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 In this work, a CuAlMnNi shape memory alloy with a novel composition was fabricated 
as cast ingot by arc melting process under vacuum. The specimens of the alloy were 
prepared by cutting the casted ingot alloy into small pieces. After then, all of the alloy 
samples were homogenized in high temperature β-phase region and then rapidly cooled 
by quenching them in iced-brine water in order to form martensite structure i.e., to bring 
shape memory property to the alloy. Then a batch of thermal and structural tests was 
carried out in order to probe shape memory effect characteristics of the CuAlMnNi alloy. 
By the differential scanning calorimetry (DSC) tests which were taken back-to-back at 
varied heating/cooling rates, the solid-solid martensitic phase transformation peaks that 
appeared on the DSC thermograms of the alloy during cyclic heating and cooling 
processes of the alloy were observed as an evidence for the entity of the shape memory 
effect property that exists in the alloy. The transformation temperatures of the alloy were 
slightly changed with the heating/cooling rate changed. By making DSC peak analyses, it 
is determined that the martensite and austenite phases averagely start to form at ~36 °C 
and ~64 °C, respectively. Some other transformational kinetic parameters of the alloy 
were also calculated. Moreover, an Af temperature lag occurred at the high 
heating/cooling rate of 35 °C/min, which happened mainly because of that rapid heating 
rate that causes the temperature signal of the DSC pan hits to the DSC detector before the 
signal of the alloy sample in the pan does. The differential thermal analysis (DTA) test 
that was run at a single heating rate demonstrated that the thermal responsive behavior 
of the alloy in the high temperature β-phase region matched the common behavior of Cu-
Al based memory alloys. By performing room temperature EDS analysis, the composition 
of the alloy was determined. The X-ray diffraction (XRD) test performed at room 
temperature showed the β1’ and dominant γ1’ martensite forms that formed in the alloy 
and this formation was theoretically also supported by calculating the average valence 
electron concentration per atom (e/a) value of the alloy. 

 
 
 

1. Introduction  
 

In the research area of shape memory alloys (SMAs), a class of smart materials family, the cost-effective Cu-
based shape memory alloys (e.g., CuAlMn, CuAlNi, CuZnAl SMAs) are regarded as the second-best SMAs after the 
most commercial and superior but far more expensive NiTi SMAs [1-3]. Therefore, the research done to study, 
change or improve the SMA properties of the Cu-based SMAs is one of the crowd-pulling research subjects in the 
research area of SMAs.  

Although Cu-based SMAs have better thermal and electrical conductivity characteristics than those NiTi ones 
[3, 4], they have weaker shape memory effect (SME) properties and poor thermal stability and they also suffer 
from their brittleness that causes problems in their cold-working processes [4-7]. There are some ways 
researchers use to decrease brittleness and improve ductility and shape memory properties of the binary Cu-based 
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alloys (especially Cu-Al). One of them is to add extra one or more alloying elements (also called as grain refining 
elements) such as Mn, Fe, Cr, Co, Ti, Ni, Cr, B, Mg, Ce, Be etc. [1, 2, 5, 7-9]. 

The chemical composition and adding elements have also strong effects on the transformation temperatures 
of SMAs. The transformation temperatures and transformational kinetic parameters of a SMA are exceedingly 
dependent on its alloying composition. Even minor changes in composition lead to large variations of 
transformation temperatures. The demanded transformation temperatures for different specific applications of 
SMAs therefore can be met by SMAs with different compositions [9]. 

In this work, an experimental research study on an arc melted quaternary CuAlMnNi shape memory alloy with 
a novel composition and transformation temperatures are presented. The shape memory properties of the 
produced alloy were demonstrated by performing some thermal and microstructural measurements including 
DSC, DTA, and XRD. 
 

2. Method 
 

The CuAlMnNi SMA with a novel composition of 82Cu-12.5Al-4.5Mn-1Ni wt% (or 69.65Cu-25.01Al-4.42Mn-
0.92Ni at%) was fabricated by arc melting method under argon plasma. At the beginning of the fabrication process, 
at first, the high purity (%99.99) metal elements of Cu, Al, Mn, and Ni powders were mixed, and then the powder 
mixture was pelletized under pressure. The obtained small pellets were together melted in arc melter and the as 
cast ingot alloy was obtained. Then small alloy samples proper for the measurements were prepared by cutting 
this ingot alloy. To install shape memory effect property into the alloy samples, all of them were together heat-
treated in a furnace at 900 °C for 1 h for crystallographic homogenization, and at the end of this homogenization, 
they were immediately quenched in iced-brine water which is used as a frequent quenching method. By doing this 
rapid cooling from a high β-phase temperature region, the hypoeutectoid precipitations that would normally form 
by slow coolings are surpassed and therefore the martensite phase is forced to form in the alloy samples which is 
the base of shape memory properties. By using a Shimadzu 60A label DSC equipment, the DSC tests were taken 
under 10, 15, 20, 25 and 30 °C/min of heating/cooling rates between room temperature and 150 °C under a 
constant argon gas flow of 100 ml/min. The DTA test was performed under the same gas flow at a single 25 °C/min 
of heating rate from room temperature to 900 °C by using a Shimadzu DTG-60AH instrument. A Zeiss Evo MA10 
model EDX instrument was used to determine the alloy composition under room conditions. The X-ray diffraction 
(XRD) test by using CuKα radiation was taken also at room temperature via using a Rigaku RadB-DMAX II 
diffractometer to reveal the diffraction planes of the martensite phases at room temperature. 
 

3. Results  
 

For all of the DSC heating/cooling rates, the multiple DSC heating/cooling running cycles of the produced 
CuAlMnNi SMA which were originally obtained from DSC software analysis program are presented in Figure 1. 
According to these DSC curves taken at different heating/cooling rates, the downward endothermic peaks seen on 
all heating fragments of these DSC cycles indicate the forward martensite to austenite (M→A) phase transitions, in 
other words, the β1' (and γ1') martensite transform into β1(L21) austenite phase by the coercion of lattice internal 
stresses generated by heat intake (phonons) [3, 5, 10-12]. On the contrary, when looking at the exothermic peaks 
on the upward cooling fragments of the DSC curves, at this time the correspondent backward A→M transitions 
seem to have occurred. Meanwhile, on the DSC curve run at the high heating/cooling rate of 35 °C/min, an A f 
temperature lag (thermal lag) [4] can be seen to have occurred in the M→A peak that appeared as a flattening in 
the bottom of that M→A peak. This happened mostly due to the high heating rate that leads to a delay in detection 
of the temperature signal comes from the alloy sample as compared to the signal comes from the DSC sample pan, 
the detailed reasons for this lagging temperature phenomenon is well explained in a recent work [4]. 

The characteristic parameters of martensitic transformation temperatures (As, Af, Ms, and Mf) and enthalpy 
change amounts (∆HM→A) spent during M→A transformations for each heating/cooling rate were directly obtained 
as data sets by doing the DSC peak analyses on the DSC analyzer program which automatically uses the tangent 
differentiation method. Then, the values of the hysteresis gap (As-Mf), and the values of the other related important 
kinetic parameters; the equilibrium temperature (T0), and the entropy change amounts (∆SM→A) of the CuAlMnNi 
SMA were calculated. All of these characteristic thermodynamical parameters with their calculated average values 
were listed in Table 1. Plus, the changes in the parameters of transformation temperatures, hysteresis gap, and 
equilibrium temperature by heating/cooling rate were drawn as line graphics and presented in Figure 2. 
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Figure 1. The multiple cyclic DSC heating/cooling curves of the produced CuAlMnNi SMA. 

 
Table 1. The martensitic transformation temperatures and kinetic parameters of the CuAlMnNi SMA. 

 
Among the calculated kinetic parameters, the values of equilibrium temperature (T0) were calculated by using 

T0=(Af+Ms)/2 formula [13]. The equilibrium temperature is the temperature at where the chemical free energy or 
the Gibbs free energy (G) amounts of both austenite and martensite phases are equalized, which means that at this 
point there is no driving force affecting the alloy to any transformation direction [10]. Also, the average lattice 
entropy change values (∆SM→A) for each endothermic M→A transformation were found by using ∆SA↔M =∆HA↔M /T0 
relation [10]. These high enthalpies and calculated entropy values mean that the CuAlMnNi alloy has a good shape 
memory effect. 

The activation energy (Ea) parameter is also another important kinetic parameter for SMAs which is the 
required energy for both forward and backward martensitic transformations to occur. This energy determines the 
nature of the crystallization behavior of the SMAs. The values activation energy (Ea) of the CuAlMnNi alloy were 
computed by using the Kissinger formula [10, 14] given in Equation 1; 
 

 
𝑑 [𝑙𝑛(∅/𝑇𝑚

2  )]

𝑑(1/𝑇𝑚)
= − 𝐸𝑎/𝑅 (1) 

where; Φ refers to heating/cooling rate, Tm is maximum austenite peak temperature (Amax), R is the universal 
gas constant (R= 8.314 J/mol.K). The term on the left side of this equation was drawn as a plot of ln(Φ/Tm2) versus 
1000/Tm shown in Figure 3. This plot shows how the activation energy (Ea) changes by heating rate. By finding the 
slope value from applying the linear fit of this plot, and then substituting this slope value as the left term in the 
Equation 1, the activation energy of the alloy was calculated as 166.40 kJ/mol. 
 

Heating/cooling 
rate 

(ᵒC/min) 

As 

(ᵒC) 
Af 

(ᵒC) 
Amax 

(ᵒC) 
Ms 

(ᵒC) 
Mf 

(ᵒC) 
As-Mf 

(ᵒC) 
T0 

(ᵒC) 
ΔHM→A 

(J/g) 
ΔSM→A 

(J/gᵒC) 

10 62.51 76.13 69.07 37.98 36.89 25.62 57.055 6.48 0.1136 
15 62.43 79.47 71.30 36.74 35.73 26.70 58.105 8.06 0.1387 

20 65.48 85.52 73.58 34.75 33.93 31.55 60.135 8.68 0.1443 

25 66.38 87.31 74.67 36.02 34.97 31.41 61.665 8.64 0.1401 

30 66.61 93.90 81.93 36.94 35.76 30.85 65.42 7.27 0.1111 

Avg. 64.20 82.11 72.16 36.37 35.38 28.82 59.24 7.965 0.1342 
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Figure 2. The graphics of characteristic martensitic transformation temperatures (As, Af, Ms, and Mf), hysteresis 

gap (As-Mf), and equilibrium temperature versus heating/cooling rate. 
 

 
Figure 3. The graphic of the change in the activation energy Ea. 
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The DTA heating curve of the CuAlMnNi alloy obtained at the single heating rate of 25 °C/min is given in Figure 
4. According to the appeared peaks observed on this DTA heating curve, the CuAlMnNi alloy exhibited multiple 
stages of phase transitions of β1’(+ γ1’) → β1(DO3; L21) → β2(B2, metastable) → hypoeutectoid α+γ2 
precipitations (decomposition) → eutectoid recomposition → β2(B2, ordered) → β(A2, disordered) and this 
common DTA pattern of Cu-based SMAs was found constant with the previous works [10, 14, 15]. 
 

 
Figure 4. The DTA heating curve of the CuAlMnNi SMA, showing the sequential multiple stages of phase 

transitions behaviour of this alloy while it was heated through the high temperature β-phase region. 
 

The average valence electron concentration per atom (e/a) parameter is a key parameter for Cu-based SMAs 
concerning having a SME property [1, 3]. The estimation on the types and volumetric dominance of the formed 
martensite phases in the alloy executed through this e/a parameter can give us a theoretical prediction or a prior 
knowledge about the martensitic nature of the alloy texture because the vibrational entropy change (ΔS) of 
average periodic lattice formation is a function that is highly depended on the e/a parameter [1, 3, 15]. It is 
expressed that the Cu-based SMAs generally must have e/a concentrations between 1.45 and 1.49 (or 1.51) to 
have a SME property [1, 3, 10, 15]. This e/a number value range is also a determining condition for the volumetric 
dominance of the monoclinic β1'(M18R) and the hexagonal γ1'(2H) types of martensite forms so that if the e/a 
value of a Cu-based SMA is going below this range the β1' gains dominancy over γ1', inversely as it becomes larger 
than this range then  γ1' is the dominant martensite phase,  and if the e/a value is in the mid of that range  then 
both two types of martensite forms with nearly equal volumes take place in the alloy texture interwoven [3, 10, 
15, 16]. By using the atomic fractions (fi) of each alloying element according to the alloy composition of 69.65Cu-
25.01Al-4.42Mn-0.92Ni at% and their corresponding valence electron numbers (vi) in the e/a=∑fivi formula [10, 
11] the e/a value of the produced CuAlMnNi alloy was found as 1.55, and this value indicates that the γ1’(2H) types 
of martensite phase must have formed in the alloy as the dominant martensite phase. This theoretical assessment 
or prediction on the martensitic structure of the alloy is to be verified by the structural XRD test result given below. 

The XRD result showing the peaks on the diffraction pattern of the CuAlMnNi alloy labeled with the 
corresponding planes of both types of martensite phases can be seen in Figure 5. On this XRD pattern, it is seen 
that the highest diffraction peak the plane of the γ1’(211) type martensite is the main diffraction peak, so this 
martensite is the dominant martensite (confirming the prediction made on the e/a value of the alloy), and the 
other observed martensite peaks are γ1’(111), γ1’(020), γ1’(202), β1’(020), β1’(0022), β1’(12-8), β1’(2012), 
β1’(1210), β1’(208), β1’(331), and β1’(042) [3, 5, 10, 17-23]. Moreover, the precipitation peaks of a Cu-α(200) and 
a Cu9Al4-γ1(444), and the austenitic L21 phase peaks of β1(200) and β1(331) were observed on the XRD pattern, 
too [19-23]. All of the XRD diffraction peaks on the pattern seem to be broadened and which implies that the 
structure of the produced CuAlMnNi alloy has a highly nano-polycrystalline nature. The observed peaks are not 
very high and sharp, and they broadened as some conglomerations of the smaller adjacent peaks of different 
planes. 
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Figure 5. The XRD test result of the produced CuAlMnNi alloy. The peaks belong to the atomic planes of both 

types of interwoven martensite forms can be seen on this X-ray diffraction pattern. 
 

4. Conclusion  
 

In this work, the CuAlMnNi shape memory alloy with a new composition was successfully fabricated by the arc 
melting method. The alloy was characterized by thermal and structural tests that revealed the shape memory effect 
property of the alloy. By DSC tests the martensitic transformation temperatures and other kinetic parameters were 
determined. Although the transformation temperatures slightly changed at different DSC heating/cooling rates, 
the alloy has average Ms, and As temperatures of ~36 °C and ~64 °C, respectively. An Af temperature lag was 
observed on the DSC curve at the highest heating/cooling rate, which happened due to this high rate. The high 
enthalpy and calculated entropy values indicated that the produced CuAlMnNi alloy has a good or powerful shape 
memory effect. The e/a valence electron concentration parameter of the alloy was determined as 1.55, which gave 
a pre-knowledge about the martensitic structure of the alloy predicting that there is a dominancy of martensite 
form over β1’ martensite form at room temperature. This prediction was affirmed by the XRD pattern of the alloy 
showing the highest γ1’martensite peak and the other γ1’ and β1’ peaks. Some precipitations and austenite peaks 
were observed on the XRD pattern, too. The broadened and non-sharp XRD peaks indicated the highly 
polycrystalline texture of the produced alloy. In conclusion, this alloy with this new composition and 
transformation temperatures can be useful in many SMA and related applications. 
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