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Abstract

Recently, researchers have shown an increased interest in Cu-based shape memory alloys due to their special characteristics,
which can be used in high-temperature applications. In this study, ternary shape memory alloys in the form of CuAlFe with
different ratios of iron and quaternary CuAlFe alloys containing Ni, Mn, and Ti were produced by arc melting. Then the
produced alloys were kept at 900 °C for 24 hours to make sure that all constituents in the alloys were homogeneously
distributed. The change in the transformation temperatures for all samples was checked out by Differential Scanning
Calorimetry (DSC). Also, the change in the crystal structure and microstructure were determined by x-ray diffractometer
(XRD) and scanning electron microscopy (SEM), respectively. The aim of this study is to compare the thermal and
microstructural properties of quaternary alloys formed by adding Ni, Mn, and Ti elements to CuAlFe-based shape memory
alloy with different rates, which is not available in the literature. The result of this study; although the electron concentration
value increased, a significant decrease was observed in the values of the transformation temperatures. Increasing Fe-element
decreased the transformation temperature non-linearly. Ni and Mn contents added to CuAlFe shape memory alloys have
reduced transformation temperatures, such as Arand My The XRD and SEM-EDX measurements showed the martensite phase
with some produced compound precipitated in the matrix phase.
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1. Introduction

Nowadays, shape memory alloys (SMAs) have become
more important because of their wide applications in
different sectors [1-3]. Since, copper-based SMAs are casy
be produced easily, relatively inexpensive, and have a shape
memory effect like NiTi-based SMAs, then they have
become more attractive to engineers and metallurgists [4].
In addition, these alloys have small hysteresis and exhibit
good thermal and electrical conductivity [5]. Recently, the
demand for high-temperature SMAs, which have
transformation temperatures of more than 100 °C, has
rapidly increased, especially for automotive utilization [3].

Numerous studies were conducted to increase the
transformation  temperatures and improve  some
thermal/mechanical behavior of SMAs [6]. Copper-based
shape memory alloys have received much attention recently
due to their good ductility, ease of production and
processing, and low cost. Cu-based SMAs, such as copper-
zinc (Cu-Zn), copper-aluminum (Cu-Al), and copper-tin
(Cu-Sn) alloys have good strain recovery, easy to
manufacturing, excellent thermal conductivity, and show
electrical properties. Ternary Cu—Al-Fe alloys can be used
for applications above 200 °C with relatively good SME [7].
Binary Cu-Al alloys suffer from poor cold workability and
martensite stabilization; therefore, adding third or fourth
additive with different rates drawbacks can improve their
characteristics [8].

Among the quaternary Cu-based shape memory alloys
mostly investigated, the Cu-Al-Ni, Cu-Al-Zn, and Cu-Al-
Mn alloys have been studied extensively [9]. In the

literature, there are studies about adding Ni, Mn, Be to CuAl
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shape memory alloy. For example, from the results of Ni
addition in several studies on CuAlINi ternary shape
memory alloys; Vasilenko et al. [10]. Determined the
dependence of Ms on aluminum concentration for
polycrystalline samples with 4 wt. pct Ni. Ximming et al.
[10] studied the dependence of temperature on
concentration in alloys with a constant value of 4.5 wt. pct
Ni and obtained a line, the slope of which diminishes at high
aluminum concentration. On the other hand, in the shape
memory alloy studies of the ternary CuAlMn examined
until this time, Sampath found that the grain size of CuZnAl
SMAs can be obviously reduced by Zr, Ti elements [11, 12].
Even Sutou et al. reported that Si, B addition can greatly
reduce the grain size of CuAlMn SMAs [13]. They also
concluded that the effect of grain size on performance and
the size of the grain plays an important role in the
mechanical properties and energy absorption capacity.
Mallik investigated the effects of different elements on the
shape memory effects, transformation temperatures, and
superelasticity of CuAlMn SMAs, and some possible
positive results were obtained [14]. On the other hand,
Lelatko et al. produced CugsAli2sNbTig3Boos (mass%)
shape memory alloy and other new alloys by adding Ni, Co,
and Cr to this alloy. They found that the addition of these
elements changes the transformation temperature value of
austenite start temperature [15, 16].

In this study, some new HTSMAs were studied for iron-
doped CuAl alloy. Also, some elements such as Ni, Mn, and
Ti were added to CuAlFe alloy to investigate thermal,
mechanical behavior of the quaternary alloys However, up

to now, there has been very little work systemically
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studying at these rates. Different measurements, including
DSC for obtaining thermal profile, XRD for crystal
structure, and SEM for crystal structure were carried out.

2. Experimental Procedure

The desired amounts of Cu, Al, Fe, Ni, Ti, and Mn
powder elements were used for preparing six different
ternary and quaternary SMAs. Then the well-mixed
powders were pelletized. The pellets with compositional
formula: Cusz7Ali32Feq 1, Cus22Ali32Fes, CusizAlisoFes ),
CusosAlizoFes Nij 2, CusosAlizoFes Tii o, and
CusgosAlys2Fes. 1Mn;» were labeled as CAF-1, CAF-2, CAF-
3, CAF-Ni, CAF-Ti, and CAF-Mn, respectively. The alloys
with desired compositions are listed in Table 1. Then, the
pelletized alloys were melted in an arc melting furnace to
form ingots, and they remelted several times to get a high
homogeneity. The obtained alloys were kept in a furnace at
900 °C for 24 hours, and then the normalized alloys were
quenched using ice-salty-water  (ice-brine).  The
transformation temperatures and enthalpy changes of all
alloys were determined using DSC with a heating-cooling
rate of 20 °C/min in an argon gas atmosphere. The DSC
measurements were repeated with different heating/cooling
rates of 10, 20, 30, and 40 °C/min to calculate activation
energy. The Kissinger method was used for activation
energy calculations through solving the Arrhenius equation
[17]. Finally, the crystal structure and consisting phases of
the samples were determined by the XRD diffractometer
and SEM-EDX device at room temperature.

3. Results and Discussions

The DSC curves of CAF-1, CAF-2, CAF-3, CAF-Ni,
CAF-Ti,and CAF-Mn alloys are given in Figure 1a, and the
obtained transformation temperatures are listed in Table 2,
whereby, A, A; M, and My represent austenite start,
austenite  final, martensite start, martensite final
temperatures, respectively. It is found that the electron
concentration (e/a) and adding different elements to CuAlFe
SMA, had a dominant effect on phase transformation
temperatures of the alloys. Adding Fe instead of Cu-element
in CAF-1, CAF-2, and CAF-3 ternary alloys, non-linearly
diminished the value of transformation temperatures. Yang
et al. [7] worked on Cusgss Alji+x Fes SMAs for three
samples with (»x = 0, 1, 2), and they realized that the
transformation  temperatures were decreased with
increasing Al content. Likewise, Raju and Sampath [18]
Reported that a small change of Fe in the CuAlFe SMA
caused a serious change in the transformation temperatures.
The results of this study agree with the aforementioned
studies, whereby, increased Fe-content in CuAlFe alloy
caused a significant shift in the transformation temperature,
e.g., M, dropped from 252.6 to 187.5 °C.

The transformation temperature values of CAF-Ni are
less than CAF-1, CAF-2, and CAF-3, while corresponding
temperatures in CAF-Tialloy are higher than others. Nickel
and titanium can increase the electron concentration in
CAF-Ni and CAF-Ti alloys which can significantly affect
on physical properties of these SMAs. The results of
transformation temperatures and (e/a) are given in Table 2.
The results showed that, although the electron concentration
value increased, there was a significant decrease in the
transformation temperatures. Similar results were reported
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by Zarinejad et al. [19]. Ni as a magnetic element has
more impact than the manganese element. CAF-Ni alloy has
lower A, but bigger M;, compared with CAF-Mn alloy.
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Figure 1. a) DSC graphs of all alloys. b) Activation energy
curves of SMAs

Two different methods can be used to find to activation
energy of the samples: one is Kissenger and the other is
Ozawa method. The Kissinger equation is obtained from
solving the Arrhenius equation, which can be used for
calculating activation energy. The equation is expressed as
follows [20, 21]:

In(3/T?) =A—E/RT (1)

where /§ is the heating rate, E is the activation energy, R (=
8.314 J-K''mol™") is the ideal gas constant, 4 is the
intercept, and 7 is the absolute temperature [22]. Using DSC
results obtained and by applying Eq. (1), the activation
energies are calculated and listed in Table 2, their values are
also demonstrated in Figure 1b. CAF-1 has the highest
activation energy with the lowest electron concentration
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value. As the electron concentration increased, a significant
reduction in the activation energy occurred. However, the
combination of Ti in the CAF-Ti alloy has comparable

higher activation energy compared to the other alloys.

Table 1. Atomic and mass ratios of the high-temperature shape memory alloys.

Composition (wt.%)

Composition (at.%)

Samples

Cu Al Fe Ni Ti Mn Cu Al Fe Ni Ti Mn
CAF-1 85.6 9.7 4.7 75.3 20 4.7
CAF-2 86.4 9.1 4.5 75.5 18.9 4.5
CAF-3 84.7 120 33 72.5 243 3.2
CAF-Ni 83.5 107 53 0.5 - - 72.5 21.9 52 0.5 - -
CAF-Ti 84.7 123 25 - 04 - 72.3 24.8 24 - 0.5 -
CAFMn 84.7 11.5 26 - 1.2 72.9 23.4 2.5 e - 1.2

Table 2. Electron concentration, transformation temperatures, enthalpy change, and activation energy of the alloys.

Alloys o Aj Ap Ar My M, My AHM-A  AHA-M E
(°O) O 0 O (O (O J/g) (J/g) (kJ/mol)
CAF-1 164 3101 3421 3590 261.0 2526 2237 1797 -6.92 2211.8
CAF-2 166 2787 3220 3548 2566 2420 2148 450 2.77 429.6
CAF-3 1.67 2988 3429 3641 1956 1875 1675 8.0l 951 221.4
CAF-Ni 168 2679 3205 3512 2046 1904 1541  5.83 -6.09 265.6
CAF-Ti 176 3171 3686 3832 2434 2333 2105 110 -11.4 1150.1
CAF-Mn 163 2761 3252 3427 1616 153.6 1435 7.99 -8.38 204.9

Table 3. Equilibrium temperature, Gibbs free energy, entropy change, elastic energy calculated for CuAdlFe SMAs.

Alloys To AGA—M ASA—M ASM=A Gk Temperature Hysteresis
(K) () (J/kg K) (J/kg K) () (K)
CAF-1 583.1 669.7479 11.8676 13.66832 442.6616 98
CAF-2 578.8 381.7381 4.785764 7.774706 200.0449 98.2
CAF-3 552.95 1220.44 17.19866 14.48594 483.2824 168.5
CAF-Ni 551 775.5699 11.05263 10.58076 558.1579 146.6
CAF-Ti 586.4 1311.221 19.44065 18.75853 639.5975 139.8
CAF-Mn 525.25 1377.429 15.95431 15.2118 288.773 181.1
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Figure 2. XRD diffractograms of CAF-Ni, CAF-Mn, and X
phase for CAF-Ti alloy.
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Figure 3. SEM images of produced alloys were taken at

room temperature.

The XRD measurements were accomplished at room
temperature for all samples and their patterns are illustrated
in Figure 2. Indexing of crystal structure of the alloys was
specified using literature [23-25]. Ercan et al. determined
different phases of a high temperature CuAl-Ta shape
memory alloys by analyzing XRD pattern [26]. The peaks,
which represented the 18R-martensite phase, are common
in all alloys. In a different study, Qader et al. found that
CwAly precipitate phase in the XRD analysis of a
CugoAlisNizHfs SMA [2] .The two dominant precipitation
phases are CugAls and Cu (Al, Fe) in the CAF-1, CAF-2,
and CAF-3 alloys. Also, XRD peaks showed the presence
of CugAls, 18R, and Cu (Al, Fe)-Ni/Mn precipitate phases
in CAF-Ni and CAF-Mn alloys. Furthermore, in the
titanium-doped CAF-Ti alloy, each of CugAls, X-phase, and
Cu (Al, Fe) -Ti precipitate phases were encountered [25].
According to the obtained results, the addition of Ti formed
a different precipitate phase in the crystal structure of the
Cu-Al-Fe alloy.

Figure 3 shows the SEM images of all samples. The
precipitate phases were found in the martensite plates and
the detail about the chemical composition was checked out
by EDX measurements. Ercan et al. observes that the
presence of martensite plates in SEM images of Cu-Al
based shape memory alloys [26]. The spectrum in CAF-1
SMA, labeled 1, 2, and 3, represents CuoAls phase, Fe (Al,
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Cu), and Cu (Al-Fe) phases, respectively. Similar
precipitation phases were found in CAF-2 and CAF-3
samples labeled as 4-8. In the CAF-Ni alloy, spectrum 9
showed Fe (Al, Cu)-Ni phase, and spectrum 10 indicated
CuoAls-phase. CAF-Ti alloy possesses X-phase, which was
not found in the other alloys, while Cu (Al, Fe)-Ti phase
appeared in all samples. Finally, in the CAF-Mn alloy, Fe
(Cu, Al) -Mn, CusAls, and Cu (Al, Fe) -Mn precipitate
phases were encountered.
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Figure 4. (a) Phase transformation temperature of different
composition rates in CuAl-based alloys. (b) Enthalpy and
entropy change Phase transformation temperature of
different composition rates in CuAl-based alloys. (c) Gibbs
free energy and elastic energies of different composition
rates in CuAl-based alloys.

It is very important to define phase transformation
temperatures of SMAs, which are indicated by austenite
start (4y), austenite finish (4;), martensite start (M), and
martensite finish (My) [27] because thermomechanical
behavior of SMAs depends on these values [28]. The
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obtained results are revealed in Figure 4a. It can be found
that the value of transformation temperatures has reduced
by adding more Ni and Mn contents into Cu-Al-based

alloys. Entropy is another physical parameter that can
change throughout a thermodynamic process. The entropy
change in an austenite transformation process (AS™~4) can
be calculated by the following formula [3, 29-31]:

AHM—»A
ASMPA = —— | 2)
To

where AHM~4 is the enthalpy change that was obtained for
all samples by calculating the area under the endothermic
DSC peaks; T,is equivalent temperature, where the Gibbs
free energy of phase transformation is zero and is equal to
(M + Af)/2 [26, 32, 33]. The enthalpy is changed during
martensitic phase transformation in an SMA [34]. Besides,
Gibbs free energy for the martensite phase transformation is
as follows [35-37]:

AGA_}M(MS) = _(To - MS)ASM_)A 3)

The elastic energy, G, , is another thermodynamical
parameter that represents the energy saved in martensite
variants, of the SMAs. Gibbs Free energy of an SMA
throughout martensitic phase transformation may be a
combination of changing some parameters of physical of the
alloys [38]. It can be calculated by [39-41]:

G, = (M; — My )ASM=4 “

Figure 4b shows the enthalpy and calculated entropy
changes of the alloys, also Figure 4c exhibits the Gibbs free
energy and elastic energies of CuAl-based alloys with
different composition rates. Aydogdu et al. stated that the
enthalpy and entropy values calculated with the addition of
Co element in different ratios of Cu-Al-based shape
memory alloys were in harmony [42]. The enthalpy change
during the martensitic transformation, the entropy change,
and the Gibbs free energy value are in harmony with each
other. The results obtained are given in Table 3. Elastic
energy includes elastic stress energy, substantially. This
energy is the result of a change in the crystalline lattice
during austenite <> martensite transformation [43].

4. Conclusion

The effect of changing composition of CuAlFe shape
memory alloy was investigated; moreover, Ni, Ti, and Mn
were added with desired amount to the ternary CuAlFe
alloy. Thermal and microstructural analysis of the alloys
was found using different characterization, which is
summarized as follows:

e  The different electron concentrations and the addition
of various elements had a dominant effect on
transformation temperatures.

e Increasing Fe-element decreased the transformation
temperature non-linearly.

e Due to increasing in the electron concentration, the
activation energy decreased.

124/ Vol. 24 (No. 2)

e The XRD and SEM-EDX measurements showed that
precipitation phases were encountered with the
martensite-matrix phase.

e Ni and Mn contents added to CuAlFe shape memory
alloys have reduced transformation temperatures, such
as A f and ]\4/

e The value of elastic energy of the alloys was also
affected by changing the compositional in the
quaternary shape memory alloys.
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