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Introduction
Cu-based shape memory alloys are the most promising in practical 

use because of their low price and high recovery force (only secondary 
to Ni-Ti alloy) [1,2]. Among the Cu-based shape memory alloys 
(SMAs), Cu-Zn-Al alloys [2] have been selected in the present study. 
Properties linked to shape memory behavior of Cu-Al-Zn alloys, like 
martensitic transformation [3,4] and shape memory effect [5], have 
been thoroughly researched. Additionally, the properties like corrosion 
behavior [6], microstructure and mechanical properties of selected Cu-
Al-Zn alloys have been investigated [7,8].

The phase diagram of Cu-Al-Zn system, due to technical 
importance, has been investigated by lots of researchers. At elevated 
temperatures, the high-temperature-matrix phase is disordered bcc 
(A2). The bcc phase undergoes two ordering transition upon cooling. 
The first transition occurring on cooling is a first- nearest- neighbour 
(nn) ordering reaction which results in a CsCl type superlattice, 
designated as β2. Further cooling induces the next-nearest-neighbour 
(nnn) ordering and the crystal structure has been suggested to become 
DO3 (Fe3Al type) superlattice, designated as β1 or L21 (Cu2MnAl 
type) superlattice, designated as β3 [9]. With temperature decrease, the 
austenite phase with the structures explained above, transforms N9R 
and N18R orthorhombic structures and M9R and M18R monoclinic 
long period structures, respectively. Atom sizes have an important 
effect on formation of ordered structures [10]. However, Wu et al. 
[11,12] have proposed that the perfect DO3 superlattice with binary 
superlattice sites would not be expected in the off stoichiometric 
CuZnAl alloy, and the resulting structure due to the nnn ordering 
could be L21 superlattice. The transformation from disordered A2 
to B2 parent phase occurs during the process of quenching in water 
[13], whereas the transition from B2 to L21 can be suppressed by water 
quenching after solution treatment [14].

The purpose of this work is to study the microstructure and 
mechanical properties of shape memory alloys belonging to Cu-Al-Zn 
ternary system which confirmed the existence of shape memory effect in 
these alloys produced by non-conventional method like SHS technique 
for example, taking into account the fact that these properties are not 
well represented in other literature. Furthermore, the study of these 
properties (super elasticity, hardness) is hardly mentioned for SMAs 
developed by this young technique.

Experimental Techniques
Samples preparation

Pure elemental powders of copper (99.9%, average particle size 
<40 mesh), zinc (99.9%, average particle size <100 µm) and aluminum 
(99.9%, average particle size <325 mesh) were mechanically alloyed in 
a planetary ball mill (Fritsch P6), using two stainless steel vials. Each 
vial contained hardened steel balls (20 mm in diameter). The ball-
to-powder weight ratio (BPR) used was 15:1. The sealed vials were 
evacuated and then filled with argon to avoid oxidation of the mixture. 
The mixture was then mechanical milled for 30, and 60 min at a speed 
of 300 rpm. The alloy groups were identified as A, A1 (Cu70.6Zn25.9Al4), 
B, B1 (Cu69.99Zn26.1Al4.1) and C, C1 (Cu69.7Zn13.2Al17.1) (Table 1).

The obtained powders were dried at 100°C in a programmable 
furnace (Thermolyne, Tmax=1200°C) and the mixtures were cold 
pressed uniaxial at pressure of 21 MPa. The square form the samples is 
obtained in a hurry take the shape of a plate of dimension (40 mm of 
length, 20 mm of width, and a thickness let us go from 1mm until 2 mm 
according to the mode which they will be used).

•	 It is noted that in this work, we has been used two kinds of 
press: the first with square matrix (intended for the tensile test, 
samples are A, B, and C). CARVER - max_ 12 t model 4386. 
The second, with a round die for samples designed for hardness 
testing. NOSHOK, Germany model INTERNATIONAL 
CRYSTAL LABORATORIES 12 tonnes E-Z Press

•	 The samples involved are A1, B1, and C1 (Table 1).

•	 (The geometry of the samples for the tensile test is shown in 
Figure 1).
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The relative density of the green compacts is between 71% of 
theoretical density.

The sample must be of a certain length and starting density in order 
to allow a good propagation observation: the length has to be great 
enough so a clear distinction between ignition zone and normal SHS 
propagation could be made; a natural suggestion for the starting density 
would be to increase it as much as possible, to facilitate final sintering, 
but above 80% of the theoretical density, the thermal conductivity of 
the sample increases too much, and the ignition of the sample becomes 
difficult (in our experiment, we targeted an initial density ranging from 
60 to 70%; the pressure is not measured, it is increased until the final 

 

 

 

 

Figure 1: Rietveld refinement of the XRD pattern of the samples A, B and C.
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Figure 2: An SHS experimental setup.

length of the sample is reached). The reaction was ignited by heating a 
graphite plate connected to a welding transformer which can supply a 
current.

The as-prepared sample was attached to a sample holder at a well-
defined distance (usually of about 2 mm) from the graphite plate. Before 
each experiment, primary vacuum at room temperature was achieved 
by pumping for about 2 h. The reaction chamber used in the present 
study is shown schematically in Figure 2. The combustion reaction was 
ignited by heating the top surface of the compact for a few seconds 
by passing an electric current (100-200A) through the graphite plate 
and the temperatures at which ignition occurs were measured using a 
thermocouple (R type). Samples were then cut vertically, impregnated 
in a resin, and polished.

Samples characterization

The characterization of samples was followed by X-ray diffraction 
(XRD) using INEL XRG3000, diffractometer equipped with Cu-Kα 
radiation (λCu=0.15406 nm) in a (θ-2θ) Bragg-Brentano geometry. 
The tensile tests were carried out with room temperature on a machine 
(“INSTRON” type 6025 with power struggle about 10 tons) equipped 
with a cell of force of 100 kN. The acquisition of the various parameters 
(which are the force applied and the deformation of the test-tube) 
are makes by a Pc. At last the samples were subjected to analysis by 
scanning electron microscopy (JEOL, Model JSM 6400F) (Figure 3).

First, the ignition tests on several samples were performed by 
varying the current intensity from 50 to 65 A. Thus, we studied the 
combustion wave ignition and propagation manifesting the reaction 
runs in the sample. The tests were performed to optimize experimental 
conditions that could allow the formation of a combustion wave 
and the physicochemical transformations. Moreover, pictures of the 
combustion wave propagation were simultaneously taken with a video 
camera that indicated the ignition and reaction duration. We found 
that the reaction ignition with the white coloring is within 0-5 s and 
the wave propagation is within 3-7 s. such as Figure 2 illustrates. The 
flame reaction started after white coloring of the surface that indicated 
the temperature higher than 1200°C. The exothermic chemical reaction 
was propagating in a stable mode along the sample until complete 
consumption of the reagents was observed after 15 s (Figure 4).

Results and Discussion
Microstructure

Since X-ray diffraction powder patterns of the samples A, B and 
C are composed of a large number of overlapping reflections, the 
Rietveld’s analysis based on structure and microstructure refinements 
[15,16] has been adopted for precise determination of several structural 
and microstructural parameters. The Rietveld method employs a least-
squares procedure to compare Bragg intensities and those calculated 
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from a possible structural model. In the first step of refinement, the 
global parameters, such as background and scale factors, were refined. 
In the next step, the structural parameters such as lattice parameters, 
profile shape and width parameters, preferred orientation, asymmetry, 
isothermal parameters, atomic coordinates, and site occupancies 
were refined in sequence. The fitting quality of the experimental 
data is assessed by computing the parameters such as the ‘goodness 

of fit, χ2, and the R factors (Rp=profile factor, RB=Bragg factor, and 
RF=crystallographic factor) [15]. When these parameters reached their 
minimum value, the best fit to the experimental diffraction data is 
achieved, and the crystal structure is regarded as satisfactory [15].

Figure 4 shows the Rietveld refinement of XRD patterns Cu-Al-Zn 
samples at room temperature. As shown in Figure 1, in sample A, only 
two phases can be indexed with cubic structure. However for the samples 
B and C, other additional peaks appear indicating the formation of a 
new phase. The new phase can be identified as Cu5Zn8 phase with face-
centered cubic structure. We note that the shape memory effect (SME) 
observed in these alloys was always accompanied with the presence of 
a major CuZnAl phase. The crystal lattice parameters, grain size and 
amount of each phase in samples deduced from Rietveld refinement 
are listed in Table 2.

Mechanical analysis

The as-cast samples A, B and C have been first subjected to tensile 
test in order to determine the maximum value of the unit loading 
to render evident the shape memory effects and the pseudoelastic 
behaviour. The A, B and C samples presented similar values of the 
tensile strength, ranging between 220 MPa and 300 MPa. After that, 
the sample A was subjected to loading-unloading cycles on the tensile 
testing machine at a temperature of 20°C.

Figure 5 shows the loading-unloading curves of alloys with 0.06% 
pre-strain at room temperature. The sample A show that for a unit 
loading of 300 MPa close to the run-out limit on this alloy, a permanent 
strains ɛp of about 1% have been obtained. This strain is much lowers 
then the value of 6% which can be obtained for a Ni-Ti-Fe alloy stressed 
under the same conditions [17], is close to the value specific to the Cu-
Zn-Al alloys [18]. The sample B shows, after the first tensile loading-
unloading cycle, a pseudoelastic curve with a total specific elongation 
of ɛt=4% and a pseudo-elastic annealing with ɛr=3.33% and a plastic 
over strain ɛp=0.77%. As one can notice, a 0.20% increase of Zn and 
0.10% increase of Al concentration as compared to the A alloy result in 
an improvement of the pseudoelastic parameters (Figure 6).

Micrograph of Alloy “A” expanded × 1000 

Micrograph of Alloy “B” expanded × 1000 

 

Micrograph of Alloy “C” expanded × 1000 

Figure 3: Sample’s Micrographs.

(a)            (b)           (c)           (d)

Figure 4: Ignition and propagation of the front in the CuZn system: Mixture 
stoichiometric without diluting, diameter 18 mm and height is almost 50 mm, 
initial temperature is 300 K and size C particle of grain is 5 microns, maximum 
temperature is about 3200 K, speed propagation is 17 mm/s. (A) immediately 
after ignition (b) 1 s. (C) 2 s (d) 3 sec.
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Figure 5: Brinell’s Hardness of A, B and C alloys.

Atomic 
composition

Cu70.6Zn25.9Al4 Cu69.99Zn26.1Al4.1 Cu69.7Zn13.2Al17.1

Sample A A1 B B1 C C1

Milling time (min) 60 30 60 30 60 30
tign (second) 5 4 5 4 4 5

Table 1: Process parameters for synthesis of CuZnAl alloys.
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The C sample subjected to tensile loading-unloading tests showed a 
characteristic curve with a plastic overstrain ɛp=1.52% (which is higher 
than the values obtained for the A and B alloys), as well as a non-linear 
elastic recoverable strain ɛr=1.48%, which is smaller than the one for 
the B alloy, get higher than the one for the A alloy.

After the first tensile loading-unloading cycle samples from 
A, B, and C, alloys have been subjected to a dilatometric analysis 
within temperature ranger 20-140°C after having previously been 
tensile strained up to values of the tensile unit loading lower than 
the breaking strain and to values corresponding to the permanent 
strain (ɛp) of about 1%. Obviously, it follows that this alloy shows no 
shape memory effect within the positive temperature range, but this 

effect might be present at negative temperatures, its critical transition 
points being placed below 0°C. This hypothesis is also backed up by 
the aspect of the loading-unloading curve presented in Figure 5, which 
shows a typical pseudoelastic twinning curve usually resulting within 
the austenitic temperature range exceeding the critical temperature 
Md corresponding to the maximum temperature of stress induced 
martensite (SIM).

The significant changes done on the level of the concentration of the 
components (Zn, Al) as compared to the A and B alloys, lead to the drift 
of the critical transition points within the positive temperature range, 
and therefore to the occurrence of a shape memory effect (Figure 7).

Figure 5 shows the Brinell hardness of A1, B1 and C1 alloys. One 
observes that the plastic deformation and the hardening treatment 
did not result in a significant modification of the values and critical 
points as compared to the as-cast state, indicating the homogenisation 
of alloys.

Conclusion
For the studied Cu-Zn-Al alloys, a narrow-range modification of 

the stoichiometry (chemical composition) does not result in important 
alteration of the unit tensile loading, but it leads to significant differences 
with respect to the pseudoelastic properties and shape memory effect:

- Both the A and B alloys present a pseudoelastic austenitic twinning 
curve at the room temperature and do not show a shape memory effect 
at positive temperatures.

- The increasing of Zn concentration to 13%wt and Al concentration 
to 12.9%wt. results in the shape memory alloy (C) within the positive 
temperature range (0-140°C).
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