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Abstract: The thermodynamic properties and the microstructure, hardness and electrical conductivity of shape memory alloys 
(SMAs) belonging to ternary Cu−Al−Zn system were studied by Muggianu model and experiment, respectively. The isothermal 
section of phase diagram at 293 K was calculated using Thermo-Calc software. Experiments were conducted by X-ray diffraction, 
light optic microscopy, scanning electron microscopy with energy dispersive X-ray spectrometry, hardness and electrical conductivity 
measurements. The calculated values of thermodynamic properties indicate that Cu shows good miscibility with Al and Zn in all 
investigated alloys. The microstructural analysis of samples reveals that the structure consists of large and polygonal grains.  
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1 Introduction 
 

Alloys belonging to ternary Cu−Al−Zn system are 
mostly used like Cu-based shape memory materials 
[1−4], but as well have application in catalysis [5, 6], 
electronics [7] and production of metal matrix 
composites [8]. Also, different multicomponent alloys 
are based on this ternary system [9, 10]. The properties 
linked to shape memory behavior of Cu−Al−Zn alloys, 
like martensitic transformation [11−15] and shape 
memory effect [16−18], have been thoroughly  
researched. Additionally, the properties like corrosion 
behavior [19], microstructure and mechanical properties 
of selected Cu−Al−Zn alloys have been investigated 
[20−23]. The phase diagram of Cu−Al−Zn system, due 
to technical importance, has been investigated by lots of 
researchers, and most recent review of this data was 
conducted by LIANG and CHANG [24]. 

Thermodynamic properties of ternary Cu−Al−Zn 
system have been experimentally investigated by 
SEBKOVA and KUBICEK [25] using electromotive 
force method, by SUGINO and HAGIWARA [26] using 
isopiestic method and by VAN et al [27] using 

electromotive force method. The thermodynamic 
description of Cu−Al−Zn in the Cu-rich corner was 
given by MIETTINEN [28]. Also, a general solution 
model [29] and Redlich−Kister−Muggianu model [30] 
were used for the calculation of thermodynamic 
properties of Cu–Al–Zn ternary system. Within the 
computational phase studies of quaternary Al−Cu−Mg− 
Zn system, SEIFERT et al [31] calculated isothermal 
section at 673 K. Recently, ALDIRMAZ et al [32] 
performed SEM and X-ray diffraction studies on the 
microstructures of Cu−26.04%Zn−4.01%Al alloy. 

The objective of this work is to supplement the 
knowledge of thermodynamic properties, microstructure, 
mechanical and electrical properties of shape memory 
alloys belonging to Cu−Al−Zn ternary system, taking 
into account the fact that these properties are not well 
represented in other literature. 
 
2 Theoretical 
 

There are many methods for calculating 
thermodynamic properties of ternary systems based on 
information about binary systems included in their 
composition. For calculating thermodynamic properties 
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of Cu−Al−Zn system in this work, two different models 
were considered: Toop [33] as asymmetric model and 
Muggianu [34] as symmetric model. The basic 
theoretical interpretations of mentioned models are given 
as follows: 

Toop model: 
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Muggianu model: 
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In all given equations, ΔGE and ΔGE

ij correspond to 
the integral molar excess Gibbs energies for ternary and 
binary systems, respectively, while x1, x2, x3 correspond 
to the mole fraction of components in the investigated 
ternary system. 
 
3 Experimental 
 

The samples were obtained from industrial 
production. The compositions, shapes and production 
methods of investigated samples are given in Table 1. 

The microstructural analysis of investigated samples 
was performed by light optical microscopy (LOM) using 
a Reichert MeF2 microscope, and by SEM−EDX using a 
JEOL JSM−6610LV scanning electron microscope 
coupled with an Oxford instrument X−Max 20 mm2 
SDD energy-dispersive X-ray spectrometer. Prior to 
metallographic analysis, the surfaces of the polished 
samples were etched with FeCl3+HCl+H2O solution to 
reveal the structure of investigated alloys. Series of 
overall (macro) hardness measurements were done using 
standard procedure according to Vickers, with a load of 
100 N. The electrical conductivity of investigated 
materials was measured using the standard apparatus– 
SIGMATEST 2.069 (Foerster) eddy current instrument 
(the measuring probe diameter is 8 mm). The X-ray 
diffraction patterns of powder samples were taken by an 
X-ray diffraction (XRD) model explorer, GNR with 
X-ray tube Cu Kα (λ=1.541874 Å). The operating 
conditions were voltage of 40 kV and current of 30 mA 
with step size of 0.05. The configuration is θ−θ 
geometry. 
 
4 Results and discussion 
 

For the purpose of further calculation, the basic 
thermodynamic information by constitutive subsystems 
in the Cu−Al−Zn system was taken from Refs. [35−37], 
and presented in the form of Redlich−Kister parameters 
listed in Table 2. 

The first step in calculation was to determine which 
of two considered models are more appropriate for the 
calculation of thermodynamic properties of ternary 
Cu−Al−Zn system. This was achieved by comparing the 
available literature data (Fig. 1). Analyzing dependence 
of Al activity from composition presented in Fig. 1, it 
can be observed that the values of Al activity obtained 
using     Muggianu     model     show     reasonably      good      agreement 

 
Table 1 Compositions, shapes and production methods of investigated samples 

Mole fraction/% 
Sample 

Cu Al Zn 
Shape Production method 

A1 73.0 4.0 23.0 Wire (d  16 mm) Cast in graphite molds 

A2 71.0 4.6 24.4 Wire (d  20 mm) Up-cast 

A3 75.1 8.3 16.6 Wire (d  20 mm) Up-cast 

 
Table 2 Redlich−Kister parameters for constitutive binary systems 

System ij 0
ijL  1

ijL  2
ijL  3

ijL  Ref. 

Al−Cu −67094+8.555T 32148−7.118T 5915−5.889T −8175+6.049T [35] 

Cu−Zn −40695.54+12.65269T 4402.72−6.55425T 7818.1−3.25416T 0 [36] 

Al−Zn 10465.55−3.39259T 0 0 0 [37] 

T stands for temperature.  
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Fig. 1 Dependence of Al activities from composition at 1123 K, 
calculated using Toop and Muggianu models compared with 
Refs. [27, 29, 30] 
 
with Refs. [27, 29, 30], which is not the case with the 
values obtained using Toop model. According to this, it 
can be concluded that ternary Cu−Al−Zn system belongs 
to a group of geometrical “symmetric” systems, so 
Muggianu model should be used to calculate its 
thermodynamic properties. 

Taking the composition of investigated samples into 
account, two cross sections from Cu corner were selected 
for the calculation of thermodynamic properties, section 
x(Al):x(Zn)=1:5 and x(Al):x(Zn)=1:2. The calculation 
was conducted at 1400 K, because at this temperature all 
metals are in liquid state (Cu is metal with the highest 
melting point in investigated ternary Cu−Al−Zn system 
equals to 1357 K [38]). 

The partial thermodynamic quantities of Cu, Al, and 
Zn are calculated according to the equations: 

iiii RTxGxGG γln)/)(1( EEE =∂∂−+=                      (3) 

and 
 

iii xa γ=                                                                         (4) 
 
where ai is the activity of component i, xi is the mole 
fraction of component i, iγ  is the activity coefficient of 
component i. 

The calculated integral molar Gibbs excess energies 
(ΔGE) and activities of the investigated system 
Cu−Al−Zn along selected sections and at given 
temperature are presented in Fig. 2. All thermodynamic 
properties calculated are related to the liquid phase. 

The values for excess integral Gibbs energy of 
investigated sections are negative, with the minimum 
value up to −9 kJ/mol for section x(Al):x(Zn)=1:2. The 
values of Cu activity show negative deviation from the 
Rault’s law at 1400 K for both investigated section. 
Based               on               the               values               of               thermodynamic               properties 

 

  
Fig. 2 Results of thermodynamic calculation using Muggianu 
model for cross-sections x(Al):x(Zn)=1:5 and x(Al):x(Zn)=1:2 
at 1400 K: (a) Integral molar Gibbs excess energies; (b) Cu 
activity 
 
obtained by calculations, it can the concluded that Cu as 
the main alloying element in the investigated alloys 
shows good miscibility with Al and Zn. Additionally, the 
isothermal section of ternary Cu−Al−Zn phase diagram 
at 298 K (Fig. 3) is calculated using Thermo-Calc 
software [39,40] developed by Thermo-Calc software AB 
based on Calphad [41,42] approach. All calculations are 
based on thermodynamic data which are supplied in a 
database SSOL5. Assessed and calculated isothermal 
sections of ternary Cu−Al−Zn system at 700 °C and  
500 °C from Ref. [24] have been compared with 
corresponding isothermal sections calculated using the 
database SSOL5 and sufficient similarity was detected, 
leading to the conclusion that SSOL5 database contains 
data appropriate for this calculation. 

Thirteen different phases can be identified in 
isothermal section of ternary Cu−Al−Zn system (Fig. 3) 
and most of them can be connected to phases found in 
constitutive binary systems: Cu−Al, Cu−Zn and   
Al−Zn [43], but there are also ternary phases which are 
characteristic for this ternary system. 
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Fig. 3 Calculated isothermal section of ternary Cu−Al−Zn 
phase diagram at 298 K (obtained using Thermo-Calc 3.0):   
1—AlCuZn_Tau; 2—HCP_Zn; 3—AlCu_Theta; 4—AlCu_Eta;  
5—AlCu_Zeta; 6—AlCu_Delta; 7—FCC_L12; 8—BCC_B2;  
9 — CuZn_Gamma; 10 — AlCuZn_Tau#2; 11 — HCP_A3;    
12—D_Gamma; 13—FCC_L12#2 
 

The XRD pattern of Sample A1 is shown in Fig. 4. 
The diffraction pattern represents the crystal lattice of the 
α-solid solution CuZnAl phase with FCC (surface- 
centered cubic lattice) with the presence of β phase in 
traces. According to the chemical composition of 
investigated alloy, it can be expected that alloy consists 
of two phases (α and β), which is confirmed by the 
obtained XRD pattern. 
 

 
Fig. 4 XRD pattern of Sample A1 
 

The results of microstructural analysis using light 
optical microscopy and SEM−EDX for Sample A1 are 
given in Fig. 5. The chemical compositions determined 
by EDX analysis are presented in Table 3. The optical 
microscopy reveals that the microstructure of Sample A1 
consists of polygonal and irregularly shaped grains. 

 

 
Fig. 5 Microstructures of sample A1: (a) LOM image; (b) SEM− 
EDX image 
 
Table 3 Results of SEM−EDX analysis of Sample A1 

Mole fraction/% 
Spectrum 

Al Cu Zn 

1 5.66 69.67 24.67 

2 5.23 70.85 23.93 

3 5.67 71.21 23.12 

4 4.29 73.97 21.74 

5 4.36 73.33 22.31 

6 3.90 73.69 22.41 

7 3.79 73.78 22.42 

8 3.65 74.52 21.82 

9 3.55 74.09 22.36 

10 3.98 73.72 22.30 

 
The results of microstructural analysis using light 

optical microscopy and SEM−EDX for Sample A2 are 
given in Fig. 6. The chemical compositions determined 
by EDX analysis are presented in Table 4. Large and 
elongated grains characterize the microstructures of 
Sample A2 (Fig. 6(a)). 

The results of microstructural analysis using light 
optical microscopy and SEM−EDX for Sample A3 are 
given in Fig. 7. The chemical compositions determined 
by EDX analysis are presented in Table 5. The 
microstructure              of              Sample              A3,              examined              by               optical 
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Fig. 6 Microstructures of Sample A2: (a) LOM image;      
(b) SEM−EDX image 
 
Table 4 Results of SEM−EDX analysis of Sample A2 

Mole fraction/% 
Spectrum 

Al Cu Zn 

1 4.14 73.02 22.85 

2 4.10 73.69 22.21 

3 4.18 72.63 23.19 

4 4.11 72.49 23.40 

5 3.72 72.85 23.42 

6 5.13 69.01 25.86 

7 5.04 69.29 25.68 

8 5.41 68.75 25.84 

9 5.83 68.52 25.65 

10 4.68 69.54 25.78 

 
microscopy (Fig. 7(a)), reveals large and polygonal grain 
structure. The closer look provided by SEM images  
(Fig. 7(b)) reveals different crystallization patterns inside 
every grain. 

According to the phase diagram of binary Cu−Zn 
and Cu−Al systems [43], the solid solubility of Al in Cu 
is approximately 18% (mole fraction), and for Zn which 
goes up to 30% (mole fraction). Considering that, for all 
investigated samples, the base material is Cu (65%−75% 
Cu, mass fraction). It is reasonable to expect that Al and 
Zn will dissolve in Cu, creating solid solutions. That is 

 

 
Fig. 7 Microstructures of Sample A3: (a) LOM image;      
(b) SEM−EDX image 
 
Table 5 Results of SEM−EDX analysis of Sample A3 

Mole fraction/% 
Spectrum 

Al Cu Zn 

1 8.33 76.59 15.08 

2 8.08 74.73 17.19 

3 8.40 75.54 16.06 

4 7.99 74.98 17.03 

5 9.55 73.41 17.04 

6 8.17 75.25 16.58 

7 8.33 74.93 16.74 

8 8.25 74.99 16.76 

9 6.30 76.83 16.87 

10 9.44 73.91 16.65 

 
confirmed by the results of EDX analysis presented in 
Tables 3−5 and the XRD pattern of Sample A1 (Fig. 4). 
The EDX results as well indicate that the homogeneity of 
samples is satisfactory, as the chemical compositions of 
different measuring points do not vary too much. 

The results of Vickers hardness measurements of 
investigated Cu−Al−Zn alloy samples are given in Table 
6. Three sets of measurements were conducted and the 
average value was calculated. The decrease of hardness 
values with increasing the Al content in alloy can be 
noticed. 
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The results of electrical conductivity measurements 
are presented in Table 7. Five sets of measurement were 
conducted and the mean value of electrical conductivity 
was calculated based on the obtained values. 
 
Table 6 Hardness of investigated Cu−Al−Zn alloys 

HV10 Sample 
1 2 3 Mean value

A1 264 254 251 256.3 

A2 201 222 240 212 

A3 153 159 151 154.3 

 
Table 7 Measured values of electrical conductivity of 
investigated Cu−Al−Zn alloys 

Electrical conductivity/(106 S·m−1) 
Sample 

1 2 3 4 5 Mean value

A1 11.1 11.3 11.2 11.4 11.3 11.26 

A2 10.4 11.0 9.4 10.8 9.0 10.12 

A3 10.6 10.3 10.5 10.35 10.4 10.43 

 
The conductivity of investigated samples are 

approximately six times lower that of pure Cu (5.98×107 

S/m at 20 °C [44]), so it can be concluded that the 
alloying of Cu with Al and Zn lowers the electrical 
conductivity. 

This investigation focus was not on shape memory 
properties of these alloys, so it did not conduct 
experiments to determine the characteristic 
transformation temperatures of samples, but those of 
similar alloys from ternary Cu−Al−Zn system were 
previously investigated by KOSTOV and ŽIVKOVIĆ 
[45] using differential thermodilatometry. 
 
5 Conclusions 
 

1) The calculated Cu activities show negative 
deviation from the Rault’s law at 1400 K, for both 
investigated section. The thermodynamic properties 
obtained by calculations indicate that Cu shows good 
miscibility with Al and Zn in all investigated alloys. 

2) The microstructural analysis of investigated 
samples reveals that the structure consists of large and 
polygonal grains. 

3) The EDX and XRD results reveal that the 
microstructure of investigated Cu-based shape memory 
alloys consist of solid solutions of Al in Cu and Zn in Cu, 
confirming the assumption based on knowledge about 
the phase diagram of constituent binary systems and the 
solid solubility of alloying metals in Cu. 

4) It is found that increasing the Al content while 
reducing the Zn content leads to the decrease of hardness 
and electrical conductivity of the investigated alloys. The 

presented results contribute to better understanding of 
thermodynamic properties, microstructure, mechanical 
and electrical properties of Cu−Al−Zn-based shape 
memory alloys. 
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摘  要：使用 Muggianu 模型计算 Cu−Al−Zn 三元形状记忆合金的热力学性能，通过实验研究其显微组织、硬度

和导电性。使用 Thermo-Calc 软件计算 293 K 等温截面图，采用 X 射线衍射、光学显微镜、扫描电镜(SEM)和 X

射线能谱分析(EDX)、硬度和导电性测试对其性能进行表征。热力学计算结果表明：在所有研究合金中，Cu 与

Al 和 Zn 具有优良的混溶性。样品的显微结构分析表明其结构由大的多边形晶粒组成。 

关键词：热力学；形状记忆合金；Cu−Al−Zn 合金；硬度；导电性                           (Edited by Mu-lan QIN)  


