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Abstract In this study, variations in the transformation
temperature, crystal structure, and microstructure of the arc
melted alloy having nominal composition of Cu-13%Al-
4%Ni—-4%Fe (in mass%) were investigated for two differ-
ent treatment conditions, homogenized and heat treated at
950 °C for 1 h. For both conditions, transformation tem-
perature of the alloy was examined by DSC and it was
determined as ~ 200 °C, similar to the value for Cu—Al-Ni
alloys given in the literature. The crystal structure of the
martensite Cu—13%Al-4%Ni—4%Fe (in mass%) alloy was
identified as 18R using XRD. By heat treatment performed
at 950 °C, diffraction peaks become more distinct. The
microstructure of the alloy was studied with the help of
optical microscope as a result of which parallel martensite
plates and precipitates were detected. Microhardness value
of the alloy was found as 361 and 375 Hv for homogenized
and heat-treated conditions, respectively.

Keywords Cu—Al-Ni-Fe alloy - Martensite
transformation - Heat treatment - Differential
scanning calorimetry - Microhardness

Introduction

Shape memory alloys are considered as an important system
of alloys as these functional materials are used in sensor and
actuator applications. In the last decade, they have experi-
enced a remarkable technological development [1, 2].
Among different shape memory alloys, Cu-based alloys
developed in 1960s have reasonable shape memory effect
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and low cost making them remarkable commercial alloys for
practical applications [3]. On the other hand, fundamental
problems in their usage are based on their low thermal sta-
bility and insufficient mechanical strength. Cu-based alloys
face with martensite stabilization problem as a result of
which they lose their thermoelastic properties [4]. Among
different Cu-based shape memory alloys, Cu—Al-Ni alloys
are popular as they have wide range of transformation tem-
peratures and small hysteresis [5]. With their serviceability
to temperatures up to 200 °C and technological advantages,
Cu-Al-Ni alloys have been developed as alternative mate-
rials to the classical Cu—Zn—Al and Ti-Ni alloys [6]. Shape
memory effect of Cu—Al-Ni based alloys is very sensitive to
the composition of each element and specific compositions,
generally those with 11-14.5 % Al and 3-5 % Ni, demon-
strate shape memory effect [7]. It is known that the amount of
Al is more effective than that of Ni. Instead, improvement of
the thermoelastic and pseudoelastic behavior of Cu—Al-Ni
alloys by addition of a fourth and fifth element and the var-
iation of the martensitic transformation temperatures with
the addition of elements have been examined by number of
researchers [8—16]. A survey on literature shows that there is
no study on quaternary Cu—Al-Ni—Fe shape memory alloys.
In this study, 4 mass%Fe was added into Cu—Al-Ni alloy and
examined the effects of this addition on transformation
temperature, crystal structure, microstructure, and microh-
ardness by comparing the result to those obtained for tradi-
tional Cu—Al-Ni.

Experimental procedure
Poly-crystal shape memory alloy with nominal composi-

tion of Cu—-13%Al-4%Ni—4%Fe (in mass%) was prepared
in an arc melting furnace with a water cooled Cu crucible
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Fig. 1 DSC curves of a as-homogenized and b heat-treated alloys

under vacuum using high purity elements Copper (99.8 %),
Aluminum (99.9 %), Nickel (99.99 %), and Iron (99.9 %).
The ingot was melted several times and then the alloy was
annealed at 850 °C for 10 h for improved homogenization.
The chemical composition of the alloy was determined to
be 3.62 mass% O, 11.63 mass% Al, 3.24 mass% Fe,
3.43 mass% Ni, and 78.09 mass% Cu by using an energy
dispersive X-ray spectrometry (EDX). As a result of
homogenization at air atmosphere, the minor amount of
oxygen was observed in EDX results. Some homogenized
samples were heat treated at 950 °C during 1 h to eliminate
strain effects which happen after cutting and homogenized
alloys quenched in iced brine. The phase transformation
temperature and the thermodynamic parameters were
determined by Perkin Elmer Sapphire differential scanning
calorimeter (DSC) at the heating—cooling rates of
25 °C min~" under an inert nitrogen atmosphere in the flow
rate of 80 mL. TG/DTA measurement was done to investi-
gate high temperature phase changes by Perkin Elmer Pyris
TG/DTA device. In order to determine crystal structures of
as-homogenized and heat-treated alloys, X-ray diffraction
(XRD) measurements were carried out in the range of
20°-80° using Cu Ko as the incident beam Bruker Discover
D8 with the scanning rate of 2 min~'. The microstructures of
alloys were characterized by NIKON optical microscopy.
The samples, grinding with emery paper and then polishing,
were etched by solution of 20 mL HCI, 5 g FeCl;-H,O, and
96 mL methanol. Vickers microhardness measurement was
made using Emco Test DuraScan microhardness testing
machine. Three measurements were carried out, on each
alloy, and the average obtained.

Results and discussion
Figure 1 shows the DSC curves of as-homogenized and the

heat-treated Cu—Al-Ni—Fe alloys that were heated at a rate of
25 °C min~" under inert nitrogen atmosphere. Transformation
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temperatures of both alloys, i.e., Ay and Mg Austenite and
martensite start temperatures; Ay and My austenite and mar-
tensite finish temperatures; A, and M,, austenite and martensite
maximum peak temperatures, are given in Table 1.

When the results given in Table 1 are examined, it can
be seen that transformation temperature of the as-homog-
enized Cu—13%Al-4%Ni—4%Fe (in mass%) alloy is simi-
lar to the values given for Cu—Al-Ni alloys in the literature
[17]. In general, the value of the transformation tempera-
ture of Cu—AIl-Ni alloys lies between 100 and 200 °C
[1, 17-19]. Here, it can be concluded that the addition of Fe
does not have a significant effect on the transformation
temperature of the alloy. It was observed that transforma-
tion temperature of the Cu—Al-Ni—Fe alloy increased when
it was heat treated at 950 °C. Chen et al. [20] emphasized
that there are two types of thermal transformation. In the
first case, transformation occurs in the order of A;> A,
> M > My, while in the second it occurs as Ay > M, >
A > M. According to this explanation, as-homogenized
and heat-treated Cu-13%Al-4%Ni—-4%Fe (in mass%)
alloys demonstrate the second type of transformation.

By using the DSC data collected in the cooling and
heating periods, the change in enthalpy values was deter-
mined for as-homogenized and heat-treated Cu—Al-Ni—Fe
shape memory samples. A small variation in the enthalpy
value occurred during cooling as a result of the acoustic
emission [21]. In order to eliminate this difference, the
average enthalpy value was calculated using the equation
AH,. = (AHpeoe + AHcoo)/2. The change in the entropy
value (AS) was calculated using the equation A4S = AH,,/T,
for which the calculated AH,,. value was used [22]. Here, the
value of 7, is the temperature at which the Gibbs free energy
equals to zero and calculated by 1/2(A; + Mj). On the other
hand, Gibbs free energy in cooling is calculated as follows
using the variation in enthalpy value in cooling and T,
equilibrium temperature:

AGy, = AHeoo - AT/T, (1)

Here, AT =T, — M,

For the alloy Cu—Al-Ni-Fe, an increase occurred in the
average enthalpy change, entropy change, and Gibbs free
energy change upon cooling [23].

In order to determine the high temperature transforma-
tion temperature of the Cu—13%Al-4%Ni—4%Fe (in
mass%) shape memory alloy after arc melting, TG/DTA
measurements were performed in open atmosphere by
employing a heating rate of 20 °C min~'. DTA curve of
the alloy for a range of 350-700 °C can be seen in Fig. 2.
The salient feature of this graph is the presence of one
small and one transformation curves. These two phase
transformations are typical for Cu—Al-based alloys such
that the first one is the transformation from irregular DO3
structure to the B2 regular structure and the second one is
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Table 1 Transformation temperatures and thermodynamic parameters of alloys

Alloys AJPC AJC AC M/PC M/C MY°C  T,/°C  AH,Jlg'  AsHg'°c™'  AGJI g™
As-homogenized 178.8 192.5 200.3 160.8 147.3 129.6 169.8 8.47 0.050 —1.01
Heat-treated 209.3 232.5 250.4 162.5 151.1 133.0 185.9 9.76 0.052 —1.63
Fig. 2 DTA curve obtained for -40
as-homogenized alloy in the
range of 350-700 °C
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the transformation from regular B2 structure to irregular
A2 structure [24, 25].

XRD pattern of the as-homogenized alloy sample is
shown in Fig. 3a. As seen from the figure, in the pattern of
the as-homogenized sample, some peaks overlap with each
other forming a broad peak where splitting occurs. These
splits are critical for Cu-based shape memory alloys and
can be sued in the qualitative analysis of the regularity in
the martensite phase [26—28]. In this study, it is considered
that this broad peak has such a splitted appearance as a
result of the shear stresses developed during cutting of the
sample. For this reason, heat treatment was applied at
950 °C for 1 h so as to remove the additional stresses
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originating from the cutting process and after that XRD
measurement was obtained. XRD pattern of the heat-trea-
ted alloy sample is shown in Fig. 3b. As a result of the
applied heat treatment, broad peak disappeared and some
peaks sharpened. On the other hand, both as-quenched and
heat-treated alloy samples have maximum diffraction
peaks in their diffraction patterns shown in Fig. 3a, b. The
presence of these maximum diffraction peaks demonstrates
that the alloy has MI18R structure in both conditions.
Indexed peaks are shown in Fig. 3a, b.

When X-ray diffraction patterns shown in Fig. 3a, b are
evaluated simultaneously, it can be seen that position and
strength of some peaks vary. Especially, peaks belonging
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Fig. 3 The XRD patterns taken from: a as-homogenized and b heat-treated alloys
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to (040) and (320) shown in Fig. 3b started to overlap with
each other. Miller indices of this pair of plane satisfy the
special equation given below [29, 30]:

m—h _k-k
3 n

For that reason, n is equal to 4 for the martensite 18R
structure and the corresponding pairs of plane can be listed
as follows: 12-2—202, 12-8—208, 1210—20-10, and
040—320. This observation can be based on a relation
between interplanar spacing of these pairs of planes [30].

Crystal sizes of as-homogenized and heat-treated alloy
samples (D) were calculated by employing full width half
maximum (FWHM) values of the strongest peak of the
X-ray diffraction patterns shown in Fig. 3a, b into Scherer
equation [31]. The values were calculated as ~ 14.62 and
25.65 nm for as-homogenized and heat-treated alloy sam-
ple, respectively. As expected and can be seen from cal-
culated D values, the heat treatment increased the crystal
size of the alloy.

Micro-strain (¢) values of the as-homogenized and heat-
treated samples were calculated using Williamson—Hall
equation [32]. For as-homogenized and heat-treated sam-
ples, the values were calculated as ~2.819 x 1077

and ~1.668 x 1077, respectively. These results showed
that heat treatment yields a 60 % release in the strain,
which are in good agreement with the X-ray diffraction
patterns of the peaks shown in Fig. 3a, b. As a result of the
release in strain, overlapped broad peaks separated form
each other.

Optical micrographs of as-homogenized and the heat-
treated Cu—13%AIl-4%Ni—4%Fe (in mass%) shape mem-
ory alloy are demonstrated in the Fig. 4. In Fig. 4a, b,
micrographs of the as-homogenized alloy at two different
magnifications are shown. In Fig. 4a, grains can be clearly
seen. Martensite lamellar structure can be observed in light
and dark grains shown in Fig. 4b. In Fig. 4b, while parallel
martensite plates are seen in the left grain, in the right one
coarser martensite plates are drawing attention. Another
remarkable point is the presence of the precipitates (Inset in
Fig. 4b). These precipitates are different from what is
observed in the microstructure of Cu—Al-Ni alloys [33].
The reason of precipitate formation could be presence of
Fe.

In Fig. 4c, d, optical micrographs of the Cu—13%Al-
4%Ni—-4%Fe (in mass%) alloy at different magnifications
are given for the sample heat treated at 950 °C for 1 h. The
images show that the heat-treated sample has quite

Fig. 4 Optical micrographs taken from a, b as-homogenized and ¢, d heat-treated alloys
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Table 2 Vickers microhardness values of alloys

Samples 1/Hv 2/Hv 3/Hv 4/Hv 5/Hv Average/Hv

As-homogenized 363 365 363 356 360 361
Heat-treated 394 394 358 367 363 375

different microstructures than homogenized one. Coarse
martensite plates were observed in the microstructure. In
Fig. 4d, V-type martensite plates can be seen.

Five consecutive Vickers microhardness measurements
were taken from as-homogenized and the heat-treated Cu—
13%Al-4%Ni—4%Fe (in mass%) shape memory alloys and
average of them was taken as the Vickers microhardness
value. In both alloys, hardness value was different at each
measurement, while it was taken from the same surface.
This was the result of the fact that the indentation point was
at different grains in each measurement (Table 2). It was
observed that the microhardness value increases with heat
treatment. In the study performed by Aydogdu, the hard-
ness value of the Cu—AIl-Ni alloy was found as 281 Hv for
as-homogenized sample and found as 321 Hv when heat
treatment was performed at 930 °C [34]. Hardness value
measured for Cu—13%Al-4%Ni—4%Fe (in mass%) alloy
was 361 and 375 Hv for as-homogenized and heat-treated
samples, respectively. Both of these values are higher than
those given for Cu—Al-Ni alloys in the literature.
According to Gojic et al. [35] study, the microhardness
value of Cu—13.16%Al-4.11%Ni shape memory alloys was
found as 275 Hv. Other study, Rezvani and Shokuhfar [36]
produced two different percentages of Cu—Al-Mn shape
memory alloys and they found microhardness values of
these alloys about 220 Hv. It can be considered that the
reason of this increase is the addition of Fe.

Conclusions

The examination of the polycrystalline Cu—13%Al-4%Ni—
4%Fe (in mass%) shape memory alloy produced by arc
melting technique showed the following results:

e DSC and DTA experiments showed that the addition of
Fe did not make a significant difference in the
transformation temperatures and phase structure.

e Optical microscope images showed that in both condi-
tions crystallized grain structure with parallel martens-
ite plates. On the other hand, the thickness of the
martensite plates increased with heat treatment per-
formed at 950 °C.

e XRD results showed that the martensite alloy had 18R
crystal structure. By the effect of heat treatment, it was
observed that while the crystallite size was increased,
the micro-strain was relaxed.

e Significant number of randomly distributed Fe precip-
itates was detected in the as-homogenized alloy. These
precipitates dissolved in the matrix when 950 °C heat
treatment was conducted.

e Increase in the Vickers hardness of the as-homogenized
alloy with the addition of Fe was higher than that was
reported in the literature. This difference becomes more
apparent upon heat treatment.
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