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Abstract: CuAlNi shape memory alloys (SMAs) are one of the most prominent Cu-based SMAs mainly due to their shape 
memory properties at high temperatures. Therefore, they are interested in high temperature SMA applications. Their good 
thermal stability but brittleness originated from their coarse grain size are their other pros and cons. In this study, the low-cost 
quaternary CuAlNiCr high-temperature SMA (HTSMA) with a new unprecedented chemical composition including trace 
amount of chromium element was fabricated by arc melting technique. After arc melting process, traditional homogenization 
of small alloy samples in the high β-phase temperature region and quenching them in iced-brine water were proceeded. To 
characterize the shape memory effect property of the alloy, differential calorimetry and microstructural X-ray diffraction (XRD) 
tests were carried out. The cyclic DSC (differential scanning calorimetry) tests carried out at various heating/cooling rates 
showed the splendid endothermic and exothermic peaks of reversible martensitic phase transformations in the temperature 
range between around 150-220 °C, thence the produced alloy is qualified as a high-temperature SMA. Using DSC peak analysis 
data, the finish and start temperatures of every martensitic phase transition, hysteresis gap, plus some other important 
thermodynamic parameters' values were also determined. Among them, the high enthalpy change amounts occurred during the 
transformations implied the good shape memory effect feature of the alloy. A DTA (differential thermal calorimetry) test taken 
at only one heating/cooling rate revealed both the reversible martensitic transformation peaks and the other phase transition 
peaks at higher temperatures. The consecutive phase transition step peaks of β'1→ B1(L21)→B2→A2 on the heating-part of 
the DTA thermogram curve of the alloy were observed as similar to those seen in the other Cu-based shape memory alloys. 
Furthermore, at room temperature, the presence and types of the martensite phases formed in the alloy were revealed by the 
XRD pattern of the alloy obtained by using CuKα radiation. The results showed that the novel CuAlNiCr high-temperature 
SMA can be useful in the high-temperature SMA applications.  
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Termodinamik ve Yapısal Şekil Hafıza Etkisinin Dörtlü CuAlNiCr YSŞHA Karakteristikleri 

 
Öz: CuAlNi şekil hafızalı alaşımlar (ŞHA'lar), esas olarak yüksek sıcaklıklardaki şekil hafızalı özelliklerinden dolayı en öne 
çıkan Cu-bazlı ŞHA'lardandır. Bu ŞHA'lara bu nedenle yüksek sıcaklık ŞHA uygulamalarında ilgi duyulmaktadır. İyi termal 
kararlılıkları ancak iri tane boyutlarından kaynaklanan kırılganlıkları diğer artıları ve eksileridir. Bu çalışmada, eser miktarda 
krom elementi içeren benzersiz bir kimyasal bileşime sahip dörtlü CuAlNiCr yüksek sıcaklık ŞHA (YSŞHA), ark eritme tekniği 
ile üretildi. Ark eritme işleminden sonra, küçük alaşım numunelerinin yüksek β fazı sıcaklık bölgesinde geleneksel 
homojenleştirilip tuzlu buzlu suda hızlıca soğutuldu. Alaşımın şekil hafıza etkisi özelliğini karakterize etmek için diferansiyel 
kalorimetri ve mikroyapısal X-ışını kırınımı (XRD) testleri gerçekleştirildi. Farklı ısıtma/soğutma hızlarında gerçekleştirilen 
diferansiyel taramalı kalorimetri (DSC) testleri, yaklaşık 150-220 °C arasındaki sıcaklık aralığında tersinir martensitik faz 
dönüşümlerinin olağanüstü ekzotermik ve endotermik piklerini gösterdi; bundan dolayı üretilen alaşım bir yüksek sıcaklık ŞHA 
olarak sınıflandırıldı. DSC pik analizi verileri kullanılarak her bir martensitik faz dönüşümünün başlangıç ve bitiş sıcaklıkları, 
histeresiz aralığı ve diğer bazı önemli termodinamik parametreleri belirlendi. Bunlar arasında, dönüşümler sırasında meydana 
gelen yüksek entalpi değişim miktarları, alaşımın iyi şekil hafıza etkisi özelliğine sahip olduğuna işaret etmiştir. Tek bir 
ısıtma/soğutma hızında daha yüksek sıcaklıklara kadar çıkılarak yapılan diferansiyel termal kalorimetri (DTA) testi, hem 
tersinir martensitik dönüşüm piklerini yine ve hem de diğer faz geçiş piklerinin oluştuğunu gösterdi. Alaşımın DTA eğrisinin 
ısınma kısmında β'1→B1(L21)→B2→A2 ardışık faz geçiş adımı pikleri diğer Cu bazlı şekil hafızalı alaşımlarda görülenlere 
benzer şekilde gözlendi. Ayrıca oda sıcaklığında alaşımda oluşan martensit fazların varlığı, alaşımın CuKα radyasyonu 
kullanılarak elde edilen XRD deseni ile ortaya çıkarılmıştır. Sonuçlar, yeni CuAlNiCr yüksek sıcaklık ŞHA'sının yüksek 
sıcaklık ŞHA uygulamalarında faydalı olabileceğini gösterdi. 
 
Anahtar kelimeler: Yüksek sıcaklık şekil hafızalı alaşım, CuAlNiCr, martensitik dönüşüm, DSC, DTA. 
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1. Introduction 
 

As it is renowned, shape memory alloys (SMAs) [1,2], which are the second most commercial smart material 
group after piezoelectrics, have been extensively studied due to their unique and magic-like shape memory effect 
(SME), superelasticity and excellent damping properties. These properties made these materials very attractive 
and useful in many industrial and technological application fields such as actuator, automotive, medical, aero-
space, robotics, construction, energy harvesting/converting, micro and nano electromechanic systems 
(M/NEMSs), textile, etc. [1–8]. 

In most of applications nickel-titanium (NiTi) SMAs [9,10] are used due to their superior shape memory and 
superelastic properties. Although NiTi SMAs have already been commercially used in numerous applications such 
as medical, aerospace or automotive [9,11–14], thus having great importance, the processability or machinability 
of these SMAs is relatively hard arising from their high ductility and deformation hardening, high chemical 
reactivity, low thermal conductivity and elastic modulus which results in poor surface finish and poor tool life 
[15,16]. But nearly ten times cheaper copper-based SMAs are thought as the nearest alternative to NiTi SMAs. 
The mechanism of shape memory effect property of SMAs depends on a solid-to-solid phase transition known as 
martensitic transformation. Martensitic transformations occur reversibly, atomically non-diffusional and 
isostatical between two different solid phases of SMAs called as the product phase or martensite (low-temperature 
phase) and the parent or austenite (high-temperature) phase [1]. A martensitic transformation can be occur when 
SMAs are exposured to external forces such as heat or ellectric/magnetic fields, the internal crystal lattice stresses 
occur by the external forces and these stesses impell the unit cell of a martensitic phase to change into the other 
unite cell of other martensitic phase. The total changes of all unit cells results a macro size shape change in SMAs 
that we can see. For example, when the temperature goes down to a critical level by cooling a NiTi SMA [9,17], 
a cubic lattice structure of austenite phase can transform into a martensite phase with a monoclinic lattice structure. 
This type of transformation from austenite to martensite is called as forward martensitic transformation. If 
temperature increase up again, at this time a reverse martensitic transformation occurs from martensite to austenite. 
The finish and start temperatures of reverse transformation (to parent phase) and forward (to martensite) 
transformation reactions, from the highest to the lowest, are ranked as Af > As > Ms > Mf. Austenite phase becomes 
disordered after a critical Md (>Af) temperature, and between Af and Md temperatures SMAs can exhibit 
superelasticity (pseudoelasticity) [18,19]. If SMAs are made deformed plastically by a mechanical force or stress 
(load) when they are in martensite phase, then if the load is removed away and they are exposured to heat, a reverse 
transformation take place and accordingly they return back to their pre-deformed original shape. But when SMAs 
are cooled down to the martensite temperature region they will not take the deformed shape back again and this is 
known as one-way shape memory effect (OWSME), and if some extra training treatments applied they can also 
show two-way shape memory effect (TWSME) [19]. 

NiTi, Cu-based (Cu-rich) and Fe-based (Fe-rich) SMA bases are three primary SMAs families. Among these, 
practically and industrially NiTi SMAs are the most preffered ones due to their superlative SE and SME features. 
But NiTi ones are much more expensive and arduously processable when compared to Cu-based ones showing 
better SE and SME than those of iron-based SMAs. For this reason, Cu-based SMAs are deemed as the nearest 
alternative to NiTi ones [20]. They are regarded as an alternative to be used in high-temperature operations and to 
other commercial SMAs because of their lesser production costs, too [20]. In spite of that Cu-based SMAs have 
been considerably investigated, they have still many issues to be overcome. Polycrystalline Cu-based SMAs 
exhibit some drawbacks such as their brittleness, and thermal instability or instability of martensite and austenite 
phases that affects transformation temperatures, hysteresis, strain recovery i.e. the shape memory properties. These 
problems stems mainly from the coarse grains, defects or types of martensite and are also highly dependent on the 
material production/processing history and the composition of these alloys [20]. A common way used to solve 
these problems is adding some grain-refiner elements like Be, Ni, Ti, Mg, Fe, Zn, Mn, Co, etc. in these SMAs 
[20–28]. The shape memory properties of the SMAs are extremely sensitive to their alloying compositions.  

The shape memory effect mechanism of Cu-based SMAs depending on a martensitic transformation from 
usually a cubic β-phase (DO3 or L21) which is high symmetry austenite (A) phase to a low symmetry martensite 
(M) phase. Martensite phase in Cu-based SMAs can mostly form in monoclinic (β’), orthorhombic (γ’) or β’’ (a 
mix of βʹ+γʹ) forms depending on the alloy composition and also on the stress level of these alloys [5,20,27]. The 
low-temperature martensitic phases that can be found in these alloys are: α1′(3R) observed for low Al contents, 
β1′(18R) for intermediate (9-14 wt.%) Al contents, and γ1′(2H) that is predominant in alloys with high Al contents 
[20,29]. 

The customary CuAlNi and CuZnAl SMAs and CuAlMn, CuAlFeMn and CuAlBe SMAs are the most salient 
Cu-based SMAs [1,20,24,30]. Cu-based SMAs, especially CuAlNi ones, are more capable than NiTi SMAs in 
terms of operating at high temperatures [5,31–44]. 

The effect of Cr element on CuAlNi SMAs has not been adequately studied before, except only three studies 
[45–47] on CuAlNiCr alloys, two of them with low martensitic transformation temperatures, and different alloying 
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compositions have been found in the literature. Also, there were some other works but they are not about shape 
memory aspects. The effects of adding chromium on CuAlNi , therefore, still have not understand well. 

The addition of chromium (Cr) to copper-aluminum (Cu-Al) SMAs can significantly influence their 
microstructure, phase stability, and transformation temperatures [48–50] , thereby enhancing their shape memory 
properties and expanding their potential applications. Notably, the addition of Cr to Cu-Al SMAs has been reported 
to enhance the thermal and compositional stability of the alloy, forming stable precipitates. 

 In this study, the quaternary CuAlNiCr with unprecedented 72.56Cu-22.34Al-4.34Ni-0.77Cr (at.%) 
composition was manufactured in an arc melter. The characteristic shape memory effect parameters were revealed 
by differential calorimetric DSC and DTA measurements and based analyses and calculations, and by structural 
XRD test.  

 
2. Experimental 

 
The CuAlNiCr high-temperature SMA was manufactured by melting the pellets obtained by pressing powder 

mixture of highly pure (%99.9) metal powders of Cu, Al, Ni, and Cr in a vacuum arc melter. After arc melting, the 
alloy obtained as-casted ingot was sliced as proper test samples. Then these test samples were homogenized at 900 
ºC for 1 h and immediately immersed (quenched) in iced-brine water (to form martensitic structure in the alloy by 
this rapid cooling). The DSC tests were performed out via using a Shimadzu-60A label DSC equipment at varied 
heating/cooling rates of 10, 15, 20 and 25 °C/min under inert (argon) gas with a constant flow rate of 100 ml/min 
for revealing thermally induced shape memory behavior. By using a Shimadzu DTG-60AH instrument the DTA 
test was performed out at a single 25 °C/min of heating/cooling rate between room temperature and high beta-
phase temperature region under same inert gas condition to observe behavior of the alloy at high temperatures. 
The XRD pattern of the alloy was obtained in room conditions via using a Rigaku Miniflex 600 model X-ray 
diffractometer (by using CuKα wavelenght rays) for revealing the formed martensite phases in the alloy matrix. 
The EDS analysis was made to determine the alloying composition of the CuAlNiCr alloy by using a SEM-Hitachi 
SU3500 instrument at room temperature. 
 
3. Results and Discussion 
 

The detected 72.56Cu-22.34Al-4.34Ni-0.77Cr (at.%) alloying composition of the CuAlNiCr HTSMA 
obtained by the EDS test result is given in Figure 1, and in Table 1. Average electron concentration per atom (e/a) 
ratio of the CuAlNiCr HTSMA was calculated as 1.49 by substituting the (at.%)-fractions of every metal element 
of the detected alloy composition in the formula [27] expressed as e/a=Σfi.vi, where f represents the (at.%)-fractions 
of the alloying elements and v refers to the corresponding valency (numbers) of these elements. Thus, the e/a ratio 
of the CuAlNiCr alloy was found as 1.49. This e/a parameter of the produced CuAlNiCr alloy is fall in between 
the e/a ratio range of 1.45-1.51 which range is regarded as a theoretical condition for copper-based alloys to exhibit 
most probably a shape memory effect [1,27]. Also, in this e/a ratio range Cu-based SMAs are expected to have 
two different martensite forms (β1ʹ and γ1ʹ) together. 

 

   
Figure 1. The EDS test result of the CuAlNiCr HTSMA. 
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Table 1. The EDS alloy composition of the CuAlNiCr HTSMA. 
 

 Cu Al Ni Cr 
Atomic percentage 

(at.%) 72.56 22.34 4.34 0.77 

 
 
The multi-curves DSC results each at different heating/cooling heating rate are given in Figure 2 show the 

formation of down endothermic and up exothermic solid-to-solid reaction peaks indicating the reversible 
martensitic phase transformations of the CuAlNiCr HTSMA. The cycling DSC heating/cooling curves taken at 
different 10 - 25 °C/min of rates show the highly stable reverse (martensite to austenite; M→A) transformation on 
heating fragments of these thermograms and the forward austenite to martensite (A→M) transitions on cooling 
fragments of these curves [18,27,51] due to very slightly changes of peak positions and no any peak splitting 
observed as occurence of secondary phase transitons [52] on or near these peaks even after several time of DSC 
runnings at different heating/cooling rates. 

 

    
Figure 2. The multiple DSC curves of the CuAlNiCr HTSMA obtained at different heating/cooling heating 

rates. 
 
The characteristic martensitic transformation temperatures and other thermodynamic parameter values of the 

CuAlNiCr HTSMA obtained from the DSC peak analyses data and calculations based on were given in Table 2. 
In this table, the thermal equilibrium temperature (T0) parameter values, at where there is zero gap between the 
Gibbs (chemical) free energies of austenite and martensite phases, were determined by T0=(Af+Ms)/2 formula [27]. 
And, the entropy change (∆S) happened with M→A reactions were calculated by using the enthalpy ∆H change 
values in ∆SM→A=∆HM→A /T0 formula [27]. The high martensitic transformation temperatures of the produced 
CuAlNiCr alloy was found ranging in between 146.29 °C (the minimum Mf) and 204.45 °C (the maximum Af) 
temperatures range which range is found higher than the range of  37.53 °C and 113.22 °C [45], -44.66 °C and -
6.09 °C [46] reported in previous works. So, the transformation temperatures range determined in this work being 
much higher than those reported in previous works [45,46] is found as unique and the only high-temperatures 
range and thus the only high-temperature CuAlNiCr shape memory alloy, too. 
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Table 2. The characteristic temperatures of martensitic transformation and thermodynamic parameters of the 
fabricated CuAlNiCr HTSMA. 

 
 

 

 

 
 
 
 
The transformation temperatures and thermodynamic parameters of CuAlNiCr HTSMA changing with 

heating/cooling rate were also displayed as plots given in Figure 3-a and -b. By the increase of heating/cooling 
rate, while Af and T0 temperatures are seen increased, Mf temperature is seen decreased, and the enthalpy and 
entropy change values of reverse transformation are both seen decreased. The faster heating, the lower volume of 
martensite allowed to transform to austenite. Because, for a fully transformation enough time keeping at same 
isostatic temperature (more like a small temperature interval) is needed, since martensitic transformations occur 
isostatically. When the heating rate is high the temperature goes up so rapidly leaving some of martensites un-
transformed behind. Some times, at much higher rates, a temperature lag (lag of Af) occurs as a sign of late 
transformation of the rest un-transformed martensites [17]. 

 

 
a) 

 
b) 

 
Figure 3. The plots showing a) the transformation temperatures and b) kinetic parameters of CuAlNiCr 

HTSMA changing with heating/cooling rate. 
 
The kinetic activation energy (Ea) is a determining parameter in formation of martensitic transformation 

reaction and crystallization of the alloy. Here, for the activation energy of the CuAlNiCr HTSMA the below-given 
Kissinger formula in eq. (1) [27,53] was used; 
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where; Tm is maximum austenite formation (M→A) peak temperature (Amax), ϕ is heating/cooling rate, R is the 
universal gas constant (R=8.314 J/mol.K). The plot of activation energy change of the reverse transformation of 
the CuAlNiCr HTSMA is given in Figure 4. The lineer fitting-slope of this plot represents the left term of the Eq.1. 
By using slope value instead of the left term in Eq.1, the Ea activation energy value of the reverse martensitic phase 
transition of the produced CuAlNiCr HTSMA was computed as 102.55 kJ/mol. 
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Figure 4. The activation energy change plot of the reverse martensitic transformation of the CuAlNiCr HTSMA. 

 
The cyclic DTA curve taken at single 25 °C/min of heating/cooling rate given in Figure 5 shows the reverse 

and forward martensitic transformation peaks again and also the other thermally induced phase transitions 
reactions in the CuAlNiCr HTSMA at high temperatures. A phase transition chain observed on heating as follows: 
martensite (β1ʹ) →austenite (β1, L21) → B2 (metastable cubic) → precipitating → eutectoid recomposition → B2 
(ordered cubic) →A2 (disordered cubic) [1,27,51,54,55] and this phase transitions chain is seen common in Cu-
based SMAs. The eutectoid point (this peak is seen formed at 500 °C circa on heating part, and vice versa on 
cooling part) indicates the dissolution of precipitations (that form before this peak) into β (or B2) phase. Here, the 
forward martensitic transformation (β1→β1ʹ) peak is seen on cooling the CuAlNiCr alloy become smaller as 
compared with the sharp and large reverse one (β1ʹ →β1) seen on heating. The reason for this is that the alloy's 
composition or structure might have been some changed in some local domains when passing through the high 
temperature region of precipitating and eutectoid region. Precipitations occur by diffusion of atoms at high 
temperatures, and they disarrange some of martensitic structure, i.e. lead to a reducement of some shape memory 
capacity understood from the shrinking of transformation peak. By giving an extra heating of the CuAlNiCr 
HTSMA up to β-phase temperature region above its eutectoid point (the peak seen formed at 500 °C circa on 
heating part) and then by rapidly quenching the alloy from that high temperature can be done to bring the forward 
transformation peak (shape memory capacity) back to its normal size again. 

 

   
Figure 5. The DTA termogram of the CuAlNiCr HTSMA. 
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The XRD pattern of the CuAlNiCr HTSMA is given in Figure 6 and it shows the formed martensitic phases 
in the alloy at room temperature. Here, the main observed peak is β1ʹ(122) martensite peak, and the others are also 
some β1ʹ  and some γ1ʹ type martensite peaks [25,27,28,38,56–59]. The XRD pattern of the CuAlNiCr HTSMA 
shows the co-existence of monoclinic β1ʹ (18R) and orthorhombic γ1ʹ (2H) type martensite phases just as above-
predicted over the e/a ratio of the alloy. 

 

   
Figure 6. The XRD pattern of the CuAlNiCr HTSMA. 

 
The mean size of the ordered (crystalline) domains, i.e. the Debye-Scherrer crystallite size (D) of the alloy 

was also calculated by using Debye-Scherrer formula [27] as below in (2); 
 
𝐷 = 5.78

9-
)
:;< =

 (2) 

 
where; λ refers to the used wavelength (CuKα radiation, λ= 0.15406 nm) of X-ray diffracted from the surface of 
the alloy in the XRD test, B1/2 stands for the full width at half maximum (FWHM) value of the highest intensity 
peak, and θ represents the Bragg angle of the diffraction. The crystallite size D values were determined as 29.69 
nm by using the FWHM value of the highest β1ʹ (122) peak at the 2θ angle of 40.14°. 
 
4. Conclusions 
 

The quaternary CuAlNiCr HTSMA was manufactured succesfully by arc melting technique and the shape 
memory effect characterization of the alloy was made by differential calorimetry (DSC, DTA) and structural 
(XRD, EDS) measurements. 

The DSC results showed the powerful and stable reversible martensitic transformation peaks at the 
temperatures above 100 °C approximately between 150 °C and 200 °C, and also the DTA curve on heating showed 
the multi-step phase transitions chain of β1ˊ(or β1ˊ+γ1ˊ) → β1(L21) → B2 → A2 which is common to the Cu-
based shape memory alloys. Heating up above eutectoid point can reduce the enthalpy change of martensitic 
transformation and shape memory effect capacity of the alloy due to some local compositional changes might have 
been originated from some residual precipitations and intermetallic phases emerging during the heating and some 
remaining during cooling back. In this case, an additional heating the alloy up to its high beta-phase temperature 
region and quenching will probably be the convenient remedy to entirely re-build the martensitic structure of shape 
memory mechanism in the alloy again. 

The XRD result showed the co-existence of β1ˊand γ1ˊ type martensites which constitutes the base 
crystallographic mechanism for the shape memory effect property of the CuAlNiCr HTSMA. 

The obtained results showed that the new composition CuAlNiCr HTSMA can be useful in various HTSMA 
related applications. The results obtained in this study on CuAlNiCr HTSMA will help in research and 
development on Cu-based SMAs, CuAlNi SMAs and Cr incorporated CuAl-based SMAs which are demanded for 
their low cost and some relatively more practical fabrication ease than NiTi SMAs, also brings new literature 
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information that will be used by the researchers in their perspectives and in future works. Moreover, the next work 
can be done on the ternary CuAlCr alloy with more amount of Cr addition to see the effect of Cr on CuAl-base 
system and its shape memory and microstructure properties. 
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