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Abstract
The effect of aging on the properties of a Cu–12.4Al–1.2Ti–1.2Ta (wt.%) high-temperature SMA was investigated throughout 
SEM/EDS, XRD and DSC experiments. It was found that the transformation behavior, the thermal properties and the phase 
structure of the alloy remarkably changed with homogenization process performed at 900 °C for 20 min and then aging at 400 
and 500 °C for 1 h. Structural and morphological investigations revealed that the homogenization process caused martensitic 
decomposition in the alloy and austenite phase domains remained. Afterward, with the effect of thermal aging, the amount 
of the austenite phase increased and the α-phase domains nucleated and grew in the alloy. At elevated aging temperature, 
the amounts of the austenite and the α-phases in the alloy considerably increased and martensitic morphology disappeared. 
As a result of these, the phase structure of the alloy affected its thermal behavior and led to exhibit irreversible one-stage 
martensitic transformation behavior.
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1 Introduction

Cu-based shape memory alloys (SMAs) have always been 
of great interest due to their high thermal stability and low 
production cost [1]. The transformation temperatures of Cu-
based SMAs can vary from -100 °C to 200 °C, depending 
on their composition and grain sizes. Among many different 
Cu-based SMAs, the Cu–Al–Ni alloy system is the most 
interesting SMA group because of its good thermal stabil-
ity and high operating temperatures [2, 3]. Therefore, with 
advancing technology, SMAs with the transformation tem-
peratures of above 130 °C are needed in many application 
areas, such as automotive, robotics and aerospace industries 
[4]. In general, SMAs, which have the transformation tem-
peratures of above 120 °C, are termed as high-temperature 
SMA [5]. Although the transformation temperatures of 
Cu–Al–Ni alloys can exceed 120 °C, its high brittleness 
and low workability caused by its microstructural properties, 
i.e., polycrstallinity and large grain size, limit its applica-
tion areas [6]. Therefore, in recent years, CuAl-based alloy 

systems, which exhibit high-temperature shape memory 
behavior in different atomic components, have been pro-
duced and the disadvantageous properties, which are obsta-
cle to their application areas, have witnessed an attempt to 
be improved [4, 5, 7–10].

The aim of this study is to investigate the effects of 
thermal aging performed at 400 and 500 °C for 1 h on the 
morphological, structural and transformation character-
istics of Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy, which has 
high-temperature shape memory behavior. Generally, the 
thermal aging process applied at different temperatures and 
time durations can directly affect the microstructural atomic 
order, transformation temperatures and phase structure of 
the alloy [11, 12].

2  Experimental details

The Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy was produced in 
an arc-melter furnace under vacuum by using high-purity Cu 
(99%, Aldrich), Al (≥ 99.5%, A. Aesar), Ti (99.7%, Aldrich) 
and Ta (99.9%, Aldrich) powders. For homogenization, the 
produced ingot was heat-treated in a furnace at 900 °C for 
1 day. After that, small bulk pieces were cut from the ingot 
and then were homogenized again in a furnace at 900 °C for 
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20 min in order to eliminate cutting strains in the samples 
and to achieve their betalization. Afterward, the samples 
were divided into three groups: While the first group, which 
was unaged, was labelled as CATT-0 sample, the second 
and the third groups, which were thermally aged at 400 and 
500 °C for 1 h, were labelled as CATT-400 and CATT-500 
samples, respectively. Microstructural and morphological 
properties of the alloy samples were investigated by means 
of scanning electron microscope (SEM, ZEISS EVO MA10) 
images equipped with energy-dispersive X-ray spectrometer 
(EDS) spectra. Structural and crystallographic properties of 
the alloy samples were examined by taking X-ray diffractom-
eter (XRD, Bruker Discover D8) patterns using  CuKα radia-
tion at room temperature between 2θ = 20°–90°. Transforma-
tion temperatures of the alloy samples were determined by 
differential scanning calorimeter (DSC, SII Nanotechnol-
ogy EXSTAR DSC 7000) measurements at scan rates of 
10 °C/min during heating and cooling under nitrogen gas 
atmosphere.

3  Results and discussion

Changes in morphological and microstructural properties 
of the Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy, which has 
gone through thermal aging, were examined by taking SEM 
images. Figure 1 presents the SEM images of the CATT-0, 
CATT-400 and CATT-500 samples. The microstructure of 
the CATT-0 sample consists of very large-sized grains and 
contains a large number of voids of different sizes and sur-
face cracks (Fig. 1a, b). The rather large grain structure and 
the excessive void concentrations have a negative effect on 
the mechanical and transformation properties of the alloy 
[6, 13–16]. According to the SEM image in Fig. 1a, b, the 
main martensitic phase in the CATT-0 sample is 18R mar-
tensite with a needle-like zigzag morphology. However, 
in some regions of the CATT-0 sample, the 2H martensite 
phase with thick lath-like variant morphology was also 
observed, but the volume fraction of this martensitic phase 
was much lower than that of the 18R phase. Detailed SEM 
investigations demonstrated that the microstructure of the 
CATT-0 sample contains precipitate phases, which are rarely 
dispersed in the matrix and have less than 2 µm in sizes. 
EDS spectra revealed that chemical compositions of these 
precipitates marked by red and blue arrows in Fig. 1b are 
75.49 at. % Cu + 24.46 at. % Al + 0.05 at. % Ti and 79.8 at. 
% Ta + 11.1 at. % Cu + 6.69 at. % Ti + 2.41 at. % Al, respec-
tively. According to the EDS analysis performed, these pre-
cipitate phases are the austenite  Cu3Al (β-phase) and Ta-rich 
(β-Ta) phases. The results indicate that the microstructure 
of the CATT-0 sample includes the austenite phase at room 
temperature, as well as the 18R martensite phase. As pre-
viously mentioned in the experimental section, all of the 

samples examined in this study were heat-treated at 900 °C 
for 20 min in order to achieve betalization. To avoid the 
eutectoid decomposition reaction (β → α + γ2) at 565 °C, the 
samples were quenched into room temperature water after 
the betalization process at high temperature. However, after 
the betalization process, it is obvious that a small amount of 
the austenite β-phase remained in the microstructure of the 
CATT-0 sample.

Figure 1c, d, which displays SEM images of the CATT-
400 sample, indicates that the morphological properties of 
the Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy changed as result 
of thermal aging applied at 400 °C for 1 h. As can be seen 
from Fig. 1c, the volume fractions of both the needle-like 
18R martensite and the lath-like 2H martensite phases in 
the microstructure were increased. Furthermore, the equi-
librium α-phase precipitated in the matrix of the CATT-400 
sample. These α-phase colonies are clearly visible in the 
upper side of Fig. 1c, and in Fig. 1d, very dense α-phase 
colonies are observed in different regions of the sample. 
When the as-quenched alloy sample was heat-treated at 
the temperatures of above 350 °C and then quenched into 
room temperature, the α-phase nucleated and grew in its 
microstructure as a result of the complex phase transfor-
mation processes [17–20]. Cu-based SMAs have different 
phase transition behavior depending on aging temperatures 
and time durations. Chen et. al [12] reported that the aging 
at 500 °C for increasing time durations caused the phase 
transition sequence of β → β + B2 → β + B2 + α → B2 + α + 
γ2 in the Cu–14.1Al–9Ni (wt.%) alloy. As for the CATT-0 
sample, with the effect of thermal aging at 400 °C for 1 h, 
the α-phase precipitated and coalesced in the matrix. Never-
theless, no other precipitate phases were observed.

SEM images of the CATT-500 sample shown in 
Fig. 1e, f indicate that the increasing aging temperature 
caused dramatic changes in the microstructure of the 
Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy. It is obvious that the 
microstructure of the CATT-500 alloy sample contains a 
mixture of the austenite phase domains and the α-phase 
colonies that completely cover the matrix. It is well known 
that the aging carried out at higher temperatures than aus-
tenite finish temperature of the alloy leads to the formation 
of the austenite phase in the Cu-based SMAs [21]. Taking 
into account the SEM/EDS investigations of the CATT-0, 
the volume fraction of the austenite  Cu3Al phase, which 
remained after the betalization process, was increased with 
increasing aging temperature. Hereby, no martensite variants 
were observed on the SEM images of the CATT-500 sample, 
and a different precipitate phase was not detected either.

Figure 2 illustrates XRD patterns of CATT-0, CATT-400 
and CATT-500 alloy samples taken at room temperature. 
The XRD pattern of the CATT-0 sample in Fig. 2a con-
tains both the martensite and the austenite phase reflec-
tions. The austenite  Cu3Al phase peak at 2θ ≈ 31.88° agrees 
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well with the SEM/EDS observations of the CATT-0 sam-
ple. This means that the ordering reaction (B2 → DO3) 
could not be suppressed during water quenching of the 
Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy [22]. The XRD pat-
tern in Fig. 2a also indicates that the amount of the austenite 
phase in the microstructure of the CATT-0 sample is rela-
tively high, whereas that of Ta-rich (β-Ta) precipitate phase 
is too low to detect. The maximum intense diffraction peak 
in Fig. 2a is the reflection of (0018) at 2θ ≈ 42.87°, which 
was the characteristic reflection of 18R martensite phase. 
Although all martensite reflections in Fig. 2a are identified 
as the 18R, the pattern includes the 2H martensite phase as 
well. Otherwise, it is clear that many reflections of the 18R 

and the 2H martensite phases are overlapped in the XRD 
pattern where two martensite phases coexist due to their 
complicated monoclinic (18R) and orthorhombic (2H) crys-
tal structures [23, 24]. Therefore, distinguishing and analyz-
ing the superposing diffraction peaks of these two martensi-
tic phases in XRD patterns are difficult.

The XRD pattern of the CATT-400 sample is plotted 
in Fig. 2b. The effect of thermal aging on the structural 
and crystallographic properties of the alloy is quite clear 
in Fig. 2b. The pattern is comprised of the martensite, the 
austenite and the α-phase reflections. This is in good accord-
ance with the SEM/EDS observations of the CATT-400 
sample in Fig. 1c, d. The XRD pattern of the CATT-500 

Fig. 1  SEM images of a-b CATT-0, c-d CATT-400 and e–f CATT-500 alloy samples
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sample is shown in Fig. 2c. In accordance with its SEM/
EDS observations, the dramatic changes in the structural 
and crystallographic properties of the alloy thermally aged 
at 500 °C for 1 h are clearly shown in Fig. 2c. As a result 
of the thermal aging applied at 500 °C for 1 h, the numbers 
and the intensities of the austenite and the α-phase reflec-
tions increased considerably in Fig. 2c, which means that the 
higher aging temperatures are the higher volume fractions of 
the austenite and the α-phases in the microstructure of the 
Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy.

The transformation properties of the CATT-0, CATT-400 
and CATT-500 alloy samples were studied by performing 
DSC measurements between room temperature and 500 °C 
upon heating and cooling. All of the alloy samples were 
cycled twice during heating and cooling steps, and the sec-
ond DSC cycles were used to determine martensitic transfor-
mation temperatures of the alloy samples. It is well known 
that the results obtained from a single DSC cycle in Cu-
based SMAs can be misleading because the transformation 
peaks of the alloy can be observed at different temperature 
values rather than the temperature values that they should 
be due to quenched-in vacancy in the microstructure [25, 
26]. As a result of the DSC measurements performed, the 
DSC curves shown in Fig. 3 were obtained for the samples. 
On the heating steps, while the CATT-0 sample has a rather 
broad endothermic transformation peak at 421.5 °C (peak 3), 
the CATT-400 sample exhibits a weak exothermic peak at 
262.4 °C (peak 2) and a broad endothermic peak at 370.3 °C 
(peak 3). However, three peaks were observed in the DSC 
curve of the CATT-500 sample: two weak exothermic peaks 
at 168 °C (peak 1) and 265.1 °C (peak 2), respectively, and a 
weak endothermic transformation peak at 394.8 °C (peak 3). 
Consequently, it was revealed that the thermal aging process 
influenced the thermal behavior of the Cu–Al–Ti–Ta alloy.

The results obtained from the DSC curves on heating in 
Fig. 3 are quite compatible with the SEM/EDS and XRD 
results of the samples. It is thought that the peak 1 detected 
in only the DSC curve of the CATT-500 sample represents 
the ordering reaction of the α-phase in the microstructure 
of the sample [27]. Although the α-phase was detected in 
the microstructures of both CATT-400 and CATT-500 alloy 
samples, the peak 1 was not observed in the DSC curve 
of the CATT-400 sample. When the XRD patterns of the 
samples are examined in Fig. 2, it can be clearly seen that 
the intensities and numbers of diffraction peaks belonging 
to the α-phase shown in Fig. 2c are much higher than those 
in Fig. 2b. This may be an indication why the α-phase is not 
detected in the heating DSC curve of the CATT-400 sample 
because volume fraction of that phase in the CATT-400 sam-
ple is lower than that in the CATT-500 sample.

The exothermic peak 2 in the DSC curves of both 
CATT-400 and CATT-500 samples on heating is the peak 
of the ordering of the martensitic phase (β´ → β´

1) in their 
microstructures [28, 29]. Finally, the endothermic peak 
3 in the DSC curves of all samples stands for the reverse 
(martensite to austenite) martensitic transformation. The 
DSC results of the samples on heating steps indicated that, 
with increasing aging temperature, significant changes 
were observed in both the energies and temperature values 
of the reverse transformation peaks of the samples. The 
lowest energy reverse transformation peak was observed 
in the CATT-500 sample. As the microstructure of the 
CATT-500 sample contains the austenite β-phase domains 
in the high volume fraction, the reverse transformation 
peak of the sample becomes quite weak. Simultaneously, 
the reverse transformation peak temperatures of the sam-
ples were shifted to the low-temperature region with the 
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Fig. 2  XRD patterns of a CATT-0, b CATT-400 and c CATT-500 
alloy samples taken at room temperature between 2θ = 20°–90°
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effect of aging treatment. This is directly related to the 
quenched-in vacancy concentration in the microstructures 
of the samples since both the effect of the aging tempera-
tures and the reduction in its concentration in the micro-
structure of the alloy can cause a decrease in the reverse 
transformation temperature [30].

In contrast with their heating DSC steps, none of the 
alloy samples have a forward (austenite to martensite) 
transformation peak on the cooling steps of the alloy sam-
ples, as can be seen in Fig. 3. This behavior is generally 
observed in Ti-based SMAs, where there are two hypo-
thetical aspects causing this: The transformation enthalpy 
value between the austenite and martensite phase transfor-
mation is intrinsic low and/or partial transformations [31, 
32]. However, similar behavior of Cu-based SMAs is quite 
unusual and has been observed in only a few studies in the 
literature [27, 33]. The increasing aging temperature and 
time duration lead to stabilization of the alloy, followed 
by martensitic degradation, which affects the reversible 
martensitic transformation characteristic of the alloy, caus-
ing it to exhibit irreversible transformation behavior [33]. 
Thus, the shape memory behavior of the alloy is elimi-
nated resulting in the thermal aging treatments carried out 
at 900 °C for 20 min and at 400 and 500 °C for 1 h having 
a dramatic effect on the martensitic phase transformation 
behavior of the Cu–12.4Al–1.2Ti–1.2Ta (wt.%) alloy. 
Therefore, all alloy samples display irreversible marten-
sitic transformation behavior with the effect of martensitic 
degradation. The reason of this martensitic degradation is 
yet unclear. On the other hand, the effects of the austenite 
phase at room temperature, the voids with different sizes, 
the cracks, the α-phase and also the defects in the micro-
structures of the alloy samples on the martensitic transfor-
mations should be examined in further detail, which means 
that additional new studies are needed.

Cu-based SMAs are very sensitive to both heat treat-
ments, depending on which temperature and time duration 
are performed and cooling conditions to ambient tempera-
ture. Mentioned external stimulates have a great effect on 
their microstructural, crystallographic, transformation and 
mechanical properties [9, 11, 14, 30, 34, 35]. In previous 
work [36], it has been stated that the microstructure, the 
martensitic transformation behavior and shape memory 
properties of the Cu–12.4Al–1.2Ti–1.2Ta (wt.%) high-
temperature shape memory alloy, which is heat-treated at 
850 °C for 2.4 ks and then cooling to room temperature 
under different cooling conditions after its homogeniza-
tion performed at 900 °C for 24 h, changed obviously. 
However, in this work, it can be clearly seen that the minor 
change in betalization temperature and time duration may 
considerably alter its phase components and transforma-
tion behavior in spite of having the same homogenization 
condition.

4  Conclusions

(1) The homogenization process for the betalization of the 
alloy samples performed at 900 °C for 20 min led to 
the martensite phase decomposition and the formation 
of the austenite phase at room temperature.

(2) When the alloy sample was aged at 400 °C for 1 h, the 
process of the martensitic decomposition proceeded 
and, therefore, the amount of the austenite phase in 
the microstructure increased. Then, the austenite phase 
transformed into the α-phase during the aging treat-
ment. In the morphological investigation, the α-phase 
colonies were observed in the matrix, but no another 
precipitation phase was detected.

(3) With the effect of aging treatment at 500 °C for 1 h, 
it was deduced that the phase structure and the mor-
phological properties of the alloy sample completely 
changed. Only, the austenite phase domains and the 
α-phase colonies were observed in the SEM observa-
tions of the alloy sample.

(4) With the change in the phase structure of the alloy, the 
transformation behavior of the alloy altered, as well. 
The results revealed that all the alloy samples, which 
were homogenized and then aged, exhibited irrevers-
ible martensitic transformation behavior because of the 
martensitic degradation. As a result, it is believed that 
this behavior may have a negative effect on the shape 
memory properties of the alloy samples.
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