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Cu-based shape memory alloys (SMAs), the closest alternative SMA group to the superior but high-cost NiTi SMAs,
can have possibilities for more microstructural optimisation for operating at high temperatures. In this work, the
ternary CuAlFe high-temperature shape memory alloy (HTSMA) was fabricated by melting in an arc melter. The
obtained alloy was homogenized and then quenched to build the martensite structure (shape memory mechanism)
in the alloy texture. To investigate the shape memory characteristics of the CuAlFe alloy, differential scanning
calorimetry (DSC) and differential thermal analysis (DTA) measurements were carried out to observe the thermally
induced reversible martensitic phase transformations. To reveal the existence of the formed martensite phases in
the alloy, X-ray diffraction (XRD) test was performed by using CuKa radiation at room temperature. The obtained
all results revealed the high-temperature shape memory effect properties of the fabricated CuAlFe alloy. Therefore

can be potentially beneficial in the HTSMA related research, development and application areas.
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1. Introduction

Since the first discovery of shape memory alloys (SMAs) in
the mid of last century, these promising smart materials
having unique functional shape memory effect (SME) and
superelasticity (SE) properties, have been produced by
different production methods and utilized in many
technological and industrial application areas such as
automotive, actuator, aero-space, medical, robotics, civil-
engineering, energy  harvesting/converting, textile,
micro/nano electromechanic systems (M/NEMSs), or
optoelectronic [1-16].

Among commercial SMAs, nickel-titanium (NiTi, or
nitinol) SMAs are preferred to be used in most of

applications [1,2,4-9,13-15,17-25] due to the superior
shape memory and superelastic properties of these expensive
SMAs. But, cost-effective Cu-based based SMAs, being
nearly ten times cheaper than NiTi ones, are regarded the
closest alternative to NiTi SMAs.

The working mechanism of shape memory effect property of
SMAs is based on a solid-to-solid phase transition reaction
called as martensitic transformation. = Martensitic
transformations, fundamentally induced by heat, occur
reversibly, atomically non-diffusional and isostatically
between two different solid phases of SMAs called as the
product or martensite phase (low temperature phase) and the
parent or austenite (high temperature phase) [2]. The
martensitic transformation can be forward transformation
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from austenite to martensite (A—M) on cooling a SMA or
reverse transformation from martensite to austenite (M—A)
on heating a SMA. For example, during cooling a NiTi
SMA, when the temperature reaches down to a critical point,
an austenite phase with cubic lattice structure can convert to
a martensite phase with a monoclinic lattice structure, which
is a forward or direct martensitic transformation [2,26]. The
start and finish temperatures for the reverse transformation
(transformation to austenite, M—A) and forward
transformation (transformation to martensite, A—M) are
denoted from the highest to the lowest as Ar> Ag> Mg > Mg,
sequentially. Transformation to each one of these solid
phases completes at their finish temperatures (Ar or My). If
a SMA is plastically bended (permanently deformed) when
it is in martensite phase (at below My) and then heated up to
above Ay, the SMA will get austenite phase and (original)
shape by heat-induced internal stresses forcing crystal
structure (unit cell) of martensite transform into crystal
structure of austenite. The sum of all microscale shape
(geometric) change of unit cells of deformed martensite in
such transformation to the first original (austenite) shape
can be eye-seen as a macroscopic shape change.

Studies on polycrystalline Cu-based SMAs have still been
made without cutting pace to modify their SME, SE or
damping properties and/or to improve their disadvantages
such as their brittleness, and thermal instability (instability
of martensite or austenite phases) that affects transformation
temperatures, hysteresis, strain recovery i.e. their shape
memory properties.

SMAs with high working (transformation) temperatures,
called as high-temperature shape memory alloys
(HTSMAs), are demanded in many related applications
such as robotics, aerospace, automotive or power generation
[18]. Some NiTi-, Ti-, Ni-, Zr-, or Ru-based HTSMA
systems [18,27,28] have already been studied until today.
However, Cu-based HTSMAs [29-32] are cost-effective
and can exhibit higher transformation temperatures and also
they show easier processing performance that is good to
manufacture parts with complex structures [30]. Therefore,
they atracts researchers to investigate on them and to
improve or modify their properties.

Generallly, CuAINi and CuAlFe HTSMAs with relatively
good SME are two main group of Cu-based HTSMAs
showing transformation temperatures above 200 °C that can
be adjusted in a range between 100 and 500 °C [27,30].
CuAlFe HTSMAs can show higher transformation
temperatures than CuAINi ones [30]. However, CuAlFe
HTSMAS still need to be more investigated, especially to
study on their thermodynamic shape memory properties and
to obtain different transformation temperatures.

In this work, the ternary CuAlFe high-temperature shape
memory alloy (HTSMA) with 67.98Cu-27.51A1-4.52Fe

2
(at%) was fabricated by arc melting method and its SME
properties were investigated by thermal and structural tests.

2. Experimental Work

The ternary CuAlFe high-temperature shape memory alloy
(HTSMA) with 67.98Cu-27.51Al1-4.52F¢ (at%) composition
was fabricated by melting the pelletized powder mixture of
high purity (%99.9) elements of Cu, Al, and Fe in a vacuum
arc melter. After obtained the arc-melted ingot alloy, the
ingot was cut into small test samples and then were
homogenized at 900 °C for 1 hour and immediately
quenched in iced-brine water (in order to form martensite
phase in the alloy by this rapid cooling). The differential
scanning calorimetry (DSC) tests were carried out by using
a Shimadzu 60A label DSC instrument at different 15, 20,
25 and 30 °C/min of heating/cooling rates under an inert
argon gas flow of 100 ml/min to reveal the thermally induced
shape memory effect behavior of the produced alloy. The
differential thermal analysis (DTA) test was taken under
same inert gas flow and at a single 25 °C/min of
heating/cooling rate between room temperature and 900 °C
by using a Shimadzu DTG-60AH instrument for behavior of
the alloy at high temperatures. X-ray diffraction (XRD)
pattern was obtained at room temperature via a Rigaku
Miniflex 600 model X-ray diffractometer (by using CuKa
X-rays) in order to reveal the formed martensite phases in
the alloy matrix. EDS (energy dispersive X-ray spectrum)
analysis was made to detect the alloy composition of the
CuAlFe HTSMA by using a SEM-Hitachi SU3500
instrument at room temperature.

3. Results and Discussion

The DSC curves of the CuAlFe HTSMA obtained at
different heating/cooling rates are given in Fig.1.
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Fig.1. The DSC curves of the CuAlFe HTSMA show the
down endothermic and up exothermic peaks indicating the
reversible martensitic phase transformation peaks.
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These looping DSC thermograms (curves) show the down
endothermic phase transition peaks on their heating parts
and up exothermic peaks on their cooling parts, which in
turn indicate the reverse (M—A) and forward (A—M)
martensitic phase transformation peaks of the CuAlFe
HTSMA at high temperatures above 200 °C.

The characteristic martensitic transformation temperatures
(As, A, Amax, M5, and My) and the thermodynamic reverse
(M—A) transformation enthalphy change (AHwm—a) values
of the fabricated CuAlFe HTSMA were directly determined
from the DSC peak analyses data obtained by applying

3
tangent method and these are all given in Table 1. Also in
this table, the given values of the thermal equilibrium
temperature (Ty), i.e. at where there is no any driving force
leading to a martensit transformation since the Gibbs
(chemical) free energies of martensite and austenine phases
are equalized at this temperature, were calculated by using
Tong-Wayman formula [11,33] below;

T, = (4 + M,) (1)

Table 1: The characteristic martensitic transformation temperatures and thermodynamic parameters of the CuAlFe HTSMA
obtained from the DSC peak analyses data.

Heating/cooling As Ar Amax Ms Mr As-M¢ To AHm-A ASm-a
rate (°C/min) (°C) (°C) (°C) (°C) (°C) (°C) (°C) J/g) (J/g°C)
15 317.36 363.82 342.95 219.54 198.05 119.31 291.68 8.97 0.0308

20 314.48 360.04 344.05 224.19 199.50 114.98 292.12 11.05 0.0378

25 318.44 369.73 347.56 229.37 200.78 117.66 299.55 11.00 0.0367

30 317.38 362.58 346.39 233.29 200.10 117.28 297.94 12.18 0.0409

Avg. 316.92 364.04 345.24 226.60 199.61 117.31 295.32 10.80 0.0365

The values of another thermodynamic parameter, the
reverse transformation entropy (ASwm—.a) change, also given
in Table 1, were calculated by substituting the enthalpy
change values in the formula given as below;

BSy-y = =2 2)
To
Apart from these, one another thermodynamic parameter,
the activation energy (Ea.) value of the reverse martensitic
phase transition reaction of the fabricated CuAlFe HTSMA
was calculated, too. E, energy is an important reaction
kinetic parameter in formation of martensitic transformation
and it affects on the crystallization behavior of the alloy.
Since martensitic phase transitions are first-order reactions,
to calculate the E, value of the CuAlFe HTSMA the formula
of Kissinger [26,34] can be properly used as expressed
below;
)]

EC I ©
here; ¢ refers to heating/cooling rate of DSC test, T,
represents the maximum peak temperature (Amax) of
transformation and R is the universal gas constant (R=8.314
J/molK). The fraction term in the left side of Eq.3
expressing the change of activation energy is determined as
the slope value obtained by linear-fitting In(®/T,°) vs.
1000/T,, plot given in Fig.2. By substituting this slope value
in Eq.3, the The Ea activation energy value for the reverse

martensitic phase transition of the produced CuAlFe
HTSMA was found as 381.08 kJ/mol.
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Fig.2. The activation energy change plot of the CuAlFe
HTSMA.

The DTA curve of the CuAlFe HTSMA obtained at 25
°C/min of heating/cooling rate presented in Fig.3 shows the
other thermally induced reactions in the CuAlFe HTSMA at
high temperatures and also shows the reversible martensitic
tansformation peaks again. The multiple peaks formed on
the down side heating part of this DTA curve indicate a
multiple phase transition chain and sequentally from far left
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to the far right these peaks are the transitions as follows:
martensite (B1’) —austenite (B1; DOs; or L2;) — B2
(metastable cubic) — precipitating — eutectoid dissolution
— B2 (ordered cubic) —A2 (disordered cubic). This phase
transitions chain is seen commonly in Cu-based SMAs
[11,29,35-37].
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Fig.3. The DTA heating/cooling curve loop taken at single
25 °C/min of heating/cooling

The e/a ratio (average valence electron concentration per
atom ratio) of the CuAlFe alloy was calculated as 1.596 by
using the atomic fractions of the alloying elements
constituting the 67.98Cu-27.51A1-4.52F¢ (at%)
composition of the alloy determined by the EDS test in the
customized formula [11,29] given as below;

e
o= feuwVeu + farVar + freVre 4

here; frefers to the atomic fractions of the alloying elements,
and v represents the corresponding valence electron
numbers (here; vcy =1, vai=3, and vre=2) of these elements.
The e/a ratio of the CuAlFe alloy is found above the e/a ratio
range of 1.45-1.51 which range is expressed as a theoretical
condition for Cu-based alloys to have most probably a shape
memory effect [2,29]. Moreover, Cu-based SMAs with e/a
ratios in or close to this range can have two different
martensite forms (B1’ and y1') together. The e/a value of the
CuAlFe alloy found as 1.596 indicates that the y'1(2H) type
martensite phase must be formed dominantly over and
together with the f'1(18R) type martensite in the produced
CuAlFe memory alloy [29,35,38]. To confirm the presence
of these martensite phases, the XRD test result of the alloy
is given below.

The XRD pattern of the CuAlFe HTSMA given in Fig.4
displays the peaks indicating the presence of the monoclinic
B1'(18R) and orthorhombic or hexagonal y1'(2H) type
martensite phases formed in the alloy at room temperature
by the effect of rapid cooling (at the end of quenching). As
seen on this pattern, the main XRD peak with the highest
intensity is B1'(128) martensite peak, and the others are also

4
some B1’ and some y1' type martensite peaks [27,29,39—41].
As seen on the XRD pattern of the CuAlFe alloy, as if the
B1" peaks are the dominant martensite peaks. However,
according to the e/a value of the CuAlFe alloy, the y1' peaks
were normally expected to be observed as the dominant, i.e.
to be more intense and no fewer than the B1’ peaks. The
cause of this is resulted from that the 2H hexagonal
martensite has lesser symmetry (or more amorphism) than
the monoclinical 18R martensite and also from the selected
X-ray test area of the alloy surface [11]. The sum of
coherently scattered X-rays or the scattering domain
(spherical or ellipsoidal particle) size of 2H martensite is
smaller than that of 18R martensite (the hexagonal 2H phase
scatters fewer X-rays than a monoclinical 18R phase and it
also absorbes less) [11].
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Fig.4. The XRD pattern of the CuAlFe HTSMA shows the
co-existence of B1’' (18R) and y1' (2H) types of martensite
phases.

By using XRD data of the main peak, the crystallite size (D)
of the CuAlFe HTSMA was determined by using Debye-
Scherrer formula [26,42] as given below;

0.914
- Bj cos 0 (5)
2

here; A stands for the wavelength of the CuKa X-ray (A=
0.15406 nm), By, refers to the full width at half maximum
(FWHM) value belongs to the highest (main) peak, and 8
represents the Bragg angle of X-ray diffraction. The
crystallite size (D) of the CuAlFe HTSMA was found as
11.27 nm.

4. Conclusions

The ternary Cu-Al-Fe HTSMA was fabricated succesfully
by arc melting and the characterization tests of the alloy was
made by differential calorimetry (DSC, DTA) and structural
(XRD, EDS) measurements to investigate the shape memory
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effect characteristics of the CuAlFe alloy. The calorimetry
tests (DSC and DTA) results showed the stable and
powerful peaks indicating the reversible martensitic
transformations at the temperatures approximately in
between 198 °C and 369 °C, and also the DTA curve on
heating showed the multiple phase transitions chain of
B1’(or B1°+y1") — B1(DO;3 or L2;) — B2 — A2 which is
common to the Cu-based shape memory alloys. The XRD
pattern revealed the fl’and yl™ types of martensites co-
existing in the alloy, so that existence of a crystallographic
base mechanism needed for the CuAlFe HTSMA to have its
shape memory effect property was confirmed. The
thermodynamic characterization of shape memory effect
features of the fabricated CuAlFe alloy and other findings
obtained in this work can be notably useful in HTSMA
related research, development and applications.
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