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Low cost Cu-based shape memory alloys (SMAs) have been regarded as potential alternative to the superior NiTi 

SMAs that are expensive and the most commercial SMAs. Hence, by many researchers have been interested with 

Cu-based SMAs and studied to develope them and improve their shape memory and other properties. In this work, 

the quaternary CuAlNiV high-temperature SMA (HTSMA) was manufactured by arc melting technique. Solution 

treatment for homogenization CuAlNiV alloy and post quenching in iced-brine water were carried out to form the 

martensite phase (shape memory effect property) in the alloy. Differential calorimetry (DSC and DTA) and X-ray 

diffraction (XRD) characterization measurements were carried out to detect the thermal and structural shape 

memory effect properties of the CuAlNiV alloy. The differential scanning calorimetry (DSC) results revealed the 

powerful reversible martensitic phase transformation peaks in a temperature region above 100 °C, indicating the 

HTSMA property of the alloy. Many important thermodynamic parameters related to these martensitic 

transformation reactions of the CuAlNiV HTSMA were determined by making the peak analyses of these 

transformation peaks. The differential thermal calorimetry (DTA) test result, also showed the martensitic 

transformation peaks of the alloy, revealed the multiple phase transitions of β'1→ β1(L21)→B2→A2 which occurred 

consecutively during heating the alloy in the temperature region between room temperature and a high temperature 

(900 °C). The XRD pattern of the alloy obtained by using CuKα radiation at room temperature revealed the presence 

of the formed martensite phases in the alloy. All results showed that the fabricated CuAlNiV memory alloy can be 

utilized as an HTSMA in the relevant SMA applications. 
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1. Introduction 
 
Shape memory alloys (SMAs) [1–3] have been extensively 

studied mainly due to their unique and magic-like shape 

memory effect (SME), superelasticity (SE) and good 

damping properties. These properties made these materials 

very useful and well reason for utilisation preference in 

many industry and technology application fields such as 

actuator, automotive, biomedical, aero-space, robotics, 

construction, energy harvesting/converting, micro and nano 

electro-mechanic systems (M/NEMSs), textile, etc.[2–13]. 

In most of applications nickel-titanium (NiTi) SMAs [14–
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17] are preferred to use in applications due to their superior 

shape memory and superelastic properties. But much 

cheaper copper-based SMAs, regarded the closest 

alternative to NiTi SMAs, have still attracted researchers 

quite well to explore and improve them [18–31].  

Polycrystalline Cu-based SMAs have some shortcomings 

such as brittleness leading to fracture, and thermal 

instability or instability of martensite and austenite phases 

that affects transformation temperatures, hysteresis, strain 

recovery i.e. the shape memory properties [18,26,31–34]. 

These issues arise mainly from the coarse grains, defects or 

martensite types and they are also highly dependent on the 

material production/processing history and the composition 

of these alloys. A practical recipe frequently used to solve 

these problems and also to modify the properties of them is 

doping some grain refining elements such as Be, Ni, Ti, Mn, 

Fe, Cr, Co, V,Cr Mg etc. in Cu-based SMAs [11,27,35–50]. 

The shape memory properties of Cu-based SMAs are 

extremely sensitive to their alloying compositions or their 

average conduction electron concentration per atom (e/a) 

ratios which depend on their composition. 

Among Cu-based SMAs, CuAlNi alloys have high usage 

potential in high-temperature shape memory alloy 

(HTSMA) applications because CuAlNi SMAs exhibit high 

thermal stability, and good SME and SE properties at 

temperatures above 100 °C [31]. In this study, the copper-

based quaternary CuAlNiV high-temperature shape 

memory alloy (SMA) with a composition of 69.2Cu-

26.6Al-4Ni-0.4V (at%) was produced by arc melting 

metdod and the effect of minor vanadium addition on the 

thermal and structural SME properties of CuAlNi alloy was 

investigated. 

 

2. Experimental 

 

The CuAlNiV high-temperature shape memory alloy with 

69.2Cu-26.6Al-4Ni-0.4V (at%) composition was produced 

by melting the pelletized powder mixture of high purity 

(%99.9) elements of Cu, Al, Ni, and V in a vacuum arc 

melter. After arc melting, the obtained as-cast ingot alloy 

was cut into small test samples and then were homogenized 

at 900 ºC for 1 hour and immediately quenched in iced-brine 

water (by this fast cooling, martensite phase was built in the 

alloy). The differential scanning calorimetry (DSC) tests 

were carried out by using a Shimadzu 60A label DSC 

instrument at different 10, 15, 20 and 25 °C/min of 

heating/cooling rates under an inert argon gas flow of 100 

ml/min to examine the presence of a thermally induced 

shape memory behavior. The differential thermal analysis 

(DTA) test was taken under same inert gas flow and at a 

single 25 °C/min of heating/cooling rate between room 

temperature and 900 °C by using a Shimadzu DTG-60AH 

instrument for behavior of the alloy at high temperatures. X-

ray diffraction (XRD) pattern was obtained at room 

temperature via a Rigaku Miniflex 600 model X-ray 

diffractometer (by using CuKα X-rays) to see the peaks 

indicating presence of the formed martensite phases in the 

CuAlNiV alloy matrix. EDS (energy dispersive X-ray 

spectrum) analysis was made to detect the alloying 

composition of the CuAlNiV alloy by using a SEM-Hitachi 

SU3500 instrument at room temperature. 

 

3. Results and Discussion 

 

The DSC curves of the fabricated CuAlNiV alloy (presented 

in Fig.1) show the down endothermic and up exothermic 

solid-to-solid reaction peaks indicating the reversible 

martensitic phase transformation peaks of the CuAlNiV 

alloy [26,51,52]. Since these peaks occurred (or the start and 

finish temperatures of these martensitic transformation 

peaks fall) in a temperature range above 100 °C, the 

produced CuAlNiV alloy is labelled as a high-temperature 

shape memory alloy [4,26]. The zig-zags seen formed on the 

peaks at 10 and 15 °C/min of rates are caused by the 

transformation of the multiple micro-nano interfaces. The 

decrease in stored elastic energy during the direct 

transformation at 10 °C/min of rate causes a increment in the 

As temperature during the reverse transformation at 15 

°C/min of rate [31]. 

 

  
Fig.1. The sequentially cycling DSC heating/cooling curves 

taken at different 10, 15, 20 and 25 °C/min of 

heating/cooling rates show the reverse martensite to 

austenite (M→A) transformation on heating fragments of 

these curves and the corresponding forward austenite to 

martensite (A→M) transformation on cooling fragments of 

these curves. 

 

The characteristic martensitic transformation temperatures , 

the peak start, finish and max temperatures (As, Af, Amax, Ms, 

Mf) of the fabricated CuAlNiV HTSMA which directly 

determined from DSC tangent peak analyses data at each 

heating/cooling rate are presented in Table 1. Accordingly, 
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it is seen that the transformation temperatures are in the 

range (the lowest Mf and the highest Af) of 171.31 °C  and 

251.90 °C, and the average range extends from 183.57 °C 

upto 240.83 °C. Some other corresponding transformational 

thermodynamic parameters values obtained directly by 

these peak analyses and by calculations were listed in Table 

1, too.  One example of these peak analyses that was made 

on the DSC curve taken at 20 °C/min of heating/cooling rate 

is given in Fig.2. As seen from Table 1 and Fig.2, the 

transformation temperatures at 20 °C/min of 

heating/cooling is in the range from 171.31 °C upto 247.03 

°C. A transformation temperatures range from 90 °C (Mf) 

upto 179 °C (Af) obtained at 20 °C/min of heating/cooling 

rate was reported in a previous work [53] made on an another 

CuAlNiV alloy with a compositon of 68.9Cu-27.1Al-3.6Ni-

0.4V (at%). Although the same amount (0.4 at%) of 

vanadium was used in our work here, the use of 0.4 at% 

higher nickel together with 0.5 at% lower aluminium in our 

work resulted in higher transformation temperatures, so 81 

°C higher Mf and 68 °C higher Af. 

 

 

Table-1: The characteristic martensitic transformation temperatures and thermodynamic parameters of the of CuAlNiV 

HTSMA obtained from the DSC peak analyses data. 

 

 

 

 

 

 

 

 
Fig.2. The forward and reverse martensitic transformation 

peaks on the DSC curve on x-time-axis taken at 20 °C/min 

of heating/cooling rate analyzed by tangent method by using 

DSC software. The two analysis data sets of these peaks 

include peak start (onset), finish (endset), maximum (peak) 

temperatures and enthalpy (J/g) change values. 

 

The values of the thermal equilibrium temperature (T0), at 

where there is no difference between the Gibbs (chemical) 

free energies of martensite and austenine phases, were also 

given in Table 1. The values of T0 at each heating/cooling 

rate were determined by using formula [11] below; 

𝑇𝑜 =
1

2
(𝐴𝑓 + 𝑀𝑠)         (1) 

 

 

The amounts of the entropy change, ∆S (also given in Table 

1) occurred during M→A transformations, as another 

transformational thermodynamic parameter, were 

determined by using the enthalpy ∆H change values in the 

formula [11,26] given as below; 

 

∆𝑆𝑀→𝐴 =
∆𝐻𝑀→𝐴

𝑇𝑜
         (2) 

The kinetic activation energy (Ea) parameter is a determining 

factor in occurance of martensitic phase transitions and 

crystallization behavior of the alloy. Martensitic 

transformations are first-order reactions. Therefore, the 

given-below formula from Kissinger [54] was suitably used 

to calculate the Ea value of the alloy; 

  
𝑑[𝑙𝑛(

𝜙

𝑇𝑚
2 )]

𝑑(
1

𝑇𝑚
)

= −
𝐸𝑎

𝑅
         (3) 

where; ϕ stands for the heating/cooling rate, Tm is the 

transformation maximum peak temperature (Amax) and R is 

the universal gas constant (R=8.314 J/mol.K). The left 

fraction term of Eq.3 represents the change of activation 

energy. The value of this fraction is found as the linear fitting 

slope value of ln(Φ/Tm
2) vs. 1000/Tm plot which is presented 

in Fig.3. By substituting this slope value in Eq.3, the Ea value 

of the reverse martensitic phase transition of the fabricated 

CuAlNiV HTSMA was found as 40.52 kJ/mol. 

 

Heating/cooling 

rate  (°C/min) 

As 

(°C) 

Af 

(°C) 

Amax 

(°C) 

Ms 

(°C) 

Mf 

(°C) 

As-Mf 

(°C) 

T0 

(°C) 

ΔHM→A 

(J/g) 

ΔSM→A 

(J/g°C) 

10 207.21 219.56 211.25 206.01 192.60 14.61 212.79 14.92 0.0701 

15 231.45 251.90 238.41 201.43 188.41 43.04 226.67 13.75 0.0607 

20 238.21 247.03 241.93 198.08 171.31 66.90 222.56 7.68 0.0345 

25 233.01 244.82 238.93 199.25 181.94 51.07 222.04 4.58 0.0206 

Avg. 227.47 240.83 232.63 201.19 183.57 43.91 221.01 10.23 0.0465 
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Fig.3. The activation energy change plot of the reverse 

martensitic transformation of the CuAlNiV HTSMA. 

 

The DTA curve, given in Fig.4, shows the other thermally 

induced reactions in the CuAlNiV HTSMA at high 

temperatures and also shows the reversible martensitic 

tansformation peaks. When starting to look from the far 

right to the far left on the down heating segment of this DTA 

curve, some peaks of thermal events formed as the 

responsive behavior of the alloy indicate the phase transition 

chain that follows as: martensite (β1ʹ) →austenite (β1, L21) 

→ B2 (metastable cubic) → precipitating → eutectoid 

recomposition → B2 (ordered cubic) →A2 (disordered 

cubic). This phase transition chain is commonly seen 

thermal behavior of Cu-based SMAs [26,55–58]. 

 

 
Fig.4. The cycling DTA heating/cooling curve of the 

CuAlNiV HTSMA taken at single 25 °C/min of 

heating/cooling rate. 

 

The detected EDS atomic (at%) composition of 69.2Cu-

26.6Al-4Ni-0.4V (at%) shows the fractions of the alloying 

elements' atoms in the CuAlNiV HTSMA. Average electron 

concentration per atom ratio (e/a ratio) of the CuAlNiV 

alloy was found as 1.56 by using the atomic (at%) fractions 

of  the alloying elements in the formula [26] given as below; 

 
𝑒

𝑎
= 𝑓𝐶𝑢𝑣𝐶𝑢 + 𝑓𝐴𝑙𝑣𝐴𝑙 + 𝑓𝑁𝑖𝑣𝑁𝑖 + 𝑓𝑉𝑣𝑉      (4) 

where; f is the atomic fractions of the alloying elements, and 

v refers to the valence electron values of these alloying 

elements (here; vCu =1, vAl=3, vNi=2 and vV=2). The e/a ratio 

of the CuAlNiV is found above the e/a ratio range of 1.45-

1.51 which range is regarded as a theoretical condition for 

Cu-based alloys to have most probably a shape memory 

effect [1,26]. Also, in this e/a ratio range Cu-based SMAs 

have two different martensite forms (β1ʹ and γ1ʹ) together. 

Above this range (for e/a ratios higher than 1.51) the γ1ʹ 

martensite phase is expected to form dominantly over the β1ʹ 

martensite in the alloy, and vice-versa [26]. To see this 

structural expectation the XRD result of the CuAlNiV 

HTSMA is given in Fig.5. 
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Fig.5. The XRD pattern of the CuAlNiV HTSMA. 

 

The XRD pattern of the CuAlNiV HTSMA shows presence 

of the formed martensitic phases in the alloy at room 

temperature. The main peak is β1ʹ (128) martensite peak, and 

the others are also some β1ʹ and γ1ʹ type martensite peaks 

[26,42,52,53,55,59,60]. The XRD pattern of the CuAlNiV 

HTSMA shows the co-existence of monoclinic β1ʹ (18R) 

and orthorhombic γ1ʹ (2H) type martensite phases just as 

predicted by the e/a ratio of the alloy. As seen on the XRD 

pattern of the alloy, the β1′ peaks are the main or dominant 

martensite peaks. According to the e/a value of the CuAlNiV 

alloy, the γ1′ peaks were normally expected to be the 

dominant over β1′ and expected to be observed more intense 

and no fewer than the β1′ peaks. What caused that γ1′ peaks 

are observed fewer and weaker than some of the higher β1′ 

peaks is originated from that the hexagonal 2H (γ1′) phase 

has less symmetry (or more amorphism) than the 

monoclinical β1′ does [12]. Because, the X-rays scattering 

domain (spherical or ellipsoidal particle) size of β1′ 



Journal of Materials and Electronic Devices 3 (2024) 13-20 

17 
martensite or the number of coherently scattered X-rays 

from β1′ martensite is larger than that of γ1′ martensite 

(while a plane of hexagonal γ1′ unit cell made of three 

monoclinic-like cells scatters one X-ray, a plane of 

monoclinical β1′ unit cell scatters three X-ray and also 

absorbes less) [12]. 

The crystallite size of the alloy was also calculated by using 

the well-known Debye-Scherrer formula [26,61] given as 

below; 

 

𝐷 =
0.9𝜆

𝐵1
2

𝑐𝑜𝑠 𝜃
         (5) 

where; λ is the wavelength of the X-ray (CuKα radiation, λ= 

0.15406 nm), B1/2 is the full width at half maximum 

(FWHM) value of the highest (main) peak, and θ is the 

Bragg angle of X-ray diffraction. The mean size of the 

ordered (crystalline) domains, i.e. the Debye-Scherrer 

crystallite size (D) of the CuAlNiV HTSMA was found as 

28.34 nm by using the FWHM value (0.3029) of the main 

β1ʹ (128) peak at the 2θ angle of 44.37°. 

 

4. Conclusions 

 

The quaternary Cu-Al-Ni-V HTSMA was produced 

succesfully by arc melting and the shape memory effect 

characterization of the alloy was made by differential 

calorimetry (DSC, DTA) and structural (XRD, EDS) 

measurements. The DSC and DTA results showed the 

powerful reversible martensitic transformation peaks at the 

temperatures above 100 °C and ranging approximately at 

between 171 °C (Mf) and 251 °C (Af). It was understood that 

by use of 0.4 at% of more nickel resulted in higher 

transformation temperatures; at least 81 °C higher Mf and 

68 °C higher Af. The heating segment of DTA curve showed 

the multiple phase transitions chain peaks of β1ˊ(or β1ˊ+γ1ˊ) 

→ β1(L21) → B2 → A2 phase transitions which is 

commonly seen thermal behavior of the Cu-based shape 

memory alloys. The XRD result showed the co-existence of 

β1ˊand γ1ˊ type martensites which constitute the 

crystallographic base mechanism for the shape memory 

effect property of the fabricated CuAlNiV HTSMA. The 

findings obtained by thermokinetic shape memory effect 

analysis of the CuAlNiV HTSMA and the alloy itself can be 

useful in HTSMA and related applications. 
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