al molar percentage 
from 0 to 2 and finally to a single BCC phase [104]. A typical TaNbHfZr alloy has a 
structure with only BCC [105].

Alloy design is a novel means of maximizing and synergizing metal counter-
parts in HEA multi-material systems. The design encompasses several consid-
erations such as atomic radius, solid solution solubility, powder stoichiometry, 
processing technique, and the processing conditions or parameters chosen. Thus, 
HEAs possess dynamic and exceptional properties, such as high hardness and 
strength profiles, good oxidation and corrosion resistance, and high-temperature 
softening resistance, which are crucial in prospective engineering applications. 
HEAs fabricated by SPS have been reported to possess excellent densification 
properties, as well as high strength and hardness profile. Mohanty et al. [106] 
research output on a multicomponent equiatomic AlCoCrFeNi high entropy alloy 
developed by spark plasma sintering established a high mechanical strength. 
The sintered samples at the optimum temperature of 1273 K displayed the high-
est microhardness. Fang et al. [85] also researched the mechanical behavior of 
Al0.5CrFeNiCo0.3C0.2 high entropy alloy. They recorded a compressive strength of 
2131 MPa and a Vickers microhardness of 617 HV of the Al0.5CrFeNiCo0.3C0.2 high 
entropy alloy. Zhao et al. [107] fabricated HEAs on a carbon steel substrate via 
spark plasma sintering, which are considered as excellent coating materials due 
to their high hardness, good wear, and corrosion resistance. The microstructure 
evolved from FCC to FCC + BCC mixed structure. AlxCrFeCoNiCu (x = 0, 1, 2, 3) 
coating has an average hardness of approximately 682 HV0.2, which is the highest 
hardness in all the HEA coatings. Compared with AISI 52100 steel, spark plasma 
sintered Al2CrFeCoNiCu and Al3Cr-FeCoNiCu HEA coatings show exceptional 
sliding wear resistance and extremely low friction coefficient in comparison with 
AISI 52100 steel. Al3CrFeCoNiCu HEA coating wear resistance is approximately 
four times better than that of bearing steel, showing a promising application as a 
wear-resistant material According to Chen et al. [108], research outputs of several 
literature studies indicate that the addition of Ni to Ti-10V-2Fe-3Al is beneficial to 
the improved mechanical performances of the HEA, making the HEA a good mate-
rial for high-temperature applications. Nickel is the fifth most common element 
on earth’s crust. As a high-profile element with a good property suited for diverse 
applications especially that of the aerospace industry, there is no substitute for Ni 
without reducing performance or increasing cost. The biggest use of nickel is in 
alloying, particularly with chromium and other metals to produce stainless and 
heat-resisting steels constituting 65% production [109]. Another 20% is mostly 
used for highly specialized industrial, aerospace, and military applications. With 
characteristic melting point of 1453°C, Ni has reliable corrosion and oxidation 
properties, and readily forms alloys [110, 111].

Chromium, on the other hand, is generally used in metallurgy to impart corro-
sion resistance, and it also has good strengthening effect of forming stable metal 
carbides at the grain boundaries of its alloying counterpart [112, 113]. Chromium 
has excellent mechanical properties such as high corrosion and wear resistance. 
Therefore, in alloying, it finds a good match with Ni to form Ni-Cr alloys when used 
with Ti-10V-2Fe-3Al for making landing gear, wind turbine, engine components, 
and many other industrial and mechanical components where high wear-resistance 
is needed such as in aerospace applications. The structure of Ni-Cr alloys depends 
on the percentage composition of nickel or chromium, and the temperature. It is 
noteworthy that Ni-Cr alloys will be dominated by the π phase, which tends to be 
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brittle at about 60–75% Ni addition. The crystal structure of the FCC is found in 
the γ phase, and the γ phase shows improved strength and ductility in comparison 
with the σ phase. The FCC crystal structure is commonly found in Ni-rich alloys, 
while the BCC crystal structure tends to be found in Cr-rich alloys. The γ phase 
Ni-Cr alloy can be converted into the ε phase at high pressures, which shows an HCP 
crystal structure. The alloying element helps stabilize the BCC structure of Ti-10V-
2Fe-3Al HEA, increasing the hardness and plastic strain of the alloy. However, there 
are limited publications in the literature on Ti-10V-2Fe-3Al alloy with Ni and Cr 
additions, despite the different manufacturing routes that had been established. 
Moreover, reports investigating the fatigue, corrosion, and oxidation behaviors of 
spark plasma sintered Ti-10V-2Fe-3Al-Ni-Cr HEAs with their potential applications 
are scarce. Therefore, this work proposes to use the spark plasma sintering manu-
facturing technique to synthesize novel Ti-10V-2Fe-3Al-Ni, Ti-10V-2Fe-3Al-Cr, 
Ti-10V-2Fe-3Al-Ni-Cr, and Ti-V-Fe-Al-Ni-Cr high entropy alloys (HEAs) for mak-
ing landing gear. Thereafter, the synthesized alloys will be characterized in terms of 
microstructure, composition, and phase transformation using optical microscopy 
(OM), X-ray diffraction (XRD), and scanning electron microscopy (SEM) with 
energy-dispersive X-ray spectroscopy (EDX), respectively. Also, the mechanical 
and electrochemical properties of the materials will be carried out, and the effects 
of temperature and stress distributions of the high entropy alloy material during the 
SPS process will be modeled.

2. Conclusion

From the open literature above, the authors agreed that the current market 
material (Ti-10V-2Fe-3Al) used in high-temperature applications such as gas 
turbine and turbine engine in the aerospace industry experience several failures 
such as high-temperature oxidation and corrosion, limited hardness, and wear 
resistance. It is confirmed that spark plasma sintering is a potential way to fabricate 
HEAs which possess properties such as improved microhardness, compressive/
tensile strength, tribology, thermal properties, and corrosion resistance properties 
for low and high-temperature applications as generally agreed by all the authors. 
Also, it is generally accepted by the authors that SPS processing parameters play 
a significant role in the mechanical properties of the final developed alloys. The 
authors concluded that HEAs are the potential replacement for nickel-based 
superalloys in high-temperature applications. Furthermore, the authors agreed 
that it is possible to simulate the SPS process by means of finite element modeling. 
However, SPS simulation of thermal distribution and stress distribution analysis 
for the development of HEAs are limited in the open literature. Thus, this paper 
exposes the influence of spark plasma sintering parameters on the mechanical 
properties of the synthesized alloy.
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However, SPS simulation of thermal distribution and stress distribution analysis 
for the development of HEAs are limited in the open literature. Thus, this paper 
exposes the influence of spark plasma sintering parameters on the mechanical 
properties of the synthesized alloy.
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Abstract

Dimensional processing of products made from hard alloys and superhard
materials is of a certain interest for contemporary high-technology production, as it
enables creation of half-finished or final products of various geometric shapes from
workpieces obtained by sintering. In this case conventional methods, first of all
abrasive processing and electroerosion cutting, find limited application, which is
caused by special features of the structural condition and physical and mechanical
properties of the materials of the processed workpieces. The functional approach
can be used in working of composite workpieces from laminated superhard mate-
rials. The performed research with the use of hydro-abrasive cutting (HAC), laser
cutting (LC), laser cutting with water cooling (LCC), and water jet-guided laser
(WJGL) has enabled studying of the intensity of destruction area introduction into
the worked piece and finding out the functional features of a particular process that
are caused by the working conditions. It has been shown that the hypothesis of
quasistationary rate of destruction is unacceptable for such materials, which is
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of the structural condition and physical and mechanical properties of the materials
of the processed workpieces. Processing of products made from laminated com-
pounds is especially complicated as there is a danger of breakage of adhesion bonds
in the “base-surface layer” plane. Workpieces made from such products include
diamond carbide (DC) composite containing an upper (working) layer of polycrys-
tal superhard composite on the basis of synthetic diamond (PCD) and a lower
(supporting) layer from hard alloy based on tungsten carbide (HA), obtained by
sintering in high-pressure apparatus [1].

It was demonstrated that, first of all, liquid blasting and laser blasting have good
prospects in industrial use for cutting flat workpieces from polycrystal superhard
materials (PSHM) and HA, as they allow creation of the cut surface with sufficient
efficiency. However, the problems of provision of high quality of the worked
surfaces of the products have not yet been solved in full.

So, surfaces of products from HA and PSHM obtained by the mentioned
methods are characterized by high roughness and essential deviation of the shape.
In Ref. [2], it is shown that hybrid processing methods based on a combination of
different ways of power and other flows impact on the material that make it
possible to essentially reduce working hours necessary for production and improve
the quality of processing. At the same time, analysis of the final product from the
point of view of its useful functions enables improvement of the method and
scientific substantiation of most rational ways of impact on the workpiece to
achieve the maximum quality level.

The solution to these problems can be found in the use of an innovative
approach to development of hybrid working methods; its essence consists in provi-
sion of useful functions of the product on the basis of morphological analysis of
variants of combination of power and energy flows generating a hybrid production
process.

The purpose of the chapter consists in development of principles of functional
approach to creation of hybrid processes as a morphological combination of
various ways of power and energy flows that impact on the worked piece when
functions and properties of the final product are formed by totality of results of
some technological transitions realized on micro-, meso-, or macro-levels of
the product.

2. Approaches to problem solution and research methods

Functional approach to development and creation of new machines, objects, and
complex technical systems was studied by many researchers [3]. They state that any
material object is characterized by a certain totality (matrix) of functions among
which it is possible to single out useful, harmful, and neutral functions (Figure 1).
Unlike a material approach, a functional approach is based on the fact that the
product is made to perform a number of functions provided by corresponding mate-
rial carriers (the cheapest ones or the ones with the least costly manufacturing steps).

This approach can also be applied to working technologies: the manufacturing
process expressed through material carriers is to be minimized according to criteria
taken into consideration—working time, cost price, and quality. Systemized data of
this approach are presented in a number of papers, for example, [4].

The idea of modularity of technological processes (TP) and their functional
orientation can develop in the following direction.

As all types of functions (useful, neutral, and harmful) are available in a final
product, manufacturing steps are to be oriented in such a way that harmful
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functions be weakened and useful ones, in their turn, be obtained in the minimum
number of steps. Under these conditions a technological process can be considered
prospective if weakening or complete elimination of harmful functions takes place
along with creation of useful functions during the steps.

Analysis of typical products of mechanical engineering from the point of view of
functional approach reveals that practically always creation of a particular useful
consumer function Fp will go together with manifestation of neutral Fn and harmful
Fv functions. Then a product having only useful (under certain conditions)
functions is ideal from the point of view of operation:

Fp ¼ Fpz, Fv ¼ 0, Fn ! min, (1)

where Fpz are the product useful functions having the following matrix of
consumer properties

P ¼
Xl
i¼1

Fpi þ
Xm
j¼1

Fnj þ
Xp

k¼1

Fvk: (2)

Hence, an equation of restrictions (1) and optimization (2) makes it possible to
choose the most rational material carriers of functions on the basis of morphological
analysis and then to pass to material carriers in the technological process creating
these functions.

As there is a functional interrelation between separate functions, that is,

Fv ¼ pFp, Fn ¼ qFp: (3)

taking into account the fact that a function is created by a separate TP step
in the form of transformation element Wp, Eq. (2) can be presented in the
following form:

P ¼
Xl
i¼1

WрFpi þ
Xm
j¼1

WnqFpj þ
Xp

k¼1

WvpFpk: (4)

Figure 1.
Classification of the object functions: B, basic; S, secondary; D, derived (obtained without special provision);
С, connected (accompany useful functions); I, independent.
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Taking into consideration the fact that TP cannot be aimed at creation of harm-
ful functions and properties in the product, minimization of the unnecessary func-
tions is expressed by dependence:

P ¼
Xl
i¼1

WрFpi þ
Xm
j¼1

WpqFpj þ
Xp

k¼1

WppFpk, (5)

or after transformation, in the following way

P ¼
Xl
i¼1

Fpi Wp þWpqþWpp
� �

: (6)

Approaching of the totality of the product properties to the ideal implies trans-
formation of summands Wnq and Wvp into zero, which is possible under the
condition of absence of functional relation between useful and harmful properties
of the product or under the condition that the process of obtaining useful properties
due to a particular TP step is at the same time the inverse one as to the occurring
harmful functions. Availability and interrelation of TP separate elements enable
presentation of Eq. (6) in the following way:

P ¼
Xl
i¼1

Fpi Wp þWpqþWppþWp pþ qð Þ� �
: (7)

For totality of alternative variants of TP, the obtained equality is supplemented
by quantitative signs of every function, the integral sum of which is equal to 1, then

I ¼
Xl
i¼1

Fpi bkiWpi � bviWpip� briWpi pþ qð Þ� �
: (8)

under the condition that bniWpiq ¼ 0, where bki and bvi are the corresponding
weight coefficients of each of the useful and harmful functions and bri is the weight
coefficient of interaction of independent steps revealing reserves in improvement
of output properties of the final product.

Describing the object by setting its initial condition Сn, as a totality of parame-
ters characterizing the form and dimensions of the workpiece, its physical and
mechanical properties, and final condition Ck via particular forms (dimensions,
relative position of the surfaces, physical and mechanical properties, etc.), the
technological transformation function φ0 is presented as

φ0 :

Cn1

Cn2

⋮
CnR

8>>>><
>>>>:

9>>>>=
>>>>;

!

Ck1

Ck2

⋮
CkT

8>>>><
>>>>:

9>>>>=
>>>>;

(9)

where CnR is r-th elementary property of the workpiece; CkT is t-th elementary
property of the product; and R and T are total number of parameters of the work-
piece and the product, respectively. The function φ0 = ΣWiEj, where Ej is the
product separate elements creating its properties.

As the product separate functions expressed via obtaining parameters of
geometric accuracy, condition, structure, etc. can be generated in different ways, it
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is expedient to create morphological tables that may provide the basis for search of
more rational variants of combination of technological actions.

Let the created product realize some totality of functions F1…Fl. To guarantee
them the elements of condition of workpiece, Еki is to be formed in such a way
(Figure 2) that

Fl ¼ Сki ¼ СpiWpj ¼ Σ ЕkiWpj:

Application of this approach makes it possible to reveal rational sequence of TP
steps, find causes of occurrence of harmful functions and eliminate them
(or invert), and also determine the possibility for hybridization of the process to
meet condition (1).

As generation of assigned functions is a multivariant task (Figure 2 and
Table 1), logical relations obtained on the basis of morphological analysis can
be simplified according to the known rules of Boolean algebra provided that
restrictions be met (7). In this case differentiation or hybridization of operation
may have new effects that are to be taken into account by corresponding weight
coefficients (8).

Figure 2.
Provision of the product functions Fpi by separate elements when they are generated by TP steps Wij.

No.
п/п

Product
functions

Element
provision

Material carriers—TP steps Probable harmful
functions

1 2 3 4 5

1 Fp1 E2∩E3∩E4 Wp1 ∗Wpj þWp3 —

2 Fp2 E2∩E3+ E7∩E8 Wp4 ∗Wp7 þWp3 ∗Wp5 þWp2 Fv1

…

L Fpl

Table 1.
Components of the product useful functions and their provision by TP.
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The product properties are generated as a result of a number of manufacturing
steps during which a complete or partial change of the initial properties takes place.
Technological transformation of a workpiece into a product is achieved by pur-
poseful total technological impacts Wij(tk) of material So(tk), energy Еo(tk), and
information Io(tк) types which enable presentation of a scheme of output properties
generation according to Figure 3 and write down.

Wij tkð Þ ¼ So tkð Þ∪E0 tkð Þ∪Io tkð Þ:

Then, on the grounds of the condition that tool technological impacts on
the product are to be performed at the levels from nano-areas to the product on
the whole, and the product is a 3D object, to realize the totality of variants
of technological impacts the morphological matrix will correspond to the
following form:

AП
З ¼

ПS
11 ПS

12… ПS
21 ПS

22… HS
11 HS

12… HS
21 Hs

22… ES
11 ES

12… ES
21 ES

22…

Пt
11 Пt

12… Пt
21 Пt

22… Ht
11 Ht

12… Ht
21 Ht

22… Et
11 Et

12… Et
21 Et

22…

Пv
11 Пv

12… Пv
21 Пv

22 Hv
11 Hv

12… Hv
21 Hv

22… Ev
11 Ev

12… Ev
21 Ev

21…

�������

�������

where Пs
11, П

s
12, ...; П

s
21, П

s
22, ...; Пt

11,П
t
12,…;Пt

21,П
t
22,…;…Пv

11, П
v
12, ...; П

v
21, П

v
22,

...; ...—variants of discontinuous technological actions along the corresponding axes
s, t and v of the coordinate system of s, t, v; Нs

11, Н
s
12, ...; Н

s
21, Н

s
22, ...;. Н

t
11, Н

t
12, ...;

Нt
21, Н

t
22, ...; Нv

11, Н
v
12, ...; Н

v
21, Н

v
22, ...—different variants of continuous technological

actions along the axes s, t and v of the coordinate system of s, t, v; Еs
11, Е

s
12, ...; Е

s
21,

Еs
22, ...;—different variants of one-time technological actions.
The presence of variants of discontinuous technological actions makes it possible

to consider processing of one element of the product in the form of a successive

Figure 3.
Generation of the product properties during manufacturing steps by conventional (upper) and hybrid
(lower) tools.
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totality of different actions. In this case if the element geometric characteristics
(e.g., flatness, accuracy of linear dimensions) are its output index, this process can
be realized by different types of actions that more completely correspond to the
properties of the workpiece elements. As actions providing the conditions for min-
imum error of the shape are to be taken without reinstallation of the workpiece and
change of its position in the fixation and orientation device, such processes should
be considered hybrid ones.

Let some element Еm of a product be obtained due to realization of discontinu-
ous technological actions Пt

ij and Пt
ijþk. It can be expected that k tools, accordingly,

will be required for the realization. However, if it is taken into account that a new
tool is created on the basis of the known ones, that is, expression Rnj ¼ ⋂ρi

i¼1Rsi takes
place, where Rnj is the field of creation of new types of tools; Rsi is the i-th totality of
the known engineering solutions; and ρi is the weight of the subset of the known
engineering solutions, then the newly created tool can combine the means for
fundamentally different types of actions (Figure 3).

Let totalities of properties of two tools represent expressions

I1 ¼
ρ11S

1
11 ρ21S

1
21 ρk1S

1
k1

… … …

ρ1jS
1
1j ρ2jS

1
2j ρkjS

1
kj

8><
>:

9>=
>;
, I2 ¼

ρ11S
2
11 ρ21S

2
21 ρk1S

2
k1

… … …

ρ1jS
2
1j ρ2jS

2
2j ρkjS

2
kj

8><
>:

9>=
>;
: (10)

Then a hybrid tool obtained on the basis of the principle of morphological
search and combination of properties will consist of m elements and m < k + j, as
some of properties of initial tools can be combined. Thus, the index of hybridization
of the created instrument is kg ¼ kþj

m . This index provides the possibility to find
rational engineering solutions for a hybrid tool on the grounds of a totality of the
required properties of the worked product and also the possibilities to achieve them
by available means.

Consider specific features of application of this approach to creation of hybrid
processes for working of diamond-bearing products intended to be used as tools.
Such products are rather simple, the number of elements Еі, defining functions Fj of
the latter is not large and, as a rule represents several surfaces making working
surfaces of the tool and a cutting element fastening plane.

Conventionally, these products represent plates of various geometric forms and
are made homogeneous or laminated depending on their purpose. They are mainly
worked up by an abrasive tool (AT). The use of various abrasive wheels enables
obtaining flat elements of surface (during cutting or profile ones during wheel
periphery copying (Figure 4a).

An alternative consists in application of laser working methods, in particular,
laser cutting (LC), laser cutting with water cooling (LCC) or water-jet-guided laser
(WJGL), and also a method using loose abrasive accelerated by a supersonic liquid
flow—hydro-abrasive cutting (HAC). In this case the obtained surfaces can be of an
arbitrary form determined by operational movement of the tool in relation to the
worked surface (Figure 4c).

Peculiar features of application of these processes are discussed in [1, 3, 5].
As preliminary research has revealed, separate application of these methods is

not optimal.
Let us consider specific features of LC, LCC, WJGL, and HAC from the point of

view of a functional approach.
HAC is known to generate a stressed condition at the obstacle—the worked

surface; this state is described by components
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totality of different actions. In this case if the element geometric characteristics
(e.g., flatness, accuracy of linear dimensions) are its output index, this process can
be realized by different types of actions that more completely correspond to the
properties of the workpiece elements. As actions providing the conditions for min-
imum error of the shape are to be taken without reinstallation of the workpiece and
change of its position in the fixation and orientation device, such processes should
be considered hybrid ones.

Let some element Еm of a product be obtained due to realization of discontinu-
ous technological actions Пt

ij and Пt
ijþk. It can be expected that k tools, accordingly,

will be required for the realization. However, if it is taken into account that a new
tool is created on the basis of the known ones, that is, expression Rnj ¼ ⋂ρi

i¼1Rsi takes
place, where Rnj is the field of creation of new types of tools; Rsi is the i-th totality of
the known engineering solutions; and ρi is the weight of the subset of the known
engineering solutions, then the newly created tool can combine the means for
fundamentally different types of actions (Figure 3).

Let totalities of properties of two tools represent expressions
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Then a hybrid tool obtained on the basis of the principle of morphological
search and combination of properties will consist of m elements and m < k + j, as
some of properties of initial tools can be combined. Thus, the index of hybridization
of the created instrument is kg ¼ kþj

m . This index provides the possibility to find
rational engineering solutions for a hybrid tool on the grounds of a totality of the
required properties of the worked product and also the possibilities to achieve them
by available means.

Consider specific features of application of this approach to creation of hybrid
processes for working of diamond-bearing products intended to be used as tools.
Such products are rather simple, the number of elements Еі, defining functions Fj of
the latter is not large and, as a rule represents several surfaces making working
surfaces of the tool and a cutting element fastening plane.

Conventionally, these products represent plates of various geometric forms and
are made homogeneous or laminated depending on their purpose. They are mainly
worked up by an abrasive tool (AT). The use of various abrasive wheels enables
obtaining flat elements of surface (during cutting or profile ones during wheel
periphery copying (Figure 4a).

An alternative consists in application of laser working methods, in particular,
laser cutting (LC), laser cutting with water cooling (LCC) or water-jet-guided laser
(WJGL), and also a method using loose abrasive accelerated by a supersonic liquid
flow—hydro-abrasive cutting (HAC). In this case the obtained surfaces can be of an
arbitrary form determined by operational movement of the tool in relation to the
worked surface (Figure 4c).

Peculiar features of application of these processes are discussed in [1, 3, 5].
As preliminary research has revealed, separate application of these methods is

not optimal.
Let us consider specific features of LC, LCC, WJGL, and HAC from the point of

view of a functional approach.
HAC is known to generate a stressed condition at the obstacle—the worked

surface; this state is described by components
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where U(t) and H(t) are components of movements at a particular point

of the surface that are determined as U tð Þ ¼ � 1�2νð Þpo tð Þ Dk
2

� �2
4G ;0< Di

2 < Dk
2 ;

H tð Þ ¼ � 1�2νð Þpo tð ÞDk
2G ; G and μ are the shift module and Poisson ratio of the worked

material, respectively; ε is the volume deformation; Δ ¼ d2

dr2
þ d

r∂r þ d2
∂z2 is the Laplace

operator; and р0 is the pressure at the obstacle pi ¼ 0, 5ρv2i þ ρv2i dQ .
Intensification of the stressed condition contributes to development of initial

defects and creation of a grid of microcracks actively joining under the action of
abrasive particles when material particles come off the surface. HAC is

Figure 4.
Processing tool working surface shaped abrasive wheel (a), model of a jet device (b), a laser head for cutting the
model (c).
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characterized by the property to efficiently continue working only till the moment
when the loss of jet energy due to friction against the surface of the funnel that
appeared is comparable with the energy at which the cutting process ceases.

In particular, in [1, 5] it is shown that during working of carbides (HA), the
dimple depth hl increases due to manifestation of mechanisms of micro-cutting and
deformation destruction, that is, the process is described by the expression

hl ¼ c
ffiffiffiffiffiffiffiffi
mav2
8σu2

q
þ 2ma 1�cð Þv2

πuεDj
, where с is the process constant; ma is the abrasive mass

flow; v is the velocity of abrasive particles movement, v ¼ 2pbf b
f b
ffiffiffiffiffiffiffiffiffi
2pb=ρ

p
þma

; σ is the

material flow stress; u is the feed rate; ε is the material specific energy; and Dj is the
flow diameter corresponding to the diameter of the nozzle section.

On the other hand, due to flow energy losses, the real depth of the obtained
dimple will be less and can be taken into account by the relation

hl ¼ c

ffiffiffiffiffiffiffiffiffiffi
mav2

8σu

r
þ 1�N1ð Þ2dj

N2N3
1�c þ Cf 1�N1ð Þ , (11)

where N1 ¼ vc
v ; N2 ¼ π

2
εd2j
mav

; N3 ¼ u
v ; vc is the critical velocity of abrasive parti-

cles movement.
A peculiar feature of cutting hard composite workpieces used in tools both

separately and in the form of bases for the required layers of other materials consists
in the fact that particles flowing on the surface cause local highly intensive loads
resulting in some elastoplastic compressive macrodeformations in local volumes of
the surface layer. These loads are mainly received by the carbide structure (for
alloys containing cobalt ≤10%). Further pickup of the abrasive particle by liquid
flow results in removal of compression load and partial elastic restoration of the
deformed volume of the surface layer, that is, in occurrence of tensions in this local
volume, which causes redistribution of tensions among the components of HA
structure. In this case, at first carbide grain boundaries break, which results in
appearance of microcracks in HA carbide grains themselves and plastic deformation
along the dislocation mechanism of cobalt bundle [2, 3]. After that the boundaries
between the carbide grains and the bundle and the bundle itself break.

Hence, movement of the destruction area slows down when the cutting depth
increases, and distortion of the jet as a “nonrigid” tool increases.

Much higher rigidity of polycrystal superhard materials, including cubic boron
nitride (PSHM, CBN) and diamond-bearing elements (DBE), causes the fact that a
moving flow of abrasive grains slightly influences the worked material and the
workpiece is not cut at a speed admissible by manufacturing conditions (Figure 5a).

Obtaining the initial groove and creation of a cut or a channel result in distortion
of the jet and its drift from the theoretic axis to the side opposite to the feed
movement. It is facilitated by selectivity of destruction caused by “nonrigidity” of
the jet, due to which creation of specific destruction areas takes place (Figure 5b);
their location and dimension determine the form of hydro-cutting front and devia-
tion of the jet by angle α, whose value is determined by the relation of speed vz of jet
penetration into the worked material and feed rate s. This phenomenon results in
appearance of surface defects in the form of waviness and also in cut edge deviation
from orthogonality.

The jet ability to selectively go about obstacles results in the fact that heteroge-
neity of the worked material and specific features of the power scheme may pro-
voke availability of both bumpy elements of the surface and surface cleavages
(Figure 5c).
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Processing tool working surface shaped abrasive wheel (a), model of a jet device (b), a laser head for cutting the
model (c).

176

Recent Advancements in the Metallurgical Engineering and Electrodeposition

characterized by the property to efficiently continue working only till the moment
when the loss of jet energy due to friction against the surface of the funnel that
appeared is comparable with the energy at which the cutting process ceases.

In particular, in [1, 5] it is shown that during working of carbides (HA), the
dimple depth hl increases due to manifestation of mechanisms of micro-cutting and
deformation destruction, that is, the process is described by the expression

hl ¼ c
ffiffiffiffiffiffiffiffi
mav2
8σu2

q
þ 2ma 1�cð Þv2

πuεDj
, where с is the process constant; ma is the abrasive mass

flow; v is the velocity of abrasive particles movement, v ¼ 2pbf b
f b
ffiffiffiffiffiffiffiffiffi
2pb=ρ

p
þma

; σ is the

material flow stress; u is the feed rate; ε is the material specific energy; and Dj is the
flow diameter corresponding to the diameter of the nozzle section.

On the other hand, due to flow energy losses, the real depth of the obtained
dimple will be less and can be taken into account by the relation

hl ¼ c

ffiffiffiffiffiffiffiffiffiffi
mav2

8σu

r
þ 1�N1ð Þ2dj

N2N3
1�c þ Cf 1�N1ð Þ , (11)

where N1 ¼ vc
v ; N2 ¼ π

2
εd2j
mav

; N3 ¼ u
v ; vc is the critical velocity of abrasive parti-

cles movement.
A peculiar feature of cutting hard composite workpieces used in tools both

separately and in the form of bases for the required layers of other materials consists
in the fact that particles flowing on the surface cause local highly intensive loads
resulting in some elastoplastic compressive macrodeformations in local volumes of
the surface layer. These loads are mainly received by the carbide structure (for
alloys containing cobalt ≤10%). Further pickup of the abrasive particle by liquid
flow results in removal of compression load and partial elastic restoration of the
deformed volume of the surface layer, that is, in occurrence of tensions in this local
volume, which causes redistribution of tensions among the components of HA
structure. In this case, at first carbide grain boundaries break, which results in
appearance of microcracks in HA carbide grains themselves and plastic deformation
along the dislocation mechanism of cobalt bundle [2, 3]. After that the boundaries
between the carbide grains and the bundle and the bundle itself break.

Hence, movement of the destruction area slows down when the cutting depth
increases, and distortion of the jet as a “nonrigid” tool increases.

Much higher rigidity of polycrystal superhard materials, including cubic boron
nitride (PSHM, CBN) and diamond-bearing elements (DBE), causes the fact that a
moving flow of abrasive grains slightly influences the worked material and the
workpiece is not cut at a speed admissible by manufacturing conditions (Figure 5a).

Obtaining the initial groove and creation of a cut or a channel result in distortion
of the jet and its drift from the theoretic axis to the side opposite to the feed
movement. It is facilitated by selectivity of destruction caused by “nonrigidity” of
the jet, due to which creation of specific destruction areas takes place (Figure 5b);
their location and dimension determine the form of hydro-cutting front and devia-
tion of the jet by angle α, whose value is determined by the relation of speed vz of jet
penetration into the worked material and feed rate s. This phenomenon results in
appearance of surface defects in the form of waviness and also in cut edge deviation
from orthogonality.

The jet ability to selectively go about obstacles results in the fact that heteroge-
neity of the worked material and specific features of the power scheme may pro-
voke availability of both bumpy elements of the surface and surface cleavages
(Figure 5c).
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Thus, the possibilities of HAC process from the point of view of the functional
approach can be presented by elements of Table 2. In this case the ability of the jet
to destroy the obstacle with creation of vertical edges can be regarded as a useful
function only for a restricted number of materials.

Then

W1i tkð Þ ¼ W1
Fp1 tkð Þ∩W1

Fv1 tkð Þ (12)

Figure 5.
Surface defects as manifestation of harmful functions of technological actions: (а) incomplete cutting;
(b) surface waviness; (c) surface cleavages.

Worked
material

Functions F0

Useful Fpi Harmful Fvk Neutral Fnj

Obtaining of orthogonal edge of
the product h, mm

Waviness δ, μm Surface
cleavage

Workpiece
heat, Т (°С)

HA Fp1 depends on cutting modes Fvk depends on
cutting modes

Minimum Up to 50–60

PSHM Weak High Complete Up to 50–60

PCD Absent Absent Insignificant Up to 50–75

Table 2.
Provision of the product function by creation of element Еі by a technological action Wij(tk) at HAC.
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under the condition that Fv2 and Fn1 can be neglected and useful and harmful
properties (functions) are manifested simultaneously. Corresponding transforma-
tions in the form of the process result, for example, depth h (the surface element
linear value) for HA, may represent regression equations in the form

hjWFp ¼ b0 þ b1sk þ b2Ma;

δjWFv ¼ b0 þ b1sk þ b2hm, (13)

where Ma is the abrasive grains mass flow, hm is the thickness of the worked
material, and for other materials hjWFp ¼ 0 and δjWFv ¼ 0.

It is obvious from the given relations that these two dependences are
interconnected and increase of cutting depth h at a higher rate of contour feed sk
results in increase of waviness δ.

More possibilities are provided by combined working of material by wate-jet-
guided laser (WJGL). In this case working variants correspond to schemes in
Figure 6; in this case both WJGL (Figure 6a) and LCC (Figure 6b–e) can be
realized.

Figure 6.
Variants of combination of a water jet and a laser beam for performance of WJGL (a) or LCC (b–e).
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The action of a water jet or a laser beam can be both simultaneous and succes-
sive. In this case different variants of laser blasting and possibilities of variation of
the form of jet nozzle flow section, as shown in [6], provide good prospects in
combination of methods of actions on the worked piece and, consequently, in
meeting principle (10).

Application of thermo-hydrodynamic jets typical of WJGL or LCC causes
heating of the workpiece whose temperature field can be described by equation [7]

T x; y; z; tð Þ ¼ P
π 1
2 ρc
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where t is the time from the moment of beginning of thermal impulse action, ρ,
с, λ, α ¼ λ

ср, and h* are density, specific heat capacity, heat conductivity coefficient,
temperature conductivity of the workpiece material, and coefficient of heat transfer
from the surface of the workpiece, respectively;α ¼ λ

ср А and В are the bigger and
smaller half axes of beam elliptic section; and P = πqAB is the power of the lasing
emitter. Integral equation of heat energy balance in an arbitrary area ω ⊂ Ω
according to [4] will take the form
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Taking into account the boundary conditions in the cutting zone
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temperature distribution across the sample section is obtained; its analysis reveals
the following (Figure 7): temperature distribution across the surface is determined by
conditions of coolant outflow and may considerably vary with the change of the flow
shape; when the thickness of the sample increases, considerable reduction of the jet’s
ability to perform the work of destruction can be observed, as at the same amount of
rejected heat, the amount of delivered heat constantly decreases.

Figure 7.
Changes in border radius zone temperature field (T = 850°C) as a function of time for different processing
methods LC (�, Ж, ●), LCC (▲), WJGL (♦, ■) (а) and cutting depth in materials (HA, ♦; PSTM, ■)
depending on the number of cuts (b).

180

Recent Advancements in the Metallurgical Engineering and Electrodeposition

Thus, it is possible to create a table of provision of the product with the function
via formation of its separate element or a totality of elements. This table is analo-
gous to the one considered above (e.g., for WJGL; Table 3), but it reflects the
peculiar feature of each of the variants in Figure 6. It should be noted that the given
tables just illustrate the approach and draw attention to the most important func-
tions, while a totality of such functions may be much bigger.

On the basis of Table 3, technological action for obtaining a particular element
can be presented as

W2i tkð Þ ¼ W1
Fp1 tkð Þ∩W1

Fv1 tkð Þ∩W1
Fv2 tkð Þ∩W1

n1 tkð Þ: (14)

Corresponding transformations for LB for different materials include four equa-
tions now (according to the number of components):

hjWFp ¼ b0 þ b1sk þ b2T þ b3Qv þ…;

δjWFv ¼ b0 þ b1sk þ b2T þ b3Qv þ b4hl þ…,

ljWFv ¼ b0 þ b1sk þ b2T þ b3Qv þ b4hl þ…

PjWFv ¼ b0 þ b1sk þ b2T þ b3Qv þ b4hl þ… (15)

where Т is the impulse energy, Qv is the liquid discharge out of the nozzle, and hl
is the depth of the groove in the worked piece.

Analogous tables, including the ones with extended features of functions F0, are
created for all the types of working.

The obtained dependences (12) and (14) make it possible to determine the
totality of variants for carrying out the process of working of a particular element of
the surface, and the most optimal method can be searched on the basis of morpho-
logical analysis.

This approach is applicable not only to the processing of superhard materials. It
can also be successfully used for the treatment of special difficult-to-cut materials,
such as carbon-carbon composites, multilayer aircraft panels, etc. [9–11].

3. Used equipment, workpieces, and succession of experimental
research

Cut workpieces of HA T5K10, PSHM on the basis of CBN “borsinit”
represented plates of the size 12.7 � 12.7 mm, of the thickness up to 3.5 mm,
DC workpieces were two-layer composites of the size 12.7 � 12.7 mm with an upper

Worked
material

Functions F0

Useful Fpi Harmful Fvk Neutral Fnj

Obtaining of orthogonal edge of
the product (depth h, mm)

Thermodestruction
δ, μm

Cracking
l, mm

Variation of
porosity P

HA Intensive, linearly depending on t
(number of cuts N)

Minimum Exists Absent

PSHM Intensive, decreasing with increase
of groove depth hl

Minimum Minimum Is observed in
destructed zone

PCD Nonlinear medium-intensive Essential Absent Is observed in
destructed zone

Table 3.
Provision of the product function by creation of element Еі by a technological action Wij(tk)—WJGL.
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n1 tkð Þ: (14)
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where Т is the impulse energy, Qv is the liquid discharge out of the nozzle, and hl
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such as carbon-carbon composites, multilayer aircraft panels, etc. [9–11].

3. Used equipment, workpieces, and succession of experimental
research

Cut workpieces of HA T5K10, PSHM on the basis of CBN “borsinit”
represented plates of the size 12.7 � 12.7 mm, of the thickness up to 3.5 mm,
DC workpieces were two-layer composites of the size 12.7 � 12.7 mm with an upper

Worked
material

Functions F0

Useful Fpi Harmful Fvk Neutral Fnj

Obtaining of orthogonal edge of
the product (depth h, mm)

Thermodestruction
δ, μm

Cracking
l, mm

Variation of
porosity P

HA Intensive, linearly depending on t
(number of cuts N)

Minimum Exists Absent

PSHM Intensive, decreasing with increase
of groove depth hl

Minimum Minimum Is observed in
destructed zone

PCD Nonlinear medium-intensive Essential Absent Is observed in
destructed zone

Table 3.
Provision of the product function by creation of element Еі by a technological action Wij(tk)—WJGL.
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PCD-layer of the thickness up to 1.0 mm and a hard alloy base of the thickness up
to 3.0 mm.

The cuts were performed by methods of hydro-abrasive (HAC), laser (LC)
cutting, laser cutting with liquid cooling (LCC), and water-jet-guided laser
(WJGL).

Experiments were carried out with the use of laser blasting complex LSK-400-5,
equipped with a hydro-abrasive head with water nozzle dc = 0.22 mm and a
metering tube Dk = 1.05 mm.

HAC was performed with abrasive consumption up to 0.5 kg/min and under
liquid pressure of 250 МPа. Garnet sand of granularity of 300 meshes was used as
abrasive during cutting.

During multi-cut laser blasting, the cuts were performed with feed up to
50 mm/min. Impulse Nd:YAG laser with impulse frequency of 75–150 HZ and
power of 400 W was used. For realization of the hybrid process, the unit was
equipped with a special laser blasting head enabling working with the use of a ring
laser nozzle and a mixing chamber to provide hydro-abrasive cutting without dis-
turbance of the position of basic axes of the tools. The beam was focused according
to a method providing centering and ingress of all its modes on the focusing lenses
of the tube. Optic elements were blown with purified compressed air through a
nozzle of ∅ 2.8 mm under excess pressure of 0.05 MPa. During LB the liquid was
fed directly into the center of laser focus under the pressure of 25–50 MPa.

A high-temperature carbon-carbon composite weave composite was also used.

4. Discussion of the obtained results

Paper [5] contains comparative results of the research of productivity of differ-
ent working methods. In the present paper, experiments with workpieces made of
HA and PSHM are repeated, but attention is focused on the indices of the quality of
the worked surfaces, roughness and accuracy of relative position, and also
deviations of their values from theoretically possible ones.

To determine components in Tables 2 and 3, the values of separate parameters
whose averaged values are given in Table 4 are determined. Comparison of erosion
rates determining the rates of deepening of the cutting dimples is given in Table 5.
In this case only particular results of the research are shown; they are sufficient for
hybridization of the process according to principle (10).

Type of working HAC LC LCC WJGL

Modes of working 100 mm/min, 350 MPa,
0.5 kg/min

30 mm/min, 400 W,
100 Hz

30 mm/min, 400 W,
100 Hz, 0.5 MPa

— 2.80 mm 1.05 mm

HA Ra, μm 12.5 6.3 6.3 3.2

h, mm/cycle 6.4 5.9 3.5 3.0

δ, mm/5.0 mm 0.3–0.9 0.02–0.15 0.02–0.09 0.02–0.04

PSHM Ra, μm — 6.3–3.2 3.2 2.5–3.2

h, mm/cycle <0.01 3.0–3.2 2.4 1.5–1.75

δ, mm/5.0 mm 0.80 0.05–0.10 0.02–0.05

Table 4.
Accuracy and roughness of the surfaces of workpieces made from HA and PSHM at different jet working
methods.
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The performed research revealed the following. Any initial deviation of the cut
shape, especially during performance of discontinuous working processes, distorts
the jet, and further working results only in deterioration of the quality of the product,
first of all, due to progressive deviation of the cut shape. It concerns all the types of
working. So, Figure 8 demonstrates a defect of DC cutting in the form of deviation
from orthogonality of the edge at partially incomplete cutting of PCD layer.

A peculiar feature of two-layer DC consists in the fact that workability by a
certain method changes on the surface obtained at the section, depending on the
structure of the material and physical and mechanical properties. A peculiarity of
DC consists in the fact that PCD is not practically worked by HAC, while it can
be worked by LCC and WJGL. The carbide base is worked by HAC with high
efficiency.

Type of
working

Modes Working by HA (♦)/PSHM (■)

HAC pb = 320 MPa
ma = 0.6 kg/min.
dc = 0.21 mm
Dk = 1.05 mm

LC Р = 400 W
f = 100 Hz

LCC P = 400 W
f = 150 Hz,
pc = 0.5 MPa
dc = 2.8 mm

WJGL P = 400 W
f = 150 Hz
pc = 1.5 MPa
dc = 1.05 mm

Table 5.
Material erosion rate at HAC, LC, LCC, and LB depending on the thickness of the plate.
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Hence, generation of the surface as an element of the product can be presented
in the form of logical multiplication of transformations W1i(tk) and W2i(tk) and is
described by the expression

Wр tkð Þ ¼ W1
Fp1 tkð Þ∩W1

Fv1 tkð Þ∩W1
Fv2 tkð Þ∩W1

n1 tkð Þ �W1
Fp1 tkð Þ∩W1

Fv1 tkð Þ

Thus, taking into account the condition of provision of initial high-quality for-
mation of a destruction dimple in PCD layer, a hybrid process is to represent a
totality of processes of initial WJGL up to the moment of complete cutting of PCD
layer and creation of a dimple in WC with further cutting of the plate by HAC
(Figure 9).

Further research is to be directed to determine rational combinations of hybrid-
ization at multi-cut working, at which the number of cuts directly influences the
quality of obtained surfaces, and also to the condition of adhesion surfaces in
multilayer products.

Comparison of the diagrams of cutting rates of DC and PSHM demonstrates
(Figure 10) that productivity of the process is determined by obtaining scribe in the
superhard layer. HAC cutting of hard alloy base is practically performed in an
identical way.

Let the acquisition of an array of properties of a finished product (a sample of a
carbon-carbon composite) in the form of sets Fi (l, b, h, r, δ ...) be possible by the
implementation of a certain set of technological influences Mj, inherent in one or
another method of processing. Each technological effect can be represented as a

Figure 8.
PCD layer after WJGL (а) and a plane of adhesion of PCD with WC (b).

Figure 9.
Making a cut in PCD and PSHM workpieces.
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set of sets of properties of the tool Tj, the dynamic properties of the processing
system Wj, the method of power influence Pj, for which (Tj, Wj, Pj) ∈ Mj, which
gives the opportunity to perform with the properties of Si, output quality
parameters to be presented as:

Fi l; b; h; r; δ…ð Þ ¼ Мj � Si:

Based on the provisions reflected in the work [8], we can record the condition
for providing output processing parameters as

Fi l; b; h; r; δ…ð Þ ¼ Tj � Si ∩Wj � Si ∩Pj,

which gives a set of variants of processing conversions, the best of which can be
selected according to a certain criterion.

Since this material is resistant to temperature effects, the only way to treat it is
mechanical abrasive cutting.

Take into account the following processing methods: R1, milling; R2, processing
with abrasive disc; R3, processing by the renovator (reciprocating motion); R4,
drilling; and R5, hydro-abrasive cutting. For these methods, the maximum stresses
and diagrams of stress distribution at the intersection of the cut in the workpieces
are determined.

The cutting modes, as well as the parameters of the applied tool, directly deter-
mine not only the processing performance but also the thickness of the destruction
of the surface layer, which must be taken into account when processing samples for
mechanical tests.

On the other hand, in the process of processing, there is wear of the tool: the
change of angles on the cutting edge and curing abrasive grains. All this leads to the
fact that even in stable cuttingmodes, the parameters of the surface layer are changed.

The change in the width of the destruction zone (Figure 10) measured on the
natural samples (shown as separate points in the diagram) shows the following. The
“hardness” of the hydro-abrasive jet leads to the fact that the power circuit of the
interaction is constantly changing and, consequently, the components are increas-
ing, that is, the flow will then simply blur the machined sample, which requires
minimization of the time of finding the jet in a stationary state.

Figure 10.
Change in the width of the destruction zone depending on the time of the interaction of the cutting surface with
the tool.
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When processing materials with diamond disks or saw blades, there is no sig-
nificant change in the width of the destructive zone.

We also propose rather simple regressive dependences of the width of the
destruction on the function of maximum stresses in the cutting area δ = f(σmax):

δ1 ¼ 0:55 exp 0:1σmax ;
δ2 ¼ 0:74 exp 0:08σmax ,

(16)

where δ1 is the destruction of carbon-carbon material and δ1 is the destruction of
the carbon polymer, which made it possible to construct and compare diagrams of
the development of the width of the destructive zone (Figure 11) of the processing
of carbon composites, which are formed by various methods.

Thus, we have shown that obtaining qualitative samples of a complex configu-
ration is associated with some complexities due to the heterogeneous structure of

Figure 11.
Emerging stresses under different processing methods and their effect on the width of the destruction zone.

Figure 12.
Sequence of sample preparation from carbon fiber blanket as the result of cutting.
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the treated material, as well as the manifestation of quasi-cleaved properties of
carbon reinforcing fibers.

In this case, the main condition for obtaining the desired result is the restriction
of the thickness of the destructive layer at >2% of the measurement basis.

The application of the proposed approach allows for the task of obtaining a
sample a � b � h from a cubic blank in A � B � L sizes, to offer the following
possible technological operations: R2-R1; R2-R5; and R2-R4-R5. When optimizing
the process by the criterion of minimizing the processing time for a given level of
quality, a variant of the functionally oriented process (R2)-(R4)-(R5) is obtained,
the scheme of which is shown in Figure 12.

Such a sequence of operations allows us to make full use of all the benefits of
hydro-abrasive cutting (a significant reduction in the processing time) and to avoid
material destruction at the time of the breakdown by the jet.

5. Conclusions

Application of the functional approach makes it possible to reveal rational suc-
cession of TP steps, find optimal conditions and points of occurrence of harmful
functions, eliminate them (or invert), and also determine the possibility of hybrid-
ization of the process. Such an approach can be used in working of composite
workpieces from laminated superhard materials.

The performed research with the use of HAC, LC, LCC, and WJGL has enabled
studying of the intensity of destruction area introduction into the worked piece and
finding out the functional features of a particular process that are caused by the
working conditions. It has been shown that the hypothesis of quasistationary rate of
destruction is unacceptable for such materials, which is caused by the structure and
high hardness of the material. It has also been determined that when deepening
increases, the rate of jet introduction has a pronounced tendency toward reduction.

A peculiar feature of cutting two-layer composites including a PCD layer based
on HA has been analyzed, and it has been shown that the use of functional approach
principles makes it possible to propose a hybrid process and corresponding hybrid
tool (combiningWJGL and HAC), enabling efficient and productive cutting of such
plates. Besides, conditions for essential improvement of working process efficiency
have been demonstrated (Figures 13 and 14).

To improve the considered approach, it is necessary to orientate further research
to optimization of working conditions and search for ways of improvement of cut

Figure 13.
Intensity of scribe development (а) in workpieces from PCD (♦) and PSHM (■) (linear feed rate, 35 mm/
min; impulse passing frequency, 75 Hz) and a cut product (b).

187

Cutting Superhard Materials by Jet Methods (on Functional Approach)
DOI: http://dx.doi.org/10.5772/intechopen.87094



When processing materials with diamond disks or saw blades, there is no sig-
nificant change in the width of the destructive zone.

We also propose rather simple regressive dependences of the width of the
destruction on the function of maximum stresses in the cutting area δ = f(σmax):

δ1 ¼ 0:55 exp 0:1σmax ;
δ2 ¼ 0:74 exp 0:08σmax ,

(16)

where δ1 is the destruction of carbon-carbon material and δ1 is the destruction of
the carbon polymer, which made it possible to construct and compare diagrams of
the development of the width of the destructive zone (Figure 11) of the processing
of carbon composites, which are formed by various methods.

Thus, we have shown that obtaining qualitative samples of a complex configu-
ration is associated with some complexities due to the heterogeneous structure of

Figure 11.
Emerging stresses under different processing methods and their effect on the width of the destruction zone.

Figure 12.
Sequence of sample preparation from carbon fiber blanket as the result of cutting.

186

Recent Advancements in the Metallurgical Engineering and Electrodeposition

the treated material, as well as the manifestation of quasi-cleaved properties of
carbon reinforcing fibers.

In this case, the main condition for obtaining the desired result is the restriction
of the thickness of the destructive layer at >2% of the measurement basis.

The application of the proposed approach allows for the task of obtaining a
sample a � b � h from a cubic blank in A � B � L sizes, to offer the following
possible technological operations: R2-R1; R2-R5; and R2-R4-R5. When optimizing
the process by the criterion of minimizing the processing time for a given level of
quality, a variant of the functionally oriented process (R2)-(R4)-(R5) is obtained,
the scheme of which is shown in Figure 12.

Such a sequence of operations allows us to make full use of all the benefits of
hydro-abrasive cutting (a significant reduction in the processing time) and to avoid
material destruction at the time of the breakdown by the jet.

5. Conclusions

Application of the functional approach makes it possible to reveal rational suc-
cession of TP steps, find optimal conditions and points of occurrence of harmful
functions, eliminate them (or invert), and also determine the possibility of hybrid-
ization of the process. Such an approach can be used in working of composite
workpieces from laminated superhard materials.

The performed research with the use of HAC, LC, LCC, and WJGL has enabled
studying of the intensity of destruction area introduction into the worked piece and
finding out the functional features of a particular process that are caused by the
working conditions. It has been shown that the hypothesis of quasistationary rate of
destruction is unacceptable for such materials, which is caused by the structure and
high hardness of the material. It has also been determined that when deepening
increases, the rate of jet introduction has a pronounced tendency toward reduction.

A peculiar feature of cutting two-layer composites including a PCD layer based
on HA has been analyzed, and it has been shown that the use of functional approach
principles makes it possible to propose a hybrid process and corresponding hybrid
tool (combiningWJGL and HAC), enabling efficient and productive cutting of such
plates. Besides, conditions for essential improvement of working process efficiency
have been demonstrated (Figures 13 and 14).

To improve the considered approach, it is necessary to orientate further research
to optimization of working conditions and search for ways of improvement of cut

Figure 13.
Intensity of scribe development (а) in workpieces from PCD (♦) and PSHM (■) (linear feed rate, 35 mm/
min; impulse passing frequency, 75 Hz) and a cut product (b).

187

Cutting Superhard Materials by Jet Methods (on Functional Approach)
DOI: http://dx.doi.org/10.5772/intechopen.87094



quality by selection of rational parameters of the process and design solutions for
the hybrid tool.
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Figure 14.
The result of cutting carbon-carbon composites.

188

Recent Advancements in the Metallurgical Engineering and Electrodeposition

References

[1] Novikov NV. Superhard Materials.
Obtaining and Application. Vol. 1.
Dumka: Nauka; 2003. 320p

[2] Klimenko SA, Mel’niichuk Yu A,
Vstovskii GV. Interrelation between the
structure parameters, mechanical
properties of sprayed materials and the
tool life in cutting them. Journal of
Superhard Materials. 2008;30(2):
115-121

[3] Fedotyev А, Fedotyeva L. The
Prospects of Carbolloies Waste
Utilization as Wearproof
Coverings. Vol. 39. Gabrovo: Izvestiia na
Tekhnicheskiia Universitet Gabrovo;
2010. pp. 30-33

[4] Gindin PD. A mathematical model of
thermal cleaving of brittle anisotropic
materials. Surface. 2010;1:14-18

[5] Salenko AF, Shchetinin VT, Fedotyev
AN, et al. Methods of cutting for
workpieces of hardmetal and cBN-based
polycrystalline superhard material.
Journal of Superhard Materials. 2015;
37(4):271-281

[6] Salenko O, Gabuzyan G, Myronov Y,
Nikitin V. About some results of
processing SiC-microarrays by
hydroabrasive precision jet. Journal of
Mechanical Engineering NTUU “Kyiv
Polytechnic Institute”. 2013;67:178-184

[7] Schulz W, Niessen M, Eppelt U,
Kowalick K. Simulation of laser cutting.
In: Dowden J, editor. The Theory of
Laser Materials Processing. Vol. 119.
Springer; 2009. pp. 21-69

[8] Salenko AF, Shchetinin VT, Fedotyev
AN. Improving accuracy of profile
hydro-abrasive cutting of plates of
hardmetals and superhard materials.
Journal of Superhard Materials. 2014;
36(3):199-207

[9] Kholodnyi V, Salenko O. The water
jet guided laser method in punching

honeycomb cores for aerospace
sandwich panels. Eastern-European
Journal of Enterprise Technologies.
2016;1(5(79)):19-30. DOI: 10.15587/
1729-4061.2016.59870

[10] Ivanova VS, Balankin АS,
Bunin IZ, Oksogoiev АА. Synergy and
Fractals in Material Science. Moskva:
Nauka; 1994. 384p

[11] French MJ. Design principles
applied to structural functions of
machine components. Journal of
Engineering Design. 1992;3(3):229-241

189

Cutting Superhard Materials by Jet Methods (on Functional Approach)
DOI: http://dx.doi.org/10.5772/intechopen.87094



quality by selection of rational parameters of the process and design solutions for
the hybrid tool.

Author details

Alexandr Salenko1*, Viktor Shchetynin1, Galina Gabuzian1, Evgeny Lashko1,
Mohamed R.F. Budar1, Sergey Klimenko2 and Alexandr Potapov3

1 Kremenchuk Mykhailo Ostrohradskyi National University, Ukraine

2 V. Bakul Institute for Superhard Materials of the National Academy of Sciences of
Ukraine, Ukraine

3 Yuzhnoye Design Office, Ukraine

*Address all correspondence to: atmu@meta.ua

©2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

Figure 14.
The result of cutting carbon-carbon composites.
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