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Abstract
The microstructure, thermodynamic parameters, mechanical properties, and shape recovery properties of alloys consisting 
of Cu83.5−xAl13.5Ta3Gdx ( x = 0, 0.5, 1 mass%) alloy were investigated. Results showed that the addition of Gd to the alloys 
affects the martensite phase structure, creating new phases resembling snow crystals. An increase in Gd led to the forma-
tion of Al3GdCu intermetallic phase structures. Furthermore, the study found that while Gd influenced the thermodynamic 
parameters, it did not impact the high-temperature shape memory feature. Through microstructure analysis, it was determined 
that the addition of Gd to the alloy resulted in thinning of the martensite and austenite phase structures, leading to a reduc-
tion in grain size and changes in crystallite size. The higher microhardness observed in the EE1 alloy was attributed to its 
denser β-Ta phase structures compared to other alloys.
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Introduction

Shape memory alloys (SMAs) are a class of functional mate-
rials that can change their shape in response to temperature, 
stress, or magnetic fields [1–3]. Their unique feature lies 
in the transformation between the austenite and martensite 
phases in response to heating or cooling [4, 5]. SMAs exhibit 
three types of shape recovery: the one-way shape memory 
effect, the two-way shape memory effect, and superelas-
ticity [6]. The temperature is the most significant factor 
influencing these features, which makes SMAs widely uti-
lized in thermal applications, particularly for thermoelastic 
transformations [7, 8]. The two-way shape memory effect, 
which involves the formation of the austenite phase through 
heating of twinned martensite and the formation of twinned 

martensite through cooling of the austenite phase, serves as 
the fundamental working principle in thermal applications 
[3, 9]. The phase transformation temperatures in SMAs can 
vary depending on the composition [10] and the homogeni-
zation temperatures [11]. It is essential to determine the aus-
tenite start ( As ), austenite finish ( Af ), martensite start ( Ms ) 
and martensite finish ( Mf ) temperatures, which represent the 
phase transformation temperatures, to evaluate the suitability 
of the alloy for a particular application [12].

Recently, there has been a growing popularity in man-
ufacturing technology components such as microcon-
trollers, sensors, and actuators made from shape memory 
alloys, which are required to operate or shut down within 
a specific temperature range [2, 7, 13]. These components 
necessitate the use of SMAs with phase transformation 
capabilities, especially in high-temperature applications 
above 100 °C. Such applications are found in industries 
like aerospace, car engines, and electric motors [14]. As 
a result, there has been a strong emphasis on the devel-
opment of high-temperature shape memory alloys (HTS-
MAs). This focus has led to extensive research and pro-
duction of HTSMAs based on titanium, nickel, and copper 
[7, 15–17]. However, studies have indicated that Ti-based 
HTSMAs (such as Ti-Ni-Pd, Ti-Ta, etc.) and Ni-based 
HTSMAs (such as Ni–Mn–Ga, etc.) exhibit high costs, 
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poor processability, and low electrical conductivity. As a 
result, there has been a growing emphasis on the develop-
ment of Cu-based HTSMAs [6, 18–21]. This is because 
Cu-based HTSMAs possess advantages such as low costs, 
easy processability, good conductivity, and high tempera-
ture transformation capabilities [22, 23]. Among Cu—
based HTSMAs, SMAs such as Cu-Al-Ni, Cu-Al-Zn, and 
Cu-Al-Mn have garnered significant attention [24–26]. 
However, there is a need for further improvement and 
development in terms of phase transformation tempera-
tures, microstructure characteristics, processability, shape 
memory effect (SME), superelasticity, and shape memory 
behaviors. This is driven by the increasing demand from 
engineering applications [22, 23].

Recently, the addition of Ta and Nb elements to CuAl—
based alloys has resulted in the production of Cu-Al-Ta and 
Cu-Al-Ta-Nb SMAs [7, 13]. It has been discovered that these 
additions have formed a new group of HTSMAs with trans-
formation temperatures above 200 °C [13].

The aim of this study is to produce new alloys by incor-
porating Gd, a rare earth element, and varying the chemical 
concentration of Cu, Al, and Ta elements. Alloys with dif-
ferent Gd proportions were successfully synthesized. The 
microstructure characteristics were analyzed using an optical 
microscope (OM), X-ray diffraction (XRD), and scanning 
electron microscope (SEM). XRD is employed to analyze 
the microhardness and phase characteristics of the samples. 
Energy-dispersive X-ray spectroscopy (EDX) is utilized to 
determine the chemical composition of the phase structures. 

Differential scanning calorimeter (DSC) is employed to ana-
lyze the thermodynamic behavior of the alloys. Additionally, 
bend testing is conducted to evaluate the shape recovery 
rate (SRR).

Experimental

The production of new alloys involved the precise mixing of 
Cu, Al, Ta, and Gd elements in specified mass and atomic 
ratios, as outlined in Table 1. The production process was 
conducted in three stages. Firstly, the powder elements (Cu: 
99.99%, Al: 99.99%, Ta: 99.9%, and Gd: 99.5% purity) were 
homogenized by thorough mixing with a mechanical mixer. 
Subsequently, the mixture was compressed into pellets using 
a mechanical press, applying an average pressure of 8 MPa. 
Finally, the alloys were generated by multiple melting cycles 
in an argon-controlled arc-melting system, followed by a 
homogenization process to establish the martensite phase 
structure. The alloys were subjected to a heat treatment by 
heating them to 850 °C for a duration of 24 h in an argon-
controlled oven. Following this, the alloys were rapidly 
cooled by immersion in ice water containing a salt solu-
tion. Samples were sectioned/cut to facilitate the analysis of 
the microstructure, chemical composition, thermodynamic 
behavior, and shape memory behavior.

The sample sizes and corresponding analysis methods are 
provided in Table 2. Thermal analysis was performed using 
the Perkin Elmer Sapphire DSC device. For surface 

Table 1   Compositional rate, 
electron concentration per atom, 
SRR and grain size of alloys

Alloys Compositional rate in 
mass%

Compositional rate in at.% e
v
∕a SRR/% Crystallite 

size/nm

Cu Al Ta Gd Cu Al Ta Gd

EE0 83.5 13.5 3 – 72.74 26.22 1.04 – 1,561 56.14 32.02
EE1 83 13.5 3 0.5 72.47 26.29 1.04 0.2 1,571 56.66 51.64
EE2 82.5 13.5 3 1 72.20 26.36 1.04 0.4 1,576 58.46 39.86

Table 2   Analyzes, sample sizes and analysis method applied to alloys

Analyzes Sample size Analysis method

DSC ~ 60 (mg) 20 °C min−1. and in the range of 90–450 °C, in N2 medium
Optical microscope ~ 0.5 mm × 0.7 mm × 0.2 mm Room temperature (50 µm and 25 µm magnification)
SEM ~ 0.5 mm × 0.7 mm × 0.2 mm Room temperature, Vacuum medium (10 µm magnification)
EDX ~ 0.5 mm × 0.7 mm × 0.2 mm Room temperature, Vacuum medium, Secondary electron
XRD ~ 0.5 mm × 0.7 mm × 0.2 mm Room temperature, 2° min−1. Scanning speed 

( 2� = 20 − 90◦ ) ( CuK�� = 1, 5418)
Microhardness ~ 0.5 mm × 0.7 mm × 0.2 mm Room temperature (0.3 HV)
SRR ~ 20 mm × 1.7 mm × 0.4 mm Above Af (450 °C)
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morphology analysis, the samples underwent a preparation 
process involving sanding and polishing using DiaDoble 
Mono 1 µm diamond paste (with an Aka-Moran-U cloth) 
and Fumed Silica 0.2 µm diamond paste (with an Aka-Che-
mal cloth). The microstructures of the polished samples 
were visualized by subjecting them to chemical etching 
using a solution composed of FeCl36H2O (1.871 g), HCI 
(7.485 mL), and methanol (35.928 mL). Microstructure 
analysis was conducted using a Nikon MA/200 optical 
microscope, JEOL JSM 6510 SEM–EDX, RIGAKU 
ULTIMA IV XRD, and Mitutoyo microhardness devices. 
For the shape recovery rate (SRR) analysis, samples of the 
sizes specified in Table 2 were prepared accordingly. The 
bend testing samples were subjected to a heat treatment pro-
cess by heating them in an oven at 900 °C for 2 min. Subse-
quently, they were cooled in salt-ice water to restore the 
martensite phase state, which may have been altered during 
the cutting and sanding procedures. The maximum deforma-
tion strain ratio (ε) is determined using the formula 
� =

t

t+D
× 100% , where t represents the thickness of the strip 

sample and D denotes the diameter of the mold. In this 
study, the maximum deformation strain ratio was calculated 
to be approximately 21.42% for all the bending specimens. 
The alloys were subjected to deformation by an angle of �1 
around a 1.1 mm mold. Subsequently, they were placed in 
an oven at approximately 450 °C above the Af for a duration 
of 5 min. The shape recovery rate of the bend test samples 
was determined using the formula n =

�1−�2

�1
× 100% where 

θ2 represents the angle measured after the deformation.

Results and discussions

Cu-based alloys play a critical role in the formation of a 
metastable β martensite phase through a specific process 
involving high-temperature annealing followed by rapid 
cooling [27]. The process of high-temperature annealing 
followed by rapid cooling can induce changes in the phase 
structures of Cu-based alloys. Moreover, the introduction 
of additional elements and variations in the elemental ratios 
can further influence the phase structures of these alloys 
[7]. Research conducted on CuAlTa and CuAlTaNb alloys 
has provided valuable insights into the relationship between 
changes in elemental ratios and the resulting phase struc-
tures [13]. The objective of this study was to examine the 
influence of adjusting the elemental ratios in CuAlTa alloys 
and incorporating Gd elements on the resulting phase struc-
tures. Figure 1 illustrates the XRD patterns of both ternary 
CuAlTa and quaternary CuAlTaGd alloys at room tempera-
ture. The identification of phase peaks in the XRD patterns 
was based on existing literature research [7, 13, 28, 29]. 
Upon microstructural analysis of the alloys, it was observed 

that the dominant phase peaks were martensite �′
1
 (18R) and 

austenite � ′
1
 (2H) phases. The analysis revealed that the dom-

inant phase peaks were the martensite �′
1
 (18R) and austenite 

� ′
1
 (2H) phases. In the EE0 alloy, the intermetallic Al3Ta 

(DO19) phase was also found as a single phase. Addition-
ally, the addition of the Gd element to the EE1 and EE2 
alloys resulted in the formation of intermetallic Al3GdCu2 
phase peaks. It was also evident that all alloys exhibited the 
presence of the eutectoid � + � �

1
 phase, resulting from the 

decomposition reaction of the �′
1
 martensite phase. In the 

rapid cooling process of the dominant �′
1
 martensite phase, 

it is important to ensure that the ��
1
+ � �

1
 transformation phase 

peaks are preserved even during order transitions [30]. The 
presence of phase peaks in the EE1 and EE2 alloys, result-
ing from the addition of Gd, indicates that Gd influences 
the transition of martensite phase peaks. This influence 
leads to the formation of ��

1
+ � �

1
 phase peaks. The inclusion 

of Gd as an additive is believed to play a role in various 
transformations occurring in the alloys, such as � �

1
→ � + � �

1
 , 

��
1
→ ��

1
+ � �

1
 and Al3Ta → Al3Ta + Al3GdCu2 . The forma-

tion of α(Cu) precipitate [31] phase in conjunction with 
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Fig. 1   XRD patterns of alloys
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Al3GdCu2 intermetallic phase contributes to the formation 
of the �(Cu) + Al3GdCu2 phase structures. The phase struc-
tures of martensite ( �′

1
 ) and austenite ( � ′

1
 ) in sample EE2 are 

tightly intertwined at 40–50° and form a sharp ��
1
+ � �

1
 phase 

structure. The �′
1
 martensite phase was found to be 57.32° in 

the EE0 alloy but disappeared in the EE1 alloy. In the EE2 
alloy, the position of the peak shifted to 72.52°, resulting 
in the formation of �′

1
 martensite phase. Finally, the α(Cu) 

precipitate phase found at 87.86° in the EE0 was replaced 
by the Al3GdCu2 intermetallic compound.

The surface morphologies of the EE0, EE1, and EE2 
alloys were examined using OM images (Fig. 2a–c). The 
OM images clearly reveal the presence of martensite ( �′

1
 ) and 

austenite ( � ′
1
 ) phases [7]. The phases can be distinguished in 

Fig. 2a–c by the difference in contrast, with the martensite 
phase structures appearing darker compared to the austenite 
phase structures. Based on the OM images, it was observed 
that in the EE0 alloy, the grain sizes formed by the exist-
ing phases were above 50 µm. However, with the addition 
of Gd, the grain sizes decreased below 50 µm. This sug-
gests that the presence of Gd influences the grain size of the 
alloy, leading to a finer martensite (β1

’) and austenite (γ1
’) 

phase plates. Although the β-Ta and α(Cu) phases showed 
increased nucleation with the addition of Gd, their presence 
did not have a significant impact on the grain sizes.

Furthermore, in Fig. 2b, it can be observed that the β-Ta 
and α(Cu) phases are located within the grain boundaries 
and martensite phase structures. Particularly, the α(Cu) 
phases exhibit progression along the borders.

The SEM images in Fig. 3 provide valuable information 
about the surface structures of the alloys. The presence of 
martensite phase structures can be clearly observed in all 
alloys. These structures exhibit distinct features such as 
thin needle-like �′

1
 (18R) and the thick plate-like � ′

1
 (2H) 

structures [7]. The SEM micrographs reveal that with the 
addition of Gd, the thin needle-like �′

1
 and thick plate-like 

� ′
1
 phase structures are intertwined. The β1

′ (18R) phase 
structures appear as thinner ridges compared to the γ1

′ (2H) 
phase structure. This observation is in line with the results 
obtained from the XRD analyses, confirming the presence 
of these phase structures in the alloys. In the EE0 alloy, 
the �′

1
 phase is determined at four different peak points 

(~ 28.94°, 39.9°, 42.5°, 57.32°), while in the EE1 and EE2 
alloys, it is determined at two points, ~ 39.38°, 44.14° and 
39.88°, 72.52°, respectively. The � ′

1
 phase structure is identi-

fied at two different peak points, ~ 23.68° and 26.52°, in the 
EE0 alloy. However, it occurs as ��

1
+ � �

1
 at ~ 26.68°, 29.04° 

and ~ 26.96°, 42.5° in the EE1 and EE2 alloys, respectively. 
The EDX analysis reveals that the bright structures labeled 
as number 1 in all alloy samples correspond to the β-Ta 
phases (Fig. 3d–f). In particular, the EE1 and EE2 alloys 
exhibit β-Ta phases in rod-shaped forms. The EDX analy-
sis also indicates that the higher content of Ta in the EE1 
alloy compared to the other alloys leads to the formation of 
longer β-Ta structures in the EE1 alloy. The EDX analysis 
further reveals that in addition to the rod-shaped β-Ta phase 
structures in the EE2 alloy, there are bright point-like β-Ta 
structures that become more prominent and occupy other 

Fig. 2   Optical microscope 
images of alloys
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phase structures. These bright point structures may indicate 
localized concentration of the β-Ta phase. Furthermore, 
the dark structures observed within the martensite plates, 
labeled as number 2 in the EE0 and EE2 alloys, are identi-
fied as α(Cu) precipitate phase structures. The EDX analysis 
indicates that the ratio of Cu in the α(Cu) precipitate phase 
structures, formed due to the rapid cooling of the alloy under 
high temperature conditions, is higher in the EE2 alloy. 
The addition of Gd rare earth element to the alloys leads to 
the formation of micro-voids within the α(Cu) precipitate 
phase structures. These micro-voids can be attributed to the 

interaction between Gd and other alloying elements, which 
can induce lattice distortion and create voids during the 
phase transformation process. On the other hand, it is obvi-
ous that structures similar to the snow crystal structure in 
micron size are formed in the EE1 alloy. The XRD and EDX 
analyses indicate that the structures marked with number 3 
in the alloys increase with the addition of Gd and correspond 
to the � + � �

1
 phase structure. The increased Gd ratio in the 

EE2 alloy results in a clearer � + � �
1
 phase structure. The 

grain sizes of α(Cu), β-Ta and � + � �
1
 phase structures were 

determined to be below the order of 10 µm by SEM images. 
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Table 3 presents the elemental concentration values obtained 
from the EDX analysis of all phase structures identified in 
the alloys.

The presence of the metastable β phase in Cu-based alloys 
is significant for martensite transformations. Compared to 
other alloy groups, the β phase in Cu-based alloys is more 
intricate and can consist of multiple distinct phases coexist-
ing [32]. Figure 4 presents the DSC analysis curves, which 
are utilized to determine the phase transformation tempera-
tures in the alloys. The software of the DSC device is used 
to determine the transformation temperatures. Thanks to the 
software; The start/end point of the exothermic/endothermic 
change on the heat flow curves is determined. Then tangents 
are obtained from this point along the vertex and intersect 
with another tangent drawn along the temperature curve. The 
temperature value at this intersection point is determined as 
the transformation temperatures of the material. The DSC 
curves indicate that the � ′

1
→ �′

1
 and ��

1
→ ��

1
+ � �

1
 martensi-

tic phase transformations occur during heating and cooling, 
respectively [7, 33]. The shape memory characteristics of 
the alloys have been identified through these transforma-
tions, confirming their classification as shape memory alloys 
(SMAs) with transformation temperatures above 100 °C 
(Table 2), placing them in the category of high-temperature 
shape memory alloys (HTSMAs). The XRD patterns of the 
EE0 alloy exhibit single phases of �′

1
 and � ′

1
 which align with 

the minor peaks observed in the DSC analysis, indicating 
the formation of small peaks associated with the martensite 
transformation. The gradual broadening of the martensite 
transformation peaks in the EE2 alloy can be explained 
by the formation of �′

1
 and � ′

1
 phase peaks in the XRD pat-

terns as ��
1
+ � �

1
 . Additionally, being ��

1
+ � �

1
 requires more 

heat energy for martensitic transformations to occur during 
heating and cooling. By comparing the temperature values 

provided in Table 4, it is evident that the addition of Gd has 
an impact on the transformation temperatures of the alloys.

The hysteresis temperatures of smart materials play a cru-
cial role in their repeated active operations [34]. In applica-
tions, where there are low or high temperature differences, it 
is desirable to have a narrow or wide hysteresis temperature 
band, respectively [35]. The alloy that has been produced 
in this study exhibits a wide hysteresis temperature range, 
making it suitable for applications with significant tempera-
ture variations. This characteristic enhances the versatility 
and potential applicability of the alloy in various industries 
and fields. The fact that the addition of Gd increases the 
hysteresis temperature of the CuAlTa alloy from 150 to 
190 °C makes it more suitable for applications requiring 
a wide hysteresis temperature. However, it is important to 
investigate the factors such as dislocations, atomic radius, 

Table 3   EDX results of regions 
determined in SEM images

Alloys Location Cu/mass% Al/mass% Ta/mass% Gd/
mass%

EE0 2H 83.00 ± 0.6 16.20 ± 0.6 0.80 ± 0.7 –
18R 82.79 ± 0.6 16.27 ± 0.6 0.94 ± 0.8 –
1 ( �-Ta) 41.05 ± 0.5 15.12 ± 0.5 43.83 ± 0.7 –
2 ( �(Cu)) 85.22 ± 0.6 13.79 ± 0.5 0.99 ± 0.5 –
3 ( � + � �

1
) 82.23 ± 0.5 16.04 ± 0.3 1.73 ± 0.4 –

EE1 2H 84.91 ± 0.7 13.93 ± 0.5 1.02 ± 0.3 0.14 ± 1.1
18R 84.56 ± 0.7 14.87 ± 0.6 0.46 ± 0.4 0.11 ± 0.9
1 ( �-Ta) 30.38 ± 0.6 8.65 ± 0.5 60.63 ± 0.6 0.34 ± 0.7
2 (snow crystal) 85.27 ± 0.7 14.15 ± 0.6 0.43 ± 0.4 0.15 ± 1.0
3 ( � + � �

1
) 82.49 ± 0.6 14.23 ± 0.5 3.13 ± 0.8 0.15 ± 1.0

EE2 2H 84.89 ± 0.6 14.40 ± 0.6 0.55 ± 0.6 0.16 ± 0.6
18R 82.07 ± 0.6 16.01 ± 0.5 1.78 ± 0.5 0.14 ± 0.8
1 ( �-Ta) 21.46 ± 0.5 11.32 ± 0.6 66.73 ± 0.6 0.49 ± 0.7
2 ( �(Cu)) 95.09 ± 0.7 4.20 ± 0.6 0.58 ± 0.7 0.13 ± 0.9
3 ( � + � �

1
) 81.85 ± 0.5 16.81 ± 0.5 1.18 ± 0.6 0.16 ± 0.8
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stress, precipitate, etc., that influence the change in hyster-
esis temperature [35]. The SEM images of the precipitate 
structures reveal that Gd enlarges the precipitate structures. 
The growth in the precipitate phase structures is also evident 
from the strengthening of the XRD peaks of the precipitate 
phases. As a consequence, the hysteresis temperatures of the 
alloy tend to increase.

Transformation temperatures are influenced by both 
chemical and non-chemical forces [36]. The chemical driv-
ing force arises from the disparity in Gibbs free energy 
between the austenite and martensite phases. Non-chemi-
cal forces, on the other hand, stem from the elastic energy 
involved in shape and volume changes during the transfor-
mation process, as well as the dissipation of energy dur-
ing phase transitions [34]. To calculate these parameters, 
enthalpy ( ΔHM↔A ), the equilibrium temperature ( T0 ) and 
entropy ( ΔSM↔A ) values must be determined. The enthalpy 
energies are determined by analyzing the phase transforma-
tion peaks on the DSC curves of the alloys using DSC soft-
ware. The equilibrium temperature, at which the Gibbs free 
energy is equal, is calculated using the formula ( T0 =

Ms+Af

2
 ) 

[37]. The entropy energy is calculated with [11];

The entropy and enthalpy values of the alloys are pre-
sented in Table 5. The addition of Gd contributes to the 
broadening of the martensite transformation peaks, leading 
to an increase in both enthalpy and entropy energies. This 
change is visually illustrated in Fig. 5.

The thermoelastic phase transformation in alloys is 
related to the state of equilibrium reached during reverse 
transformations between chemical and non-chemical forces 
[36]. The Gibbs free energy required to explain this relation-
ship is calculated with [11];

and the elastic energy is calculated with [25];

(1)ΔS
M↔A

= ΔH
M↔A

∕T0

(2)ΔG
A→M

(Ms) = −(T0 −Ms)ΔS
M→A

The Gibbs free energies and elastic energies obtained are 
listed in Table 5. It is observed that the Gibbs free energy, 
which is the energy difference between the austenite and 
martensite phases, increases with the addition of Gd. Simi-
larly, the elastic energy is also affected by these changes. The 
expansion of the precipitate phases due to the increased con-
tribution of Gd leads to greater shape and volume changes 
during the transformation, resulting in an increase in the 
elastic energy value. The SEM image of the EE2 alloy pro-
vides clear evidence of the growth of precipitate phases, 
which contributes to the elevated stresses during the trans-
formation. This observation aligns with the temperature and 
energy increases observed in the thermodynamic parame-
ters, as depicted in Fig. 5. It is determined that the higher 
the entropy, the lower the order of the crystal structure [38]. 
Figure 6 illustrates the relationship between the quantities 
of Gibbs free energy, elastic energy, and entropy, allowing 
for a comparison among them. This comparison provides a 
clearer understanding of their interrelationship. Notably, in 
Fig. 6, it can be observed that the EE2 sample exhibits the 
most ordered crystal structure among the alloys.

The bend testing analysis, aimed at evaluating the shape 
memory behavior of the alloys, yielded the results sum-
marized in Table 1. Additionally, the experimental images 
of the alloys after undergoing the bend test are presented 
in Fig. 7. The shape recovery rate (SRR) ratios for the 
EE0, EE1, and EE2 alloys were determined to be 56.14%, 
56.66%, and 58.46%, respectively. Compared to previous 
studies [13], it is observed that the SRR ratio of the EE0 
alloy, which is produced by increasing the concentrations 
of Cu and Al elements and decreasing the concentration 
of Ta, shows an increase. The SRR ratios of the EE1 and 
EE2 alloys, produced by reducing the Cu concentration and 
replacing it with Gd, show a slight increase. The increase in 
the SRR ratio, despite the higher precipitation phases in the 

(3)Ge = (Ms −Mf)ΔS
M→A

Table 4   Transformation 
temperatures obtained by DSC 
analysis of alloys

Alloys As/°C Ap/°C Af/°C Ms/°C Mp/°C Mf/°C Ht(Af −Ms)/°C

EE0 355.3 368.9 379.5 224.2 210.7 185.3 158.2
EE1 358.0 369.6 378.7 214.9 202.1 173.5 167.5
EE2 330.1 377.5 415.3 225.9 194.6 148.4 182.9

Table 5   Some calculated 
thermodynamic parameters of 
alloys

Alloys T0/°C ΔG
A→M /J g−1 G

e
 /J g−1

ΔS
A→M /J 

g−1°C−1
ΔS

M→A /J 
g−1°C−1

ΔH
M→A /J g−1

ΔH
A→M /J g−1

EE0 301.8 1.08 1.46 3.7 14.0 4.23 1.41
EE1 296.8 0.74 1.04 2.5 9.0 2.69 0.75
EE2 320.6 1.75 8.24 10.6 18.5 5.95 3.41



11506	 E. Ercan et al.

1 3

Fig. 5   The obtained enthalpy 
variations and entropy varia-
tions of alloys
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tion of the relationship between 
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EE1 and EE2 alloys, indicates that the Gd element improves 
the shape recovery behavior.

Grains are formed by the combination of several crystal-
lites, which consist of unit cells. The diffraction pattern is 
known to be related to the full width at half height (FWHM) 
using Scherrer's equation [39]. The XRD data obtained for 
the crystalline size is closely matched to the reference code 
in the X'pert High Score software, and the FWHM is cal-
culated for each diffraction peak. B represents FWHM in 
radians; K = 2[ln(2)∕�]1∕2 is Scherrer's constant and is of 
the order of ≅ 0.9; � is the X-ray wavelength, d is the average 
size of the crystalline, and � is the Bragg angle in degrees 
[40, 41].

The presence of phase structures, combined with multiple 
crystallites composed of unit cells, signifies a relationship 
between grain size, crystallite size, and phase structures. 
This relationship leads to an impact on the martensite trans-
formation due to the influence of existing martensite phase 
structures on crystallite size. Consequently, the microstruc-
ture of the alloy, including grain size, phases, defects, and 
martensitic types and variants, undergoes changes depending 
on the alloy's composition and the manufacturing and pro-
cessing techniques employed [42]. Numerous studies have 
reported that changes in crystallite size impact mechanical 
performance [43–45]. In the CuAlNi system alloy, the addi-
tion of Ti elements resulted in inhibited precipitate phases 
and reduced crystallite size [45]. Similarly, the introduc-
tion of Ag element to the CuAlNi alloy led to decreased 

(4)Crystallite size (d) = K�∕B cos �

crystallite sizes and influenced phase transformation tem-
peratures, serving as a primary control factor [44].

Narasimha et al. [46] reported a reduction in crystallite 
size by 89% in the CuAlBe alloy with the addition of Zr. In 
the CuAlTa alloy, the addition of 0.5% (w.t) Gd increased 
the crystallite size from 32.02 to 51.64 nm. However, with 
an increase in Gd ratio to 1%, the crystallite size decreased 
to 39.86 nm. The calculation of crystallite size takes into 
account both the dominant phases and their densities. SEM 
images at the same magnifications reveal that in the EE1 
alloy with 0.5% (w.t) Gd, all phase structures appear larger, 
whereas in the EE2 alloy with 1% (w.t) Gd, the phase struc-
tures become thinner and smaller. Notably, α(Cu) (2) phase 
structures exhibit coarser structures. However, the higher 
ratio of 18R, 2H, β-Ta and α + γ1′ phases than α(Cu) pre-
cipitate phases showed that 18R, 2H, β-Ta and α + γ1′ phases 
were more effective in calculating the crystallite size. The 
comparison between the phase number determined by XRD 
analysis and the crystallite size in Fig. 8 indicates that the 
crystallite size decreases with an increasing phase number 
(diffraction), while it increases with a decreasing phase 
number.

The microhardness of the alloys was measured at room 
temperature by averaging values obtained from five differ-
ent regions, namely 18R, 2H, 1, 2, and 3. The microhard-
ness value of the non-Gd additive EE0 alloy was measured 
as 271.9HV0.3 In contrast, the microhardness values for 
the Gd-added EE1 and EE2 alloys were measured as 283.8 
and 260.7HV0.3, respectively. The microhardness values 
obtained in our study are consistent with the microhardness 
values reported by Ercan et al. for Cu-Al-Ta alloys, which 

Fig. 8   The variation of the 
phase number determined by 
the XRD patterns with respect 
to grain size of alloys
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range from approximately 200 HV to 290 HV [7]. In the 
EE0 and EE2 alloys, the microhardness values measured 
in the α(Cu) precipitate phase were 273.1 and 275.6 HV0.3, 
respectively. In the EE1 alloy, which exhibited a snow crys-
tal phase structure instead of the α(Cu) precipitate phase, 
the microhardness was measured as 294.9 HV0.3. A similar 
study also reported an increase in microhardness due to the 
high volume fraction of the snow crystal structure [47, 48]. 
Another factor contributing to the increased microhardness 
is the higher volume fraction of β-Ta phase structures in the 
EE1 alloy compared to the EE0 and EE2 alloys. The broad-
ening of XRD peaks (FWHM) is attributed to an increase 
in the density of crystal defects, including voids, disloca-
tions, and stacking errors, as well as the strengthening of 
precipitate structures and the growth of internal strains 
[49]. Figure 9 illustrates the impact of crystallite sizes on 
microhardness values, showing a linear relationship between 
microhardness and crystallite sizes.

Conclusions

The results obtained from various analyses, including optical 
microscopy, SEM–EDX, microhardness, XRD, DSC, and 
bend testing, for the EE0, EE1, and EE2 alloys, which were 
produced by varying the ratios of Cu and Gd elements while 
keeping the Al and Ta element ratios constant, are summa-
rized as follows:

•	 Based on the XRD results, it was identified that the main 
phases present in the alloys were martensite �′

1
 (18R) and 

austenite � ′
1
 (2H). Additionally, the alloys exhibited the 

presence of Al3Ta (DO19) and �(Cu) phases. The inclu-
sion of Gd element resulted in the formation of the inter-
metallic phase structure Al3GdCu2 (DO19). Due to the 
rapid cooling process, the phase transitions involving �′

1
 , 

� ′
1
 , �(Cu) and Al3Ta phases were not fully completed, 

leading to the coexistence of phase compounds such as 
��
1
+ � �

1
 , �(Cu) + � �

1
 , �(Cu) + ��

1
 , �(Cu) + Al3GdCu2 and 

Al3Ta + Al3GdCu2 , which were intertwined with each 
other.

•	 Thin needle-like �′
1
 (18R) and thick plate-like � ′

1
 (2H) 

structures were clearly seen in SEM images and con-
firmed by optical microscope images. SEM images iden-
tified structures numbered 1, 2, and 3 as belonging to the 
β-Ta phase, the α(Cu) precipitate phase, and the � + � �

1
 

phase structure, respectively. In the EE0 alloy, there was 
an observed increase in the size of the pit-form α(Cu) 
phase structures. However, in the EE1 alloy, these α(Cu) 
phase structures exhibited a snow crystal-like form.

•	 The optical microscope images revealed that the mar-
tensite ( �′

1
 ) and austenite ( � ′

1
 ) phase structures, as deter-

mined by XRD and SEM–EDX analyses, were separated 
by grain boundaries, and small-sized α(Cu) precipitate 
phases were present.

•	 The DSC analysis results revealed that the inclusion 
of Gd did not have an impact on the high-temperature 
shape memory characteristic of the alloy. However, it did 
modify other thermodynamic parameters. The hysteresis 

Fig. 9   The variation of micro-
hardness with respect to grain 
size of alloys 285
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temperature was observed to rise with the addition of 
Gd, making the material suitable for applications that 
involve high-temperature operations. The entropy, Gibbs 
free energy, and elastic energy values indicated that the 
EE2 alloy, which had the highest Gd content, exhibited 
the most organized crystal structure.

•	 It was observed that the addition of Gd resulted in a 
decrease in the crystallite size, particularly in the mar-
tensite and austenite phase structures, compared to the 
precipitate phase structures. This alteration in the phase 
composition contributed to a slight enhancement in the 
SRR rate.

•	 The EE1 alloy exhibited the highest microhardness value 
among the alloys studied, which can be attributed to the 
significant volume fraction of snow crystal-like and β-Ta 
phase structures present in this alloy.
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