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Abstract 

In this study, after producing Ni30Ti50Cu20 shape memory alloy by using arc melting technique, some examination 

was performed, including phase transformation temperatures, microstructural features, and certain thermodynamic 

parameters. The DSC thermogram run with 10°C/min heating-cooling rate, and thus it was determined that 
austenite start (As) temperature is 23.5 oC, austenite finish (Af) temperature is 50.6 oC, martensite start (Ms) 

temperature is 26.7 oC and martensite finish (Mf) temperature is -0.10 oC. For different heating rate of DSC 

measurements, it was observed that martensite to austenite phase transformation temperatures (As and Af) are 

changed, while it did not effect on the reversible martensite phase transformation temperature (Ms and Mf). Thermal 

activation energy of the alloy was measured by Kissinger method, which is Ea=63.208 kJ/mol. Moreover, Gibbs 

free energy was slightly increased with increasing heating-cooling rates. The DSC curves and XRD crystal analysis 

showed the phase transformation was occurred in a single step B2 ↔B19. Beside, some precipitations like Ti2(Ni, 

Cu) as well as matrices in the form of TiNi0.8Cu0.2 of element Cu dissolved in interphases of NiTi were encountered. 

SEM-EDX was used to determine chemical composition of Ti2(Ni, Cu) phase in atomic percentage (at.%). The 

microhardness of the alloy was 219 HV, where Cu element was added to makes alloy to be softer than the 

traditional binary NiTi alloys.  
 

Keywords: shape memory alloy, transformation temperature, microstructure.  

 

Şekil Hatırlamalı Ni30Ti50Cu20 Alaşımının Termodinamik Özelliklerinin 

İncelenmesi 

 
 

Öz 

Şekil hatırlamalı NiTiCu alaşımı ark-ergitme yöntemi ile üretildi ve faz dönüşüm sıcaklıkları, bazı termodinamik 

parametreleri ile mikroyapısal özellikleri araştırıldı. 10°C/dak. ısıtma-soğutma hızı ile alınan DSC sonuçlarına 

göre; austenite başlangıç sıcaklığı (As) 23.5 oC, austenite bitiş sıcaklığı (Af) 50.6 oC, martensit başlangıç sıcaklığı 

(Ms) 26.7 oC ve (Mf) -0.10 oC olarak bulundu. Farklı ısıtma hızlarında alınan DSC ölçümlerine göre ise alaşımın 

martensit fazdan austenite faza geçerken dönüşüm sıcaklıkları (As ve Af) değişirken, austenite fazdan martensit 

faza geçerken dönüşüm sıcaklıklarının (Ms ve Mf) değişmediği görülmüştür. Kissinger metodu ile bulunan 
aktivasyon enerjisi Ea=63.208 kJ/mol olarak bulunmuştur. Gibbs serbest enerjisi ısıtma-soğutma hızlarıyla küçük 

değişimler göstermiştir. DSC eğrilerinden tek-adımlı B2 ↔B19 faz geçişi görülmüş ve bu fazların kristal yapıları 

XRD analizi ile belirlenmiştir. Bununla birlikte Ti2(Ni, Cu) çökeltilerinin yanı sıra NiTi alaşımının interfazlarında 

çözünen Cu elementlerinin TiNi0,8Cu0,2 formundaki matrislerine rastlanmıştır. SEM-EDX sonuçları ile alaşımdaki 

Ti2(Ni, Cu) çökeltilerinin atomik yüzdeleri belirlenmiştir. Alaşımın mikrosertliği 219 HV olarak bulunmuştur. Bu 

değer, artan Cu miktarının geleneksel ikili NiTi alaşımlarını daha yumuşak materyal haline getirdiğini göstermiştir. 

 

Anahtar kelimeler: Şekil hatırlamalı alaşım, dönüşüm sıcaklıkları, mikroyapı.  
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1. Introduction 

 

NiTi-based shape memory alloys (SMAs) are well known for unique shape memory effect (SME), 
super-elasticity, and damping capacity. In addition, thanks to high ductility features, these alloys are 

started to be used frequently in engineering applications such as transportation vehicles, building 

constructions and pipe couplings to facilitate vibration dampening [1-3]. However, due to some 
drawbacks of these alloys, they are not suitable for being used in actuator field [4, 5]. To eliminate the 

problems, thermo-mechanical properties of NiTi-based shape memory alloys (SMAs) are aimed to be 

improved. Some of these studies include modifying transformation temperatures, yield strength, fatigue 

life and transformation hysteresis width. Studies to improve transformation temperatures and hysteresis 
width are still continued frequently. Binary NiTi alloys are carried out with ternary and quaternary 

elements to reach the desired properties [6]. It is known that especially copper element added instead of 

Ni element reduces transformation temperature hysteresis and increases strength differences between 
parent and martensite phases. In addition to this, it is known that adding Cu element to binary NiTi alloy 

increases the number of cycles, and displays more stable transformation temperature after mechanical 

deformation, removes R phase, boosts fatigue resistance with thermal cycles, and lowers super-elastic 
hysteresis strain. As a result of these improvements, NiTiCu SMAs become useful in many applications 

such as actuators [5, 7]. Furthermore, it is known that replacing Cu element instead of Ni element in 

NiTi alloy, Ms transformation temperature lowers the composition sensitivity, pseudo elasticity of 

hysteresis, flow stress level in martensite state and prevents the precipitations of X-phase of (Ti3Ni4) [8, 
9]. With the reduction of precipitations, it is known that the number of cycles within the alloy is raised. 

Therefore, Ti50Ni50-xCux (7.5 ≤ x ≤ 25) alloys are substantially interesting. In contrast to increasing value 

of x in Ti50Ni50-xCux alloy, temperature hysteresis will be decreased, which makes it to be used as actuator 
better than NiTi alloy. The phase transformation straightly depends on the rate of third constituent 

composition element, where by adding x ˂ 5, 5 ≤ x ≤ 20 and x > 20 at%, it is found that they display 

phase transformations as B2B19′, B2B19B19′ and B2B19, respectively. Here B2 (cubic) is 
the main phase, B19 and B19′ are orthorhombic and monoclinic martensite phases [1, 4, 5, 10-12]. 

Although B19 martensite phase is formed in alloys cast in the amount of 5 at % Cu, B19′ martensite 
phase occurs in alloys cast in the amount of 7.5 with 15 at. % Cu. The given amount of 10 and 20 at.% 

Cu causes to phase transform from B2 to B19, and thus the elastic modulus is decreased [6]. It is known 

that B19 martensite phase is formed again in alloys with the amount of 20 at.% Cu [12]. Recently, some 
new researches have been conducted on NiTiCu-based alloys by adding fourth different elements such 

as Hf, Pd, Y, Zr, and Nb [13-18]. In this respect, NiTiCu alloys were reexamined to eliminate their 

thermal deficiencies (such as thermal activation energy) and compare the results with literature. 

 In this study, NiTiCu (30:50:20 at. %) alloy was produced. As well as thermodynamic 
parameters such as transformation temperatures, transformation hysteresis range, thermal activation 

energy, phase transformation enthalpy, entropy changes, microstructures, and mechanic properties of 

produced alloy were examined.  

 

2. Materials and Methods 

 

Metal powders (30at. % Ni, 50at. % Ti, 20at. % Cu) with 99.9% purity were mixed. Then, the metal 
powders were pressed to make pellets with a diameter of 13 mm. They were produced by arc-melting 

system under argon atmosphere to obtain NiTiCu alloy. The ingot remelted for five times to be more 

homogenize. A 50 mg specimen was utilized for DSC (Differential Scanning Calorimetry) measurement 
to find phase transformation temperatures and some related thermodynamic parameters, such as latent 

heat of phase transformation (enthalpy change). DSC measurements was carried out for both A→M and 

M→A process at rate of 10, 15, 20 and 25 oC/min. The microstructures was investigated with optical 
microscopy (OM). For surface morphology observation, the sample was polished and chemically etched 

in a solution of (HF+NOH3+H2O-1:2:5) for 10 sec. for The crystal structure analysis, XRD measurement 

(CuK=1.543nm) was performed at a scanning rate of 4°/min. from 30° to 80° at room temperature. 
Vickers hardness test was performed to measure the hardness of the alloy. Microstructural and elemental 

analysis measurements were made at room temperature by SEM-EDX (Scanning Electron Microscopy 
with Energy Dispersive X-ray Spectroscopy) measurement.   
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3. Results and Discussion 

 

3.1. Differential Scanning Calorimetry 

 

Thermal properties of Ni30Ti50Cu20 SMA, which produced by arc-melting method, were investigated by 

DSC measurement method. For DSC measurements, heating-cooling rate were chosen as 10 ºC/min, 15 
ºC/min, 20 ºC/min and 25 ºC/min, where the acquired phase transformation curves and transformation 

temperature values were given in Figure 1 and Table 1. According to DSC results, it is clear that 

Ni30Ti50Cu20 SMA displays a B2B19 of phase transformation at one-step, without an intermediate 
phase such as R-Phase. Heating-cooling scanning at 10 ºC/min perceived more heating and cooling and 

took a prolific measurement and, thus the ideal heating rate was found as 10 ºC/min [2, 6]. Therefore, 
the DSC measurement with heating/cooling rate of 10 oC, has been chosen as reference to compare the 

obtained phase transformation temperatures with literature and according to the obtained results, 

transformation temperatures of the alloy were determined as As = 23.5, Af = 50.6, Ms= 26.7, Mf = -0.10 
oC. The obtained transformation temperatures have a small change with the values found in literature 
[19]. In literature, it has been seen that Ms temperature changes from 40 °C to -20 °C for NiTiCu alloy 

that include Cu amount between 5-15 (at%), while for addition of 15-20 (at%) of Cu, Ms varies from 40 

to -60°C [12]. The reasons of differences between our study and literature can be explained such that: 
Microstructure of the alloy depends on the production technique, rate of purity of elements, and a 

resistance surface potential that put up against transformation [8, 20, 21]. In addition, since dendrite 

structures can be seen in the SEM and optical microscope images, so it can be notice that the alloy was 
not completely homogenized during production process even after five times re-melted by arc melting 

furnace. Type of phase transformation process is another crucial parameter that straightly depends on 

the amount of Cu, e.g. Cu≤7,5:B2→B19ꞌ, 7,5<Cu≤15: B2→B19→B19ꞌ, Cu≥15: B2→B19 [12]. In 

addition, Figure 1 and Figure 2 clearly indicate that with increasing heating-cooling rate, the martensite 
phase temperatures (Ms and Mf) are constant, while austenite phase temperatures (As and Af) dramatically 

increased. Also, is it found that austenite phase from B2 phase is transformed to B19 phase. The same 

result has been reported by Wang et al. for different heating/cooling rats [22]. On the other hand, with 
increasing heating rate, it was seen that transformation hysteresis (Ht=Ap-Mp) was increased. Phase 

transformation enthalpies depend on different heating-cooling rates, while the Gibbs free energies are 

almost the same. Also, when phase transformation temperatures are generally evaluated, NiTi alloy 

added Cu can be said to include both austenite and martensite structure at room temperature (25 oC). 

Accordingly, the values of enthalpy change for B2↔B19 are listed in Table 2. Gibbs free energy (driving 
force) required for initiating of nucleation of martensite phase are calculated by using the following 

formula:  

 

∆𝐺𝑀→𝐴 = ∆𝐻𝑀→𝐴∆𝑇/𝑇0 (1) 

 

here ∆T = To-Ms, and To represents the temperature where Gibbs energy is  equal to zero and it can be 

calculated with To = (Af + Ms)/2 [23, 24]. For heating rates of 10, 15, 20, 25 °C/min, the Gibbs free 
energy was obtained as -1.24, -1.34, -1.45 and -1.56 Joule, respectively. When examined driving force 

values required for different heating rates, even though values are close to each other, it is seen that as 

the heating rate is increased, this value seems to display a slightly increase. This result is backed up with 
overlapping of transformation curves from austenite to martensite phase (during cooling process) in 

DSC curves. It is due to the fact that an internal stress has been induced during phase transformation 

from austenite to martensite in Gibbs free energy occurs at the same rate [25]. 
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Figure 1. DSC curves of Ni30Ti50Cu20 alloy obtained with different heating-cooling rate. 

 

Table 1. Transformation temperatures as a function of heating-cooling rate for NiTi-20Cu SMA. 

Heating-cooling rate As 

(oC) 

Af 

(oC) 

Ap  

(oC) 

Ms  

(oC) 

Mf  

(oC) 

Mp  

(oC) 

Ht  

(oC) 

10 oC/min 23.5 50.6 37.9 26.7 -0.1 13.6 24.3 

15 oC/min 26.6 57.6 41.7 26.6 0.0 13.6 28.1 

20 oC/min 27.1 64.7 45.4 25.9 0.1 13.6 31.8 

25 oC/min 30.6 65.8 48.7 26.4 0.0 13.6 35.1 

 
In addition, entropy values of martensite to austenite phase transformation is another thermodynamic 

parameter, which was calculated by the following expression [26-28]; 

∆𝑆𝑀→𝐴 = ∆𝐻𝑀→𝐴/𝑇0 (2) 

and 

∆𝑆𝐴→𝑀 = ∆𝐻𝐴→𝑀/𝑇0 (3) 

here ∆S is entropy; ∆HM→A and ∆HA→M are the energy required for austenite and martensite phase 
transformation, respectively. The calculated values were listed in Table 2. Accordingly, Af is increased 

with increasing speed of heating-cooling rate, thus its value directly influences on entropy change 

values. The impact of heating/cooling rate on phase transformation temperatures are demonstrated in 

Figure 3. There are different methods for calculating thermal activation energy, which needs for phase 
transformation. To calculate thermal activation energy (Ea) of B19→B2, maximum points of austenite 

phase peak Tm (Ap) obtained at heating rate of 10, 15, 20 and 25 °C were specified and listed in Table 2, 

and then Kissinger Method was used to obtain Ea [29, 30]: 

dln⁡(𝛽/𝑇𝑚2)/𝑑(1/𝑇) ⁡= −𝐸𝑎/𝑅 (4) 

here, R is universal gas constant and β is heating rate. Graph of ln(β /Tm
2)-1000/T were drawn by utilizing 

Eq. 4 (Figure 3). Thermal activation energy of NiTiCu alloy was found as 63.208 kJ/mol. A greater 

values have been reported for activation energy of NiTi SMA compared to Ni30Ti50Cu20 SMA added Cu 
[31, 32], which means Ni30Ti50Cu20 SMAs needs lower activation energy than binary NiTi SMAs found 
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in literature. The low activation energy indicates that the alloy need low energy for phase transformation 

from austenite to martensite and vice versa. 
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Figure 2. Change of transformation temperatures and transformation hysteresis of Ni30Ti50Cu20 SMA for 

different heating-cooling rate  
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Figure 3. The ln(b/Tm

2)-1000/T plot drawn to calculate of thermal activation energy. 
 

 

 

Table 2. Some thermodynamic parameters determined by different heating-cooling rates of NiTi-20Cu SMA. 

heating-cooling rate 

Thermodynamic parameters 10 oC 15 oC 20 oC 25 oC 

Ap (K) 310,9 314,4 318,6 321,8 

T0 (°C) 38,65 42,1 45,3 46,1 

∆HA→M (J g-1) 5,22 4,80 6,13 4,80 
∆HM→A (J g-1) -4,04 -3,64 -3,40 -3,66 

∆SM→A  (mJ g-1 °C-1) -0,104 -0,086 -0,075 -0,079 

∆SA→M (mJ g-1 °C-1) 0,135 0,114 0,135 0,104 
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3.2. Microstructure and Hardness 

 

SEM image of NiTiCu alloy is demonstrated in Figure 4a. From the image some beadlike alignments 
within the structure can be seen. Likewise, these microstructures can be seen in optical microscope 

images (Figure 4b). Although grains and martensite plates are not observed within the structure (since 

this alloy is not completely in the form of martensite phase at room temperature), a large number of 
dendritic structures are monitored. Dendrites are aligned with the shape of bead and arranged in long-

distance. Some dendrites are parallel within the matrix structure and overlap each other in some regions. 

EDX results obtained for some region on the surface of the alloy, which determined on SEM image 

(Figure 4a). It is known that precipitations occurring in alloy are Ti2Ni phase. This precipitated phase 
was determined by the atomic ratio found by EDX. As opposed to the rate of element Ti, the rate of 

elements Ni and Cu is approximately 2:1. Therefore, content of Cu and Ni within the main phase of B2 

is less available than Ti content. Adding Cu element to NiTi alloy modify the martensite structure, and 
is a factor to form orthorhombic B19 phase. Phase of Ti2(Ni, Cu) within the structure have been 

determined in SEM-EDX analysis. One of the main parameters in terms of determining mechanic 

properties in the alloys is microhardness measurement. Ni30Ti50Cu20 alloy recorded microhardness with 
219 HV value. It can be concluded that adding Cu into NiTi alloy made it softer compared to the result 

obtained in literature [33]. Thus the formability of NiTiCu alloy is enhanced, due to the change in 

microstructure morphology within the alloy by adding element Cu [33]. 

 

  

 
Figure 4. a) Optic micrograph, b) SEM image, and c) EDX results of NiTi-20Cu SMA 
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3.3. X-ray Diffraction 

 

The analysis of X-ray diffraction for NiTiCu SMA can be seen in Figure 5. The pattern was obtained at 
room temperature, which enabled austenite and martensite phases to be observed together. In addition 

to the both B2 (cubic) and B19 (orthorhombic) phases, another precipitation is Ti2(Ni, Cu) that has a 

very sharp diffraction peaks. It is known that this precipitation influences transformation phase. The 
existence of B2, B19 and Ti2Ni precipitation is supported by EDX result too. On the other hand, Ti3Ni4 

precipitation phase is one of the reason for formation of R-phase, and since, its amount is too low, so R-

phase in the DSC curves was not detected. Furthermore, Cu element dissolved within the interphase of 

NiTi and can be found in TiNi0,8Cu0,2 matrix [3, 4, 10, 34]. 
 

 
Figure 5. XRD pattern of NiTi-20Cu SMA. 

 

4. Conclusions 
 

The findings of this study suggest that NiTiCu (30:50:20 at. %) SMA alloy has displayed one-step phase 
transformation (B2↔B19) and by increasing heating rate, the transformation temperatures from 

austenite to martensite phase have not changed. Besides, with the increase of heating-cooling rate, 

hysteresis range has increased and thus it can be said that the alloy can be used widely as actuator. The 
evidence from this study point out the idea that adding 20 at. % Cu element has decreased the formation 

of Ti3Ni4 precipitation phase in the NiTi alloys, and thus R-phase was disappeared completely. This 

paper demonstrated that Ni30Ti50Cu20 alloy has a lower activation energy compared to the conventional 
binary NiTi alloys. From the results it is found that surplus of Cu ratio may facilitate the process ability 

of the alloy.  
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