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Shape memory alloys (SMAs) have reached a numberless utilization in a wide range areas of modern technology
over the last few decades. This is mostly because these smart materials have some very useful distinctive properties
such as shape memory effect (SME), and superelasticity (SE), or damping. The most commonly preffered SMAs
due to the superior SME and SE properties are the expensive NiTi alloys that constitute a majority commercial
SMAs. Therefore, been regarded as the closest alternative to NiTi SMAs, the cost effective and easierly processable
Cu-based SMAs are focused by researchers in SMA related areas in order to improve their SMA properties by some
methods. Adding one or more grain refining alloying elements (Mn, Ni) to binary Cu-based SMAs (e.g. Cu-Al) is one
of such ways. One of the resultants, the ternary CuAlMn Heusler SMAs have already proved their good SMA
properties and these SMAs can potentially be improved more by future research. In this work, the Cu-rich ternary
CuAlMn SMA with minor amount of Mn content was fabricated by arc melting technique. After homogenizing the
alloy in B-phase region and quenching it in ice-brine water to form the 1’ martensite phase in the alloy, the SME
properties were loaded in the alloy. The SME features of the produced CuAIMn SMA were studied by conducting
some calorimetric and structural measurements. The differential scanning calorimetry (DSC) tests were performed
to reveal the pairs of interchanging opposite-way endo/exo martensitic phase transformation peaks on the heating
and cooling fragments of the DSC curves of the alloy as a sign of SME property of the alloy. The characteristic
martensitic transformation temperatures and the enthalpy change values of the alloy were directly obtained by DSC
peak analyses. Some other thermodynamical parameters of martensitic transformations of the alloy such as the
hysteresis gap, entropy change values and equilibrium temperature were also calculated. The high temperature
behavior of the CuAIMn alloy was observed by doing differential thermal analysis (DTA) measurement. The
composition of the alloy (at.%) was determined by EDX test performed in room conditions. The X-ray measurement
conducted at room temperature displayed and proved the successful formation of martensite structures. The results
showed that the produced CuAlMn alloy has SME properties and its own martensitic transformation temperatures
that can be included in the SMA properties spectrum of CuAIMn SMAs present in the literature.
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1. Introduction

Shape memory alloys (SMAS) are the alloys that can exhibit
switching to their first original shapes when they are
exposured to heat (or other external physical stimuli;
electric, magnetic or mechanical forces) after been
deformed mechanically [1]. The mechanism under such a
shape changing phenomenon, named as shape memory
effect (SME) behavior, is the solid solid phase
transformations occur between the reversibly interchanging
low temperature martensite phase (product phase) and high
temperature austenite phase (parent phase) and is triggered
by internal stresses which induced by the external stimuli [1,
2]. The start and finish temperatures of these two phases
from the lowest to the highest are M < Ms < As < As (in
some cases Ms was found to be a bit higher than As) and
these are called as martensitic transformation temperatures
and are characteristic parameters for SMAs which have
SME property. Superelasticity (SE) or pseudoelasticity (PE)
is another functional property of SMAs. If SMAs with SE
property are mechanically deformed by loading in a
temperature range above As temperature, they exhibit SE
behavior by recovering back to their austenite shape upon
the deformer load is remove [1, 2]. Due to having such
unique properties, SMAs are utilized in a very wide range
of technolocigal and industrial application areas such as
medical, automotive, actuator, sensor, aviation, aerospace,
textile, etc. [1-3].

The class of SMAs are mainly based on NiTi, Cu-based and
Fe-based SMA systems. Among these alloy groups, the
NiTi SMAs hold the most of the global SMA market share
due to their superior SMA properties. However, their high
costs and hard processability are their main disadvantages
when compared with Cu-based SMAs which are superior to
Fe-based SMAs. Although Cu-SMAs exhibit inferior SMA
characteristics to NiTi ones, they are far more cheap and
have better thermal and electrical conductivities [4, 5], and
high damping (like CuAIMn SMASs) [3] properties. But,
they have also weak mechanical properties and large grain
sizes that lead brittleness in these alloys [2, 6]. Some
methods are used to reduce the grain size and modify the
SMA parameters such as adding one or more additive grain
refining alloying elements or using different production
techniques [5-10]. Hence, to improve or modify the
properties of Cu-based SMAs (principally the ternary
CuAlMn, CuAINi and CuzZnAl SMASs) is an attractive
research subject for the related researchers. Among Cu-
based SMAs, CuAIMn SMAs has great interest for their
good ductility, strain recovery and superelasticity (or
damping) features [6, 8, 11]. These promising alloys are
tried to modified and improved more, for example different
high transformation
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temperatures (or operating temperature ranges) with
improved SMA properties, which are demanded in some
industrial areas like automotive [12].

In this experimental work, an arc melted CuAlMn shape
memory alloy was investigated by some thermal and
structural SME characterization tests to uncover its
transformation temperatures and some SME characteristics.

2. Experimental

The ternary 71.56Cu-25.36Al-3.08Mn at.% or (84.20Cu-
12.67Al-3.13Mn wt.%) shape memory alloy was prepared
from powders of high purity (99.9%) copper, aluminum, and
manganese elements. In the beginning of the alloy’s
fabrication process, the element powders weighed on a
precision balance were mixed, then the mixture was
pelletized under pressure. Then these pellets together were
melted by an induction melter under inert argon atmosphere
and the alloy was formed as-cast ingot. Then, this ingot alloy
was cut into the miniscule sized (~40-50 mg) samples proper
for tests. To form the martensite structure in the alloy
texture, the alloy samples were heated up and quenched from
high B-phase temperature region into water. The chemical
composition of the alloy was identified by taking EDX
(energy dispersive X-ray) test via using a Zeiss Evo MA10
model EDX instrument in room conditions. The differential
scanning calorimetry (DSC) measurements were performed
at different heating/cooling rates of 15, 20, 25, 30 and 35
°C/min to determine the characteristic —martensitic
transformation (working) temperatures of the alloy by using
a Shimadzu DSC-60A model DSC equipment with a
constant flow (100 ml/min) of argon gas. The thermal
behavior of the alloy in high temperature region was
measured by using a Shimadzu DTG-60AH model
differential thermal analysis (DTA) instrument that was run
from room temperature to 900 °C at a single heating rate of
25 °C/min under the same argon gas flow. The X-ray
diffraction measurement (using CuKo radiation) was
performed by using a Rigaku RadB-DMAX I diffractomer
to obtain the diffraction peaks of atomic planes of the
martensite structures at room temperature.

3. Results and Discussion

The DSC curves of the CuAIMn SMA cycled at varying
heating/cooling rates of 15, 20, 25, 30, and 35 °C/min are
presented in Fig.1l. As seen on the all down-heating
fragments of these DSC curves, all of the endothermic
bottom peaks that appeared at between ~80-115 °C denote
the occurrences of the forward martensitic transformations
from martensite (M) to austenite (A) phase; M—A.
Inversely, on cooling processes of the alloy, the peaks seen
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up at between ~40-51 °C refer to the correspondent back
exothermic austenite to martensite (A—M) transformations.
The characteristic martensitic transformation temperatures
(As, As, M, and My) and the values of some other kinetic
parameters; Amax , hysteresis gap (As-Ms difference), To
(thermal equilibrium temperature), and enthalpy (AH) and
entropy (AS) change amounts (for M—A transitions) that
were determined by making DSC peak analyses and the
results of the related computations were all tabulated in
Table 1.
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Fig.1. The DSC curves of the produced CuUAIMn SMA at
different heating/cooling rates

Table-1: The martensitic transformation temperatures and thermodynamical parameters of the CuAIMn shape memory alloy

Heating/cooling As As Amax Ms Mt As-Mt To AHvm—a  ASm-a
rate (°C/min) ) () 0 () ¢S ¢S () Qlg)  (/g°C)
15 79.20 106.48 92.73 50.19 41.90 37.30 78.335 3.09 0.0394
20 78.14 109.96 94.17 50.69 4119  36.95 80.325 3.59 0.0447
25 77.90 110.56 94.96 49.40 4049 3741 79.98 3.69 0.0460
30 80.90 113.88 97.33 50.80 4239 3851 82.34 3.46 0.0420
35 83.06 115.37 99.46 51.01 43.37 37.30 78.335 3.44 0.0390

The thermodynamic equilibrium temperature (To) is the
temperature at where the magnitudes of Gibbs free energy
(G) amounts of the interchangeable austenite and
martensite phases are equalized. The To values of the
CuAlMn alloy for each heating/cooling rate were found by
using To=(Ar+M;)/2 formula [4, 5]. Then, by substituting
these To values in ASy.4 =AHu—4 [Ty relation [4, 5] the
entropy change (ASwm-.) values for the endothermic M— A
transitions at each heating rate were found.
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Fig.2. Activation energy change graphic

The activation energy (E.) parameter of SMAs is also an
important thermodynamic parameter which is an energy

barrier level that must be overcome for a martensitic
transformation to occur and it depends on heating rate.

This energy barrier determines the crystallization behavior
of the alloys. The value of the activation energy barrier for
the CuAIMn SMA can be found from the peak shifts in the
DSC curves run at different heating rates by using the
Kissinger formula [4, 13] given below;

d[n@/TH)] _ _ Ea
d(1/Tm) R

@
where; @ stands for heating/cooling rate, Tr, refers to peak
temperature (Amax) Of endothermic M—A transformation,
and R is the universal gas constant (R= 8.314 J/mol.K). A
plot of In(&/Tw?) versus 1000/Tn (presented in Fig.2)
showing how the activation energy (E.) changes by heating
rate was drawn to find the term on the left side of Eq.1
which is equal to the linear fitting slope value of this plot.
By applying linear fit on this activation energy change plot,
the slope value was obtained, and then substituting this
value as the left term in the Eq.1, the E, activation energy
barrier of the alloy was found as 130.46 kJ/mol.

The DTA heating curve of the CUAIMn SMA taken at the
single DTA heating rate of 25 °C/min is given in Fig.3. The
humps down and up peaks that appear on this heating curve
along from far-left to the right-end indicate the multiple
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phase transitions array of p1° — B1(L2;) — B2 — o and
v2 precipitating (388-507 °C) — eutectoid reconversion
(~521 °C) — B2 — A2, which is a common phase
transformation array to the Cu-Al based SMAs [5,14-18].
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Fig.3. The DTA heating curve of the CUAIMn SMA that
was obtained at the single heating rate of 25 °C/min. The
humps down and up peaks that appear on this heating curve
along from far-left to the right-end indicate the multiple
phase conversion array of I’ — B1(L21)) — B2 —
precipitating (388-507 °C) — eutectoid reconversion
(~521 °C) — B2 — A2, a common behavior of the Cu-Al
based SMAs generally observed during the processes of
heating these alloys up to high B-phase region

To calculate the value of the average valence electron
concentration per atom (e/a) parameter for a Cu-based
SMA can give us some clues about the presence of the
martensite phases formed within relative volumes in that
alloy. The ef/a parameter strongly affects on the entropy
change of average periodic lattice formation. The e/a value
of the fabricated CuAIMn SMA can be calculated by using
e/a=Y fivi formula [5, 14], where f; refers to the atomic
fractions (at.%) of the alloying elements and v; is the
corresponding valence electron values of these elements.
Thus, the e/a value was found as 1.538, which is above the
critical e/a value range of 1.45-1.49 and therefore presages
that the hexagonal y1’(2H) type martensite must have been
formed as the dominant martensite phase together with the
secondary monoclinical B1°(M18R) type martensite phase
in the alloy [5, 14-16]. This assesment deduced from the
e/a value of the alloy is discussed in the following section
of X-ray diffraction test results.

The XRD pattern obtained by diffracting CuKa waves
from the CuAlMn alloy is given in Fig.4. The observed
peaks all belong to the martensite phases, the highest peak
is monoclinical B1°(0022) at the bragg angle of 42.87° and
the other peaks are PB1°(122), B1°(128), B1°(1210),
B1°(2012), B1°(040), B1°(042), and the hexagonal y1°(020),
v1°(202), y1°(002), y1°(012), y1°(211), y1°(212), y1°(221)
[5, 19-26]. As seen, both of the B1” and y1’ martensites co-
exist in the CuAIMn alloy matrix, as expected in the e/a
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assesment. The XRD result also showed that the alloy has
a polycrystalline structure. The crystallite size of the alloy
can be found by using D = 0.94/B1/,c0s6 formula of Debye-
Scherrer [15, 20], where / is the used X-ray wavelength of
the CuKo radiation (4 = 0.15406 nm), Bi, is full width at
half maximum (FWHM) value (0.38°) of the highest peak,
and 6 is Bragg angle of the diffraction. Thus, the average
crystallite size (D) value of the CuAIMn alloy was
calculated as 22.46 nm.

Intensity (a.u.)

26 (°)

Fig.4. The X-ray diffraction pattern of CUAIMn SMA
4. Conclusion

The CuAlIMn was successfully produced by indiction
melting method and thermal and structural SME
characteristics of the alloy were uncovered. The novel
characteristic martensitic transformation temperature range
(operation temperature range) of this SMA is observed to
be as ~40-115 °C. The structure of the alloy was
demonstrated to be polycrystalline nature including both
types of the 18R and 2H martensite phases at room
temperature. The obtained results shows that this CuUAIMn
can be used in various applications.
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