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ABSTRACT 

Dummy 

Investigation of Microstructure and Thermodynamic Properties of NiTiCu 

Shape Memory Alloy Aged at Different Temperatures 
 

 Azad Ibrahim HAJI 

 

Master's Thesis 
 

FIRAT UNIVERSITY 
Graduate School of Natural and Applied Sciences 

Department of Physics 

      

May 2021,   Page:  xi  + 43 
 

 

NiTiCu shape memory alloys are one of the mechanical heat-treatable alloys. Heat treatment has been 

performed to investigate the mechanical, microstructure and thermodynamic improvements in high copper-

content NiTiCu alloys. In this study, Metal powders ternary NiTiCu alloys with ninety-nine percent purity 

were mixed. Then, the metal powders were pressed to make pellets with a 10 MPa pressure. They were 

produced by an arc-melting system under the argon atmosphere to obtain Ni30Ti50Cu20 mole % alloy. After 

that, pieces of both alloys were cut and the heat treatment process has been applied at1073, 1123, 1173, and 

1223K for a single hour. After the aging process, the quenching operations were performed inside ice-salted 

water. The differential scanning calorimetry (DSC) measurements were performed for the heat-treated 

specimens with heating/cooling speed rate of (10, 15, 20 and 25K/min). For investigation of microstructure, 

mechanical and thermodynamic properties of the heat-treated alloys, some devices were used, including 

DSC, SEM-EDS, Metallurgical microscope, and Vickers microhardness. Besides some mathematical 

calculations, such as activation energy, entropy, Gibbs free energy, and elastic energy, were performed for 

the forward and/or reverse-phase transformation process. Three different methods were used to calculate 

activation energy, whereby, the results showed nearly the same values for all cases. For the chosen range of 

measurements, the DSC curves showed a single phase transformation between austenite (B2) phase and 

martensite (B19) phase. The calculated thermodynamic parameters were affected by the heat treatment such 

that the alloy with 1223K aging temperature showed a maximum value compared to the other counterparts. 

Also increasing the temperature of aging caused to increase in the crystallite size of the alloy. 

 

Keywords: Low Temperature Shape Memory Alloy, Phase transformations, Heat treatment, Microhardness  
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ÖZET 

dummy 

 Farkli Sicakliklarda Yaşlandirilan NiTiCu Şekil Hafizali Alaşimin Mikro 

Yapisinin Ve Termodinamik Özelliklerinin İncelenmesi 
 

 Azad Ibrahim HAJI 

 

Yüksek Lisans Tezi 
 

FIRAT ÜNİVERSİTESİ 
Fen Bilimleri Enstitüsü 

Fizik Anabilim Dalı 

      

Mayıs 2021,   Sayfa:  xi  + 43 
 

 

NiTiCu şekil hafızalı alaşımlar, mekanik ısıyla işlenebilir alaşımlardan biridir. Yüksek bakır içerikli NiTiCu 

alaşımlardaki mekanik, mikro yapı ve termodinamik gelişmeleri incelemek için ısıl işlem yapılmıştır. Bu 

çalışmada, yüzde doksan dokuz saflığa sahip metal tozları üçlü NiTiCu alaşımları karıştırıldı. Daha sonra 

metal tozları, topaklar yapmak amacıyla 10 MPa'lık bir basınçla baskılandı. Ni30Ti50Cu20  wt % alaşımı elde 

etmek için argon atmosferi altında bir arkla eritme sistemi ile üretildiler. Bundan sonra, her iki alaşımın 

parçaları kesildi ve ısıl işlem süreci, bir saat boyunca 1073, 1123, 1173 ve 1223K'da uygulandı. Yaşlandırma 

sürecinden sonra, buz tuzlu su içinde söndürme işlemleri gerçekleştirildi. Isıtma/soğutma hızı oranı (10, 15, 

20 ve 25K / dak) olan ısıl işlem görmüş numuneler için diferansiyel tarama kalorimetresi (DSC) ölçümleri 

gerçekleştirilmiştir. Isıl işlem görmüş alaşımların mikro yapısının, mekanik ve termodinamik özelliklerinin 

incelenmesi için DSC, SEM-EDS, Metalurjik mikroskop ve Vickers mikro sertliği gibi bazı cihazlar 

kullanılmıştır. Ayrıca, ileri ve/veya ters faz dönüşüm işlemi için aktivasyon enerjisi, entropi, Gibbs serbest 

enerjisi ve elastik enerji gibi bazı matematiksel hesaplamalar yapıldı. Aktivasyon enerjisini hesaplamak için 

üç farklı yöntem kullanıldı ve böylece sonuçlar tüm vakalar için neredeyse aynı değerleri gösterdi. Seçilen 

ölçüm aralığı için DSC eğrileri, ostenit (B2) fazı ile martensit (B19) fazı arasında tek fazlı bir dönüşüm 

göstermiştir. Hesaplanan termodinamik parametreler, 1223K yaşlandırma sıcaklığına sahip alaşımın 

emsallerine kıyasla maksimum bir değer göstereceği şekilde, ısıl işlemden etkilenmiştir. Aynı zamanda 

yaşlandırma sıcaklığının artırılması, alaşımın kristalleşme boyutunda artışa neden olmuştur. 

 

Anahtar Kelimeler: Düşük sıcaklık şekil hatırlamalı alaşım, Faz dönüşümleri, ısısal davranışlar, 

Mikrosertlik 
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1. INTRODUCTION 

Shape memory alloys (SMAs) are one class of the advanced materials that recently as a 

modern type of materials have been used in many applications around the world. The unique 

capabilities that they have, make them be studied by researchers to improve their mechanical, 

magnetic, electrical, thermal properties Shape memory effect (SME) and pseudoelasticity are two 

differences that these kinds of alloys can show compared to the other known materials. Till now, 

many families have been found, whereas, nearly equiatomic NiTi SMAs obtained a wide attraction 

compared to the other families. They are used in various fields such as medicine [1], robotics [2], 

and SMA-based actuators [3]. It is proved that the characteristics of SMAs are affected by many 

factors, such as compositional rate [4-8], type of constituent chemical elements [9], manufacturing 

techniques [10], surface treatment [11], and heat treatment effects [12-14].  

One of the wide studied shape memory alloys is NiTiCu SMAs. NiTiCu SMAs depend on 

heat treatment and thermomechanical cycling [15]. For example, Tatar et al. [16] found that the 

crystallite size growth with increasing copper-content in NiTiCu SMA. Fabregat-Sanjuan and 

colleagues [17] investigated the effect of aging on the internal friction and storage modulus of Ni-

Ti-Cu SMA. They reported that the produced dislocation, formed by hold work, was disregarded 

by the heat treatment, and therefore, it influenced on the tan δ and storage modulus. In another 

work, Shi et al. reported that the internal friction reduced with increasing the aging temperature 

[18]. The dislocations can produce internal stress in SMAs, and thus they make an obstacle for 

austenite phase transformation. Therefore, this issue can be solved by utilizing aging in high 

temperatures [19]. There are not heat treatment investigations on the microstructural, mechanical 

and other thermal behavior of high Cu-content NiTiCu SMAs.   

In this master thesis, we have tried to investigate the influence of the temperature dependence 

aging parameter on a high Cu-content NiTiCu SMA. We have produced NiTiCu alloy by using the 

arc-melting method and four different pieces of the alloy have aged at 1073, 1123, 1173, and 1223 

K for one hour. Some important measurements have been carried such as differential scanning 

calorimetry, x-ray diffraction, Vickers microhardness, optical microscope, scanning electron 

microscope, and energy dispersive x-ray spectroscopy. The obtained results showed information 

about thermal, mechanical and microstructural properties of the as-aged NiTiCu SMAs. 

Furthermore, some related calculations have been performed to investigate the SMAs 

characteristics, more deeply. In chapter two, we have briefly defined shape memory alloys and their 

general characteristic. In chapter three, the materials and different measurements and techniques 

have been explained. In chapter four, we deeply analyzed the results and they have been compared 

with literature. Finally, in chapter five we summarized the outcomes of this study. 

 



2. CHARACTERISTICS AND TYPES OF NiTi-BASED SMAs  

It is worth to define shape memory alloys (SMAs) and the characteristics that make them 

different from the other kinds of alloys. In addition, some of SMAs have some other common 

properties that are more applicable compared with the other alloys, e.g., the equiatomic NiTi alloy, 

in its austenite phase, is as stiff as stainless steel.  

2.1. Definition 

Shape memories can be defined such that they can recover their unique shape from an 

imperative and plastic twisting when an extraordinary stimulant is applied. Also, an alloy has 

unique properties that exist in the parent constituents. A metallic alloy is a combination of two or 

more different chemical elements. Generally, the constituents do not make a chemical bond, but 

they dissolved into each other or in some specific areas making their phases. The rate of dissolving 

and microstructures can give different properties to the alloy. In the solid phase, a shape memory 

alloy has two different atomic orders, which are known as austenite (in higher temperature) and 

martensite (in lower temperature). Figure 2.1 shows the mechanism that the crystal structure of a 

SMA is transformed from one to the other. The austenite phase has a more similarity and is stable 

at high temperatures. However, the martensite phase has a different crystal structure, which is a 

non-cubic crystal, e.g., monoclinic (B19’ in equiatomic NiTi alloy) or orthorhombic (B19 in high 

copper-content NiTiCu). 

 

 

 

Figure 2.1. Different phases of an SMA [20] 
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2.2. Crystal Structures and Micro-Structure 

A crystal is a net with an ordered arrangement that consists of atoms, ion, or molecule [21]. 

In the world around us, all solid materials are made of either crystalline or amorphous that has no 

ordered arrangement. In nature, most metallic materials exist in crystalline type. The type of crystal 

gives different physical properties to the material. For example, graphite and diamond are two 

different materials that fundamentally consist of carbon, however, the differences in atomic 

arrangement make these differences. Although materials mostly have a specific crystal structure, 

alloys may have different crystal structures, which depend on the composition and/or temperature. 

In shape memory alloys, the transformation between two different crystal structures happens 

whenever the temperature is changed.  

Figure 2.2 shows a NiTi alloy with two different crystal structures. In lower temperatures, 

the NiTi shape memory alloy has a zigzag (or twined structure), which is known as a monoclinic 

crystal structure. In some particular cases, the atoms in NiTi can be ordered as an orthorhombic 

martensite (low temperature) phase. On the other hand, in the nearly equiatomic NiTi shape 

memory alloy, the atom of nickel and titanium creates a superlattice with cubic lattice, which has 

higher similarity compared with the lower temperature phase. The Austenite phase sometimes is 

called the parent phase because it has a crystal structure like the most metallic materials. The 

existing differences are important for shape-memory materials. In addition, it is reported that lots 

of metals have frequent crystal structures at the same composition, nonetheless, most metals do not 

display shape-memory effect (SME). This is a particular feature that lets the shape-memory alloys 

to return to their first shape after increasing temperature by the heating process. 

 

 

 

Figure 2.2. The crystal structure for a  NiTi alloy with (a) martensite-B19′, and (b) austenite-B2 phases [22] 

The number of crystal structures consists of 14 types, but far from these crystal structures, 

there are countless numbers of microstructures the can be seen with aid of an optical microscope 

or scanning electron microscope. Since the can be observed in the microscope range, so they are 
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known as microstructures, i.e., they are very small, which defined as the structures revealed by an 

optical microscope above 25× magnification [23]. It is proved that the microstructure of a material 

such as metals, polymers, ceramics, and composites can directly affect physical characteristics like 

strength, toughness, ductility, hardness, and corrosion resistance. Besides, when the size of the 

microstructure is in the nano-scale and could not be detected by the optical microscope is called 

nano-structure. Even smaller than nano-structure, the individual atoms are arranged, which is 

defined before as crystal structure. 

Figure 2.2a reveals a NiTi shape memory alloy with martensite (twinned monoclinic B19′ 

structure). In the austenitic phase, NiTi SMA has a highly symmetric, represented as B2 structure 

Figure 2.2b. martensite has a needle-like herringbone shape. Also, the austenite NiTi alloy is harder 

and stiffer than martensite-NiTi alloy [22]. 

Figure 2.3 showed how annealing influence on the microstructure of a NiTi alloy. Losertová 

et al. showed that annealing in high temperature changes the microstructure of NiTi alloy and hence 

the hardness of the alloy was affected [24]. 

 

 

 

Figure 2.3. Microstructure of a NiTi alloy annealed at 873 K for 1 h, water quenched and aged for 0.5 h a) 

at 563 K and b) at 623 K [24] 

2.3. Phase Diagram 

A phase diagram is a graph that is usually used for showing the different phases of material 

with various environmental conditions, such as temperature, pressure, and composition. The 

diagram can show the boundaries between solid, liquid, and gaseous phases of material with a 

single substance or a mixture of substances. In alloys, particularly in shape memory alloys, two 

variables are taken into account and the other keeps constant. Temperature and composition 

(amount of constituents) are two significant parameters that represent y and x-axes of the diagrams. 

Figure 2.4 illustrates the phase diagram of Ni-Ti alloy with different compositions and in a 
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particular range of temperatures. Various phases consist of a single or a combination of phases. In 

a low concentration or high concentration of the diagram, the phases make of s single atom with a 

solution of the impurities. By increasing the amount of doping, a new phase based on different 

structures obtained, which also differs from changing temperature. In the nearly equiatomic 

concentration, the NiTi alloy has a V-shape that separated by a transformation temperature 

(horizontal line / 630 ℃). The bottom of the V-shape is called eutectoid, which is a crucial point 

that makes distinguish between a shape memory material from ordinary material. In shape memory 

alloys, the upper phase is called austenite and the phase under the transformation temperature is 

called the martensite phase.  

Heat Treatments is one of the important factures to improve the physical properties of NiTi 

alloy that can be performed with the aid of the phase diagram [25]. 

 

 

 

Figure 2.4. The Ni-Ti phase diagram [25] 

2.4. Special properties 

SMAs are two bases consist of copper and nickel from engineering materials. This 

composition can be manufactured to any shape and size. 

The resistivity of shape memory alloys is lower than that of conventional steels, but plastic 

or aluminum have lower strength than the compositions. NiTi its yield stress is up to 500 MPa. If 

it’s the same metal it will cost more and the processing requirements are difficult and expensive to 
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implement SMAs in the design.  This material in SMAs is used in the workplace and may be neglect 

the properties of shape memory effect and super elastic. Its application is known to work. 

Like on this one of the benefits of SMAs is at a higher level of return than a plastic strain. 

The highest return pressure of SMAs is maintained without damage up to 8% and some materials 

compare the highest pressure level of return for conventional steel up to 5% [26]. 

2.4.1. Superelasticity  

One of the known properties that all materials can show is the elasticity that can be monitored 

using the stress-strain test. There is a linear relationship between exerted stress (either compression 

or tensile) and the obtained strain. An extraordinary force can make a slip in the atomic 

arrangement, and hence, a permanent deflection occurs. On the other hand, shape-memory 

materials can transfer the extra force into a new rearrangement of the atoms, which is called the 

phase transformation process. This extra-ordinary property is called pseudoelasticity or 

superelasticity. After the stress is removed the restoring force returns the shape to its pre-

determined morph, while some energy consumed during these transformations causes a hysteresis.  

 

 

 

Figure 2.5: Psudoelasticity or superelasticity [27] 

Figure 2.5 shows the superelasticity of a shape memory alloy, where the cubic crystal 

structure under an external load and above austenite finish temperature can transfer to the 

metastable martensite phase, then twinned martensite changed detained martensite by increasing 

the load. After that, when the load is removed, the single variant detwinned martensite phase 
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transferred starts to transform into the austenite phase. All process is shown in a stress-strain 

diagram which includes a straight line (elasticity), plague (transformation from austenite to 

martensite phase and vice versa) and returns to the original point [28]. 

2.4.2. Shape Memory Effect 

Shape memory effect (SME) is one of the changes in the SMA by temperature changes, and 

it passes in several stages, the first stage SMA by cooling converts to the twinned martensitic stage, 

the second stage the twinned martensitic by a pressure method converts to the deformation 

martensitic, the last deformation martensitic by the heating transformed into The original place (the 

parent austenitic stage) as seen in Figure 2.6. In this diagram showing the two axes, the axis (X) is 

stress on the material and the axis (Y) is pressure on the material. 

 

 

 

Figure 2.6. Schematic representation of the shape memory effect [27, 29] 
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Figure 2.6. Schematic representation of the shape memory effect (continue) 

The Point (A) in Figure 2.6 is in the original stage, and in this cooling stage, there is no 

austenite stress at variable temperatures versus the start of martensite and the end of martensite. 

Then the point (B) in this organization of twinned martensite. The twinned martensite is stretch at 

any time the change of the start stretche level (σs), the beginning process of and there start way, the 

same time the differences martensitic is the good way development and another calculation the end 

differences martensitic is decrease favorable. In this case, the martensite taking the stretch 

permanent plastic higher than the pressure level act of changing the direction of a changed distance, 

σf, the last tableland making that's characterized in the σ-ε graph in Figure 2.6. In a flexible shape 

from point C to D, the fabric is discharged, held the detwinned martensitic state in point C to D. 

the pressure is hiding when the high hot, any time the temperature gets to the as beginning different 

the change (at E) and the finished in the temperatures Af (point F) that point it has the parent 

austenitic stage. Any time detwinning starting the permanent plastic strain is not showed, the SMA 

is a return to the first shape looked at this point A. the changing strain (εt) It is a reason that is 

changing from detwinned martensite to austenite SME, which is a process change that heats this 

material from the detwinned martensite it is beginning and at the end to returning to its original 

place, by the united mechanical load [30].  

2.5. Heat treatment  

As has been clarified, the temperature and heat heating/cooling process are straightly affected 

on microstructures and hence, the other thermal and mechanical properties of shape memory alloys 

are affected. Losertová et al. investigated the effect of aging at different temperatures after 

annealing process followed by quenching into the ice-brined medium (Figure 2.7). They found the 

annealing process was more effective on Vickers microhardness compared to the aging process. 

Marattukalam et al. found that annealing equiatomic-NiTi alloy at 500 and 1000 ℃ led to an 
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increase in the crystallite size of the alloy [31]. Liu et al. [32] reported that heat treatment can affect 

the damping characteristic of NiTi shape memory alloy. Bujoreanu et al. showed the influence of 

heat treatment on the tensile pseudoelastic response and other thermodynamical parameters of a 

Ni-rich NiTi SMA [33]. Figure 4.8 reveals the effect of annealing on the R-phase, which was 

produced after the annealing process. 

 

 

Figure 2.7. Schematic of heat treatment of NiTi samples [24] 

 

 

Figure 2.8. DSC charts for n Ni50.7Ti49.3 SMA in an (a) annealed state and (b) annealed and aged state [33] 

 



 

3. MATERIALS AND EXPERIMENTAL PROCEDURE  

To write a report on a topic, we need deep thinking to start work. We need to arrange and 

divide the material in order to reach the right path, as well as working with other people leads to 

make easy things towards progress and more. 

We need reality results, to write the report. Sometimes the methods do not lead to the correct 

results. In the beginning, the parts of the material and its methods have an important role in 

preparing the correct report, and every correct report needs correct thinking. 

It is also a very important count for anyone who can benefit from it and refer to it wherever 

he is, and from a scientific point of view the repeating of results is very important. In general, in 

terms of material and methods, errors occur in laboratory reports, and a scientific decision must be 

taken at a high level, and sometimes mistakes are made in the last part of the report [34]. Materials 

The materials used for this study consist of three different chemical elements, including the 

30-mole percentage of nickel (30 at. % Ni), 50-mole percentage of titanium (50 at. % Ti), and 20-

mole percentage of copper (20 at. % Cu). The constituents have chosen from high pure powders. 

3.1. Manufacturing 

The powders were poured into a mixture to be mixed. After, the powders well mixed, the 

mixture was subjected to nearly 10 MPa to form some compacted cylinders. The pellets were put 

in the special groves of an arc-melting device (Figure 3.1). The chamber of the device was 

vacuumed to 10-5 Pa and then it filled with argon gas, which is an inert gas. The inert gas was used 

as an atmosphere because it avoids oxidation in high temperature and it needs as a medium path 

between the arc and the sample. The sample was heated up until it melts then it cooled down to 

room temperature in the device’s chamber. Before the chamber was opened, it again vacuumed to 

expel the dangerous obtained gas during the melting process, 
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Figure 3.1. The arc-melter device with an atmosphere control chamber. It has two pumps and a high power 

supply 

3.2. Cutting Process 

The obtained ingot (NiTiCu alloy) was cut using an electric mini grinder drill (Figure 3.2) 

model DREMEL. For each measurement, a sufficient piece was cut, e.g., four samples for DSC 

and four samples for SEM. The size of samples for different measurements had to be chosen 

differently. For example, the SEM test needs a convenient surface, while for DSC the size and 

geometry are not important but the sample should fit the crucible.  

 

 

 

Figure 3.2. Electric Mini Grinder/Micro Drill (DREMEL) 
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3.3. Heat Treatment 

After preparing some sufficient samples from the ingot, the specimens were put inside a 

furnace. Figure 3.3 shows the furnace that was utilized for the aging process. In the beginning, the 

furnace was set for a specific temperature. After the temperature reaches the determined 

temperature, the specimen was put in the furnace. There were four different temperature were 

determined, including 1073K (800℃), 1123K, (850℃), 1173K (900℃), and 1223K (950℃). The 

samples were labeled according to their aging temperature, such that C1, C2, C3, and C4 were 

chosen for 1073K, 1123K 1173K, and 1223K, respectively. 

After one hour of aging, the samples were quenched (fast cooling) into ice-brined (≅ 0℃). 

This cooling process, lets samples have a diffusionless transformation from the high-temperature 

phase (austenite) into the low-temperature phase (martensite). Then the samples were dried from 

the water using a hairdryer to avoid oxidation happened on the surfaces of the alloys. The samples 

then were ready for characterizations. 

 

 

 

Figure 3.3. Furnace for aging alloys (PROTHERM) 
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3.4. Characterization Processes 

In this study, many characterizations were carried out. In the following sub-sections, the 

techniques and instruments used for characterization of the as-aged alloys have been explained with 

corresponding photos.  

3.4.1. Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a device consists of two crucibles, one of which 

is a container intended for the tested sample and the other is left empty, which is the reference 

vessel. The two crucibles are placed in a chamber that is usually heated with a certain rate, such as 

10 degrees Celsius per minute. Under each crucible, there is a thermocouple connected to a 

computer to record the temperature change during the heating and cooling process at a constant 

rate. The computer software can subtract the sample’s temperature from the reference. The recorded 

data were plotted with a specific software program. Also, the data was extracted for more analyzing 

and founding some thermodynamics parameters. This measurement is one of the crucial 

measurements in this type of study. Some of those thermodynamics’ parameters are phase 

transformation temperatures that can be found by using the intercept of two tangential lines from 

starting or finishing the transformation process.  

 

 

 

Figure 3.4. Differential Scanning Calorimetry (Perkin Elmer Sapphire) 
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The DSC used in this study was (Perkin Elmer Sapphire (Figure 3.4). The DSC was run with 

10, 15, 20, and 25 K/min to found the activation energy. The chosen range was between 223 K and 

400 K. The nitrogen was used during both heating and cooling processes. 

3.4.2. X-Ray Diffraction (XRD)  

Figure 3.5 shows the x-ray diffraction, model (RIGAKU D / MAX-B GEIGERFLEX). The 

device was used for the crystal structure of the alloy and to monitor the influences of aging 

temperature on the investigated alloys. The measurement was conducted from 30 to 80 degrees. 

Also, it runs at room temperature, in which the samples were in the martensite phase. The samples 

were well prepared and their surface had no dust or oxide layer, thus the results only showed the 

phases made of the existing constituents of the alloys. The x-ray that used was obtained from the 

transition of an electron from the first excited state of copper, known as Kα. The wavelength of the 

x-ray was 1.5 nm, which was sufficient for the x-ray diffraction pattern.  

The x-ray diffraction pattern is the intensity of the signal for various angles of diffraction at 

their respective two theta positions, and the two theta positions correspond to the certain spacing 

between the crystals or atoms in the samples, determined by the angle of diffraction from the 

incident x-ray beam sent into the sample. Therefore, the intensity of the peaks is related to the 

number of molecules in that phase or with that spacing. The greater the intensity of the peak, the 

greater the number of crystals or molecules with that distinct spacing. In addition, the width of the 

peaks is inversely proportional to the crystal size. A thinner peak corresponds to a smaller crystal. 

A broader peak means that there may be a larger crystal, defect in the crystalline structure, or that 

the sample might be amorphous in nature, a solid lacking perfect crystallinity. Then, for smaller 

samples, the patterns determined using XRD analysis can be used to determine a sample’s 

composition. There is a large database of elements, compounds, and minerals that contain the 

diffraction patterns for elements, compounds, and minerals. The pattern for an unknown compound 

was compared to the literature and experimentally determined values verify the identity of an 

element, matching the location, width, and relative heights of the diffraction patterns  
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Figure 3.5. The X-Ray Diffraction device (RIGAKU D / MAX-B GEIGERFLEX) 

3.4.3. Microstructure Analysis  

The microstructure of the aged alloys was investigated using a metallurgical microscope 

(Figure 3.6) PRIOR Model -N334 Incident Light Metallurgical Trinocular Microscope. The 

samples were cleaned to observe microstructures as well as possible. The surface of the as-aged 

alloys was grinned and etched.  
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Figure 3.6. PRIOR Model -N334 Incident Light Metallurgical Trinocular Microscope 

 

Figure 3.7. Scanning electron microscope and energy dispersive x-ray spectroscopy 

The second analysis was carried out using a scanning electron microscope (SEM). Figure 3.7 

reveals the SEM device that was used in this study. Similar to an optical microscope, to obtain a 

clear SEM image, the samples were grinned and smoothed then etched with 20 mL HCl–96 mL 

methanol–5 gr Fe3Cl–H2O solution. Besides, the device was used for the chemical composition of 
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some areas. Energy dispersive x-ray spectroscopy (EDS) can clearly show the composition of 

metallic alloys.  

3.5. Vickers microhardness 

The last measurement was Vickers microhardness to found a mechanical property of the 

alloys. The tests were performed by (Emco Test DuraScan) with a load of 50 g for 10 s. Each test 

was carried out for matrix and second phase in three different positions. The average value and 

standard deviation were used to analyze and make a comparison between the aged alloys. Figure 

3.8 shows a Vickers microhardness that was used to test the hardness of the alloys. 

 

 

 

Figure 3.8. Vickers microhardness (Emco Test DuraScan) 

 



4. RESULTS AND DISCUSSIONS  

The DSC results for the as-aged Ni-Ti-Cu alloys is given in Figur. The time of aging is 

unique for all samples and the samples have been tested in the same environmental conditions. The 

heating process represents the reverse process, where an endothermic reaction occurred due to 

phase transformation from the martensite phase to the austenite phase. On the other hand, the 

cooling process represents the forward process, in which an exothermic process has happened from 

austenite to the martensite phase. In either forward or reverse phase transformation, only a single 

peak or trough can be seen that indicates there is no noticeable intermediate phase created between 

austenite and martensite phase transformation. It is reported that a precipitated compound that can 

produce a double peak or trough during phase transformation Ti3Ni4 phase that created in the 

annealed NiTi SMAs with high Ni content [35, 36]. For NiTiCu shape memory alloys, it has been 

found that in high copper content, the alloy can show phase transformation between orthorhombic 

B19 and cubic B2 phases. B2 is the higher temperature phase and B19 is the lower temperature 

phase. Both of them could be detected using a Perkin Elmer DSC device for the temperature range 

of 223 K (-50 ℃) to 673 K (400 ℃). In the lower temperature, it is reported that another phase 

transformation can between orthorhombic B19 and monoclinic B19ʼ phases [37, 38].  

There were four different heating rates were used for measuring heat flow as a function of 

temperature. The DSC results were used to find activation energy. Activation energy is a quantity 

of energy need for a chemical reaction to proceed [39]. It was discovered in 1880 by Swedish 

scientist Svante Arrhenius [40]. In this study we used three different existing models to calculate 

activation energy, including Kissinger equation [41], Ozawa equation [42], and Takhor equation 

[43, 44], which respectively are as follows: 

𝑑(ln⁡(𝛼/𝑇𝑝
2))

𝑑(1/𝑇𝑝)
= −

𝐸

𝑅
 (4.1) 

∆𝐸 ≅ −2.19𝑅 −
𝑑 log 𝛽

𝑑⁡(1/𝑇𝑝)
 (4.2) 

𝑑(ln⁡(𝛼))

𝑑(1/𝑇𝑝)
= −

𝐸

𝑅
 (4.3) 

where E,⁡𝛽, and R represent activation energy, heating rate, and the universal gas constant (R = 

8314 J mol-1), respectively; Tp is the maximum peak temperature (austenite or martensite peak). 

We substitute the value of austenite peak temperature in Eqs. (4.1-4.3) to find E values for the as-

aged alloys. Figura-c reveals the plots for each model. The fitting line was obtained by the Origin 

Lab program (version 2018), also for each linear line, a slope was obtained. The slope values were 

used in Eqs. (4.1-4.3) to find activation energy.  
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Figure 4.1. The DSC results of the aged NiTiCu SMAs for different heating rates 
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Figure 4.1. The DSC results of the aged NiTiCu SMAs for different heating rates (continue) 
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Figure 4.2. Activation energy calculated by (a) Kissinger, (b) Ozawa, and (c) Takhor equations. (d) A 

comparison between Activation energy as a function of aging temperature 
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Figure 4.2. Activation energy calculated by (a) Kissinger, (b) Ozawa, and (c) Takhor equations. (d) A 

comparison between Activation energy as a function of aging temperature (continue) 
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The calculated E is shown in Figurd. The E value is decreased with increasing aging temperature 

to 1123K (C2), then its value increased by increasing the aging temperature. It is found that the E 

values for nearly equiatomic NiTi [43, 45] and Ni-riched Ni-Ti SMAs [46], are higher than the E 

values of C1, C2, and C3 samples of this study. 

Table 4.1 reveals that the PTTs are affected by the thermal cycling process, where the peak 

of the martensitic phase transformation decreased by increasing the number of cycles. Dilibal et al. 

[47] found that the austenite phase transformations of NiTiCu SMA were less than Ni-riched NiTi 

alloys. It can be said that our samples can be classified as Class I SMAs because the martensite 

starts value is less than austenite start temperature, which is another information that achieved from 

the DSC and the value of phase transformation temperatures [48]. 

Table 4.1. Phase transformation temperatures and latent heat of transformation (enthalpy change). 

Heating/Cooling Rate 

(K/min) 
Sample 

As 

(K) 

Ap 

(K) 

Af 

(K) 

Ms 

(K) 

Mp 

(K) 

Mf 

(K) 

HH 

(J/g) 

HC 

(J/g) 

10 

C1 

348 356 361 342 334 327 8.73 8.72 

15 350 359 365 340 332 318 8.11 11.4 

20 353 362 370 339 330 319 8.14 9.67 

25 356 364 374 338 329 321 7.57 8.78 

10 

C2 

341 349 355 335 326 319 11.5 12 

15 344 353 362 333 323 313 11.1 12.8 

20 345 356 367 332 321 311 11 12.5 

25 347 358 368 332 322 312 12 11.6 

10 

C3 

342 349 356 336 327 320 10.5 11.3 

15 344 352 361 334 325 316 10.4 11.6 

20 346 355 366 333 324 315 10.5 11.5 

25 348 358 369 332 324 315 10.4 10.8 

10 

C4 

349 353 357 344 341 335 1.2 1.24 

15 350 354 362 344 339 332 0.93 1.06 

20 351 355 362 343 338 331 0.89 1.23 

25 353 357 362 342 338 331 1.02 1.08 

 

The phase transformation temperature was obtained from the DSC curves and the data is 

shown in Figure 4.3. For different heating rates, we can see that the phase transformation 

temperature was affected, furthermore, the aging temperature influenced the PTTs such that C2 

alloy has recorded the lowest PTTs compared to the other specimens. The PTTs are relatively more 

close to each other in C4 alloy, i.e., the temperature hysteresis of the phase transformation was 

decreased by the heat treatment process. It is also, reported that composition can influence the 

temperature hysteresis of NiTiCu alloy [37].  
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Figure 4.3. The Transformation temperatures of the heat-treated NiTiCu SMAs for different heating rates: 

(a) 10 min/K, (b) 15 min/K, (c) 20 min/K, and 25 min/K 
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From the DSC curves, another thermal parameter can be found such as the energy that 

expelled (exothermic, ΔHM→A) or interred (endothermic, ΔHA→M) from the samples during phase 

transformation. As an example, for austenite phase transformation the enthalpy can be formulated 

as [49]: 

∆𝐻𝑀→𝐴 = ∫
𝑑𝑞

𝑑𝑡
(
𝑑𝑇

𝑑𝑡
)
−1𝐴𝑓

𝐴𝑠

𝑑𝑇 (4.4) 

Equation (4.4) is an integration from austenite start to austenite finish that can be changed 

for exothermic enthalpy change. In the Eq. (4.4) the instantaneous heat gained is represented by 

(dq/dt); T is the absolute temperature and t is the time. The calculation based on Eq. (4.4) was 

performed by the DSC software program and the values are listed in Table 4.1. It is worth knowing 

that the enthalpy change consists of three terms, including internal friction (ΔHfr), chemical energy 

(ΔHch), and strain energy (ΔHel) of the transformation. All together as a single value can be obtained 

by DSC (ΔHnet) [50].  

Furthermore, entropy change (∆𝑆) which is the disorderness of microstructural distribution 

can be found from the total enthalpy change from DSC. The related entropy change be able to 

calculate from the enthalpy change and the calculated equilibrium temperature (𝑇𝑜 = (𝑀𝑠 + 𝐴𝑓)/2) 

[51, 52]:  

∆𝑆𝑀→𝐴 = ∫
𝑑𝑄𝑀→𝐴

𝑇𝑜

𝐴𝑓

𝐴𝑠

=
∆𝐻𝑀→𝐴

𝑇𝑜
 (4.5) 

To calculate the entropy change of the aged NiTiCu alloys, the Eq. (4.5) can be utilized. The 

obtained results for both forward and reverse transformation is given in Table 4.2. The value of ΔS 

increased for C2 alloy compared with C1 alloy. By the increasing temperature of aging the entropy 

change also decreased. Generally, some parameters can affect the entropy change, including the 

vibrational contribution (ΔSvib), the contribution of the conduction electrons (ΔSel), a magnetic 

subsystem (ΔSmag), Brillouin zone distortion (ΔSdist), and configuration contributions (ΔSconf) [53-

55]. The most of these terms can be discounted, for example, the martensitic phase transformation 

process is diffusionless thus configuration contributions is equal to zero (ΔSconf = 0); also the 

NiTiCu alloy is not a magnetic material, therefore, the magnetic term is also canceled ((ΔSmag =

0)); besides, the electron contribution in the aged SMAs are thought to be equal to zero (ΔSel = 0); 

and lastly, the chemical composition is the same, thus electron concentration (e/a) is constant 

(ΔSvib = 0). Consequently, the only parameter that can be taken into account is ΔSdist. 

Table 4.2. The effect of aging temperature on temperature hysteresis, To, ∆𝐺𝐴→𝑀, ∆𝑆𝐴→𝑀, ∆𝑆𝑀→𝐴  and ∆𝐸𝑒. 
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Heating/Cooling Rate 

(K/min.) 
Sample 

Temperature 

Hysteresis 

(K) 

To 

(K) 

∆𝑮𝑨→𝑴 

(J) 

 

∆𝑺𝑨→𝑴 

(J/kg.K) 

∆𝑺𝑴→𝑷 

(J/kg.K) 

∆𝑬𝒆 

(J) 

10 

C1 

19 352 236 25 25 372 

15 25 353 288 32 23 711 

20 31 355 356 27 23 546 

25 36 356 383 25 21 419 

10 

C2 

20 345 333 35 33 557 

15 29 348 463 37 32 737 

20 35 350 551 36 31 751 

25 36 350 617 33 34 663 

10 

C3 

20 346 303 33 30 523 

15 27 348 404 33 30 601 

20 33 350 496 33 30 592 

25 37 351 549 31 30 524 

10 

C4 

13 351 22 4 3 32 

15 18 353 24 3 3 36 

20 19 353 24 3 3 42 

25 20 352 29 3 3 34 

 

The Gibbs free energy (ΔG) for reverse phase transformation at equilibrium temperature can 

be represented as [6, 49]: 

∆𝐺𝑀→𝐴(𝑇𝑜) = 𝐺𝐴(𝑇𝑜) − 𝐺𝑀(𝑇𝑜) = (𝐻𝐴 − 𝑇𝑜𝑆
𝐴) − (𝐻𝑀 − 𝑇𝑜𝑆

𝑀)

= ∆𝐻𝑀→𝐴 − (𝑇𝑜∆𝑆
𝑀→𝐴) = 0 (4.6) 

where G with superscript A and M are Gibbs free energy of austenite and martensite phase; H and 

S with superscript A and M denote enthalpy and entropy of the austenite phase. Eq. (4.6) can be 

simplified as [7, 56]:  

∆𝐺𝐴→𝑀(𝑀𝑠) = ∆𝐺𝑀→𝐴(𝑇𝑜) − ∆𝐺𝑀→𝐴(𝑀𝑠) (4.7) 

or 

∆𝐺𝐴→𝑀(𝑀𝑠) = −(𝑇𝑜 −𝑀𝑠)∆𝑆
𝑀→𝐴 (4.8) 

The energy stored in martensite variants is called elastic energy (∆𝐸𝑒). ∆𝐸𝑒 can be obtained 

through the subtracting ∆𝐺𝐴→𝑀 at two different martensite temperatures (𝑀𝑠, and 𝑀𝑓) [12, 13, 57]: 
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∆𝐸𝑒 = ∆𝐺𝐴→𝑀(𝑀𝑠) − ∆𝐺𝐴→𝑀(𝑀𝑓) = (𝑀𝑠 −𝑀𝑓)∆𝑆
𝑀→𝐴 (4.9) 

The Eq. (4.8) can be substituted into Eq. (4.9), to find the elastic energy for reverse phase 

transformation: 

∆𝐸𝑒 = (𝑀𝑠 −𝑀𝑓)∆𝑆
𝑀→𝐴 (4.10) 
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Figure 4.4. (a) Entropy and enthalpy change, (b) Gibbs free energy and elastic energy of the alloys obtained 

with a heating rate of 10 K/min 
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Figure 4.5. The XRD pattern of the NiTiCu SMAs 

The obtained value from equations (4.4), (4.5), (4.8) and (4.10) are given in Table 4.2. Figure 

4.4 reveals the relationship between enthalpy, entropy (Figure 4.4a), Gibbs free energy, and elastic 
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energy (Figure 4.4b) with an aging temperature. The alloy, which aged at 1123K, has shown the 

highest values in all mentioned parameters, and the values reduced with raising the temperature of 

aging. It can be concluded that the highest enthalpy change specifies that a more portion of the 

matrix phase was changed during phase transformation [58]. Also, it is reported that the shape 

memory strain increased with increasing the transition enthalpy [59]. Furthermore, austenite finish 

temperature (Af) can increase with increasing time of aging, thus its value directly influences on the 

entropy change values [60]. 
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Figure 4.6. The crystallite size of aged NiTiCu SMAs. 

Figure 4.5 shows the x-ray diffraction of the aged NiTiCu alloys obtained at room 

temperature. The XRD peaks were indexed by using literature [61-63]. It shows that the B19 phase 

is the main phase that denotes the matrix in all SMAs. It can be noticed that only a small fraction 

of austenite phase (B2) has not completely transferred into the martensite phase. Besides, some 

peaks represented the Ti2(Ni, Cu) phase. These precipitations detected in C3 alloy. Another change 

that can be seen is the pattern and the intensity of the peaks that directly were affected by the 

changing temperature of aging. Cu elements can be mostly dissolved in the matrix of the alloys. 
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Also, the XRD pattern gives another information about the crystallite size of the alloys. The 

Scherrer equation gives the crystallite size of alloys by using XRD pattern [64, 65]: 

 𝐷 = 𝐾⁡𝜆/(𝐵 cos 𝜃)  (4.11) 

where, D, B, and 𝜃 denote crystallite size, wideness at half maximum (FWHM), and Bragg’s angle, 

respectively; the value chosen for shape factor was (K= 0.9), and the wavelength of the x-ray source 

was (𝜆𝐾𝛼(𝐶𝑢) =1.5406⁡Å). The calculated crystalline size was the same in both 1073K and 1223K, 

whereas it grew sharply by increasing the aging temperature (Figure 4.6). The lattice strain 

diminished by growing the crystallite size [66], which means the elastic energy of the alloy 

decreased (Figure 4.4b).  

Table 4.3. The chemical composition obtained for the aged NiTiCu SMA. The spectrums are the determined 

regions on the SEM images. 

Alloys code Spectrum no Ni (%at.) Ti (%at.) Cu (%at.) 

1073K 1 26.68 52.23 21.10 

 2 29.97 51.27 18.76 

 3 28.84 51.55 19.64 

 4 25.70 51.84 22.47 

1123K 1 26.22 52.13 21.65 

 2 38.19 52.29 9.52 

 3 24.62 53.93 21.45 

 4 26.66 52.29 21.05 

1173K 1 36.48 46.42 17.11 

 2 31.07 49.18 19.75 

 3 34.64 50.50 14.86 

 4 36.78 50.06 13.15 

1223K 
1 27.13 52.71 20.16 

2 28.89 49.89 21.21 

 3 27.99 50.26 21.72 

 4 29.19 50.82 19.99 

 

The optical images obtained from the metallurgical microscope and SEM images taken from 

a scanning electron microscope are demonstrated in  

Figure 4.7 and Figure 4.8. It can be seen that on the surface of the alloys, there are needle-

shaped microstructures that represent martensite plates. The SEM images were obtained for a 500x 

magnification level. Also, the energy dispersive x-ray spectroscopy patterns (Figure 4.8) tells the 

existence of all constituents used for producing alloy (Ti, Ni, and Cu). In Table 4.3, the quantitative 

amount for each element was represented, where in most cases we found that the composition is 

nearly the same as the composition of the as-produced alloy. Additionally, the Ti3Ni4 phase was 

not observed, which is responsible for the two-step phase transformation in DSC results. Also, the 
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R-phase did not observe in any of EDS and XRD patterns, which showed why the DSC exhibited 

a single phase transformation between B2 and B19 in all cases [36]. 

 

 

 

 

Figure 4.7. The optical microscope images of the as-aged NiTiCu SMA in different aging temperatures 
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Figure 4.7. The optical microscope images of the as-aged NiTiCu SMA in different aging temperatures 

(continue) 
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Figure 4.8. The SEM and EDS obtained for the aged NiTiCu alloys 
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Figure 4.8. The SEM and EDS obtained for the aged NiTiCu alloys (continue) 
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Figure 4.8. The SEM and EDS obtained for the aged NiTiCu alloys (continue). 
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Figure 4.8. The SEM and EDS obtained for the aged NiTiCu alloys (continue). 
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Figure 4.9 displays the Vickers microhardness outcomes of the aged SMAs. The noticeable 

change was not observed in the hardness of the alloys, but it can be seen that the second phase 

recorded a higher value compared to the matrix. It is stated that copper can raise the hardness of 

NiTi-based SMA [47]. Also, copper can dissolve in the α-Ti, thus the hardness of the alloy can be 

increased.  
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Figure 4.9. The Vickers microhardness of the matrix and the second phase of the aged NiTiCu SMA. 

 



5. CONCLUSION  

In this study, a NiTiCu shape memory alloy with a high copper was manufactured by an arc 

melting device in an argon gas atmosphere. Some pieces were cut from as-quenched alloy and were 

aged at some determined temperatures. Then the mechanical, thermal, and microstructure of the 

specimens were studied. In the following bullet point, we have summarized the important outcomes 

of this study: 

 

o The DSC result displayed that the SMAs can be utilized as low-temperature shape memory 

alloys. Also, the phase transformation was a single step phase transformation for the 

measured range of temperatures. The transformation has occurred for B2 ↔ B19. 

o The calculated activation energy was reduced by raising the aging temperature to 1173 K 

(900 ℃). After that, the activation energy sharply increased in C4 aged at 1223 K (950 ℃). 

o The C2 had the highest value in enthalpy and entropy change, Gibbs free energy, and elastic 

energy. The highest enthalpy change, tells that more percentage of the matrix changes 

during martensitic phase transformation.  

o The calculated crystallite size was around 320nm for C1 and C2 alloys, while it increased 

to about 450 and 550 nm for C3 and C4, respectively. 

o In the high-temperature aging, the hardness of the NiTiCu alloys has not considerably 

affected. The outcomes presented that the hardness of B19 (matrix) was fewer than Ti2(Ni, 

Cu) precipitated phase. 
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