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Abstract In the present study, the transformation tem-
peratures and shape memory effect of the Cu-14.82 wt%
Al-0.4 wt% Be shape memory alloy were studied. The
structural properties of the alloys were characterized by
X-ray diffraction. The crystal structure analysis of the alloy
shows a thermoelastic transformation from an ordered
parent-phase of DOs type to the M18R martensite. The
microstructure of the alloy was investigated by optical
micrographs. The transformation temperatures, enthalpy
and entropy values of the alloy were determined by dif-
ferential scanning calorimetry. Thermogravimetric and
differential thermal analysis measurements were performed
to obtain the ordered—disordered phase transformations. The
activation energy values determined from two different
methods were found to be 306.53 kJ mol ™! for Kissinger
and 298.57 kJ mol~' Ozawa.
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Introduction

Shape memory alloys (SMAs) are an interesting class of
functional materials due to their unique thermomechanical
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behavior. This behavior has been extensively investigated
because of its potential applications. The distinct properties
of SMA, as pseudoelasticity, two-way shape memory
effect, rubber-like behavior, and high damping capacity,
are closely related to the thermoelastic martensitic trans-
formation. These properties make the shape memory alloys
(SMAs) a comprehensive smart material. Copper-based
shape memory alloys have been received a high attention
because of their good shape memory properties associated
with the martensitic transformation, low cost, and rela-
tively simple processing [1-4]. In Cu-based alloys, the
f-phase is the equilibrium-phase at higher temperatures,
but it can be retained as a metastable-phase at lower tem-
peratures by means of a quenching and during quenching,
these alloys get configurationally ordered. The decompo-
sition of the pf-phase at temperatures below 565 °C
involves complex transformations. The phase equilibria in
the binary Cu—Al system is one of the basic systems con-
stituting the ternary Cu-based shape memory alloys. In the
Cu-Al system, the f-phase with the bcc A2 structure
undergoes a two-stage order—disorder transition: A2 (dis-
ordered bcc, Cu)-B2 (CuAl)-DO; (CuszAl) as shown in
Fig. 1 [5-7].

In general, the martensitic transformation of high
p-phase in Cu-based alloys is responsible for the shape
memory effect. But the martensitic transformation start
temperature (M) for Cu—Al SMA is too high for the
applications. Thus, the addition of a third element such as
Be, Mn, and Ni, which has supported by recent studies, is
effective in stabilizing the f-phase and lowering the mar-
tensitic transformation start temperature (M;). Especially,
small amounts of Be addition into Cu—Al binary system are
resulted in an important decrease of M, —114 K each 1
at.%, without a change in nature of the martensitic trans-
formation. The decrease in M, extends the temperature
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Fig. 1 Phase diagram of the Cu—Al system [4]

range of the alloy and makes Cu—Al-Be an interesting
smart system [8, 9]. In particular, f-phase of Cu—Al-Be
seems to undergo an ordering transition directly from A2 to
DOj structure. Moreover; this transformation is appeared
as a first-order type and the f-phase is stable higher than
577 °C for eutectoid composition containing approxi-
mately 23 at.% Al and 3 at.% Be. It can be retained at room
temperature by means of convenient cooling and possess-
ing an ordering reaction to a DOj structure at temperature
close to 527 °C. Under slow cooling rates, the metastable
p-phase decomposes into the phases « (fcc structure) and
y2 (CugAly structure), with low and high Al contents,
respectively. Cu—Al-Be alloy exhibits a martensitic trans-
formation from DO; structure to 18R structure at low
temperatures [4, 10—12].

The aim of present study is to investigate the micro-
structure, martensitic transformation temperatures, and
phase transitions of Cu—Al-Be shape memory alloy.

Experimental

The studied alloy was prepared from a high purity of Cu,
Al, and Be powders (with the proportion of Cu-11.5wt%
Al-0.5wt% Be) by melting them in an induction furnace in
argon atmosphere. The melting process was repeated for
the homogenization of the ingot. Then, the ingot was
quenched to 15 °C.

Inductively coupled plasma optical emission spectrom-
etry (ICP-OES) analysis was made to determine the mass
proportions of the elements in the alloy. ICP-OES was
operated under suitable conditions, including choosing the
suitable wavelength for each element Al (396 nm), Be
(313 nm), and Cu (324 nm). The phases present in the
as-quenched sample at room temperature were ana-
lyzed using a X-ray diffraction (XRD) technique. The
microstructure and the morphology of the sample were
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studied using an optical microscopy. The samples were
etched using a solution which consisted 50 g (FeCls-
6H,0)-960 mL methanol with 200 mL HCI for optical
analysis. The transformation temperatures of the alloy were
determined using a differential scanning calorimeter (DSC)
with heating/cooling rates of 10, 15, 20, and 25 °C min~".
The TG/DTA measurement was performed from room
temperature to 1,100 °C at a heating rate of 20 °C min~" to

observe the phase transitions at higher temperatures.

Results and discussion

The mass percentages of the elements in the Cu—Al-Be
SMA were determined by ICP-OES analysis. According to
the ICP-OES analysis, the proportion of the elements in the
alloy was found to be Cu-14.82 wt% Al-0.4 wt% Be. XRD
measurement of the as-quenched sample was taken at room
temperature using Cu K,, (4 = 1.5405 10%) radiation, and the
diffraction patterns of the alloy are given in Fig. 2. As seen
in Fig. 2, the as-quenched sample consists of parent-phase
and precipitate-phase at room temperature. The diffraction
peaks of the alloy are (0 0 18), (2 0 6), and (1 2 0). The
peak of (0 0 18) belongs to the martensite-phase. The peak
of (2 0 6) indicates the presence of a precipitate-phase at
room temperature. The crystal structure of the alloy is
monoclinic with the lattice parameters of a = 4.443 A;
b=5.169 A, and ¢ = 37.012 A. The ratio of a/b was

calculated to be 0.86 and this value is equal to \/3/2 This
confirms that the parent-phase is ordered and has 18R long
period stacking order structure. This means that during the
rapid cooling high temperature ff-phase is expanded into a
DOs; ordered structure and can further be transformed into
a martensite-phase of 18R microstructure [13-16].

As seen in optical micrographs of the alloy, the
Cu-14.82wt% Al-0.4wt% Be alloy exhibits a martensite

(0018)

=)
g

2
v

o

L

=i

k=

(206)
(120)
T | T |
30 40 50 60 70 80

26/°

Fig. 2 The X-ray diffraction patterns of the alloy
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Fig. 3 Optical micrographs of the alloy; a 200 pm, b 100 pm

structure at room temperature (Fig. 3) and there are the
precipitating-phases caused from the casting and generally
called AlCujz (f;) structures. A possible cause for the
precipitation is the coalescence of the quenched in vacan-
cies that is resulted in compositional gradients due to a
local decrease in Al concentration. This favors the Al-rich
precipitate formation at whose vicinity nucleation of mar-
tensite is occurred. The grain boundaries are definite, and
each grain has different martensite variants. These variants
are V-type and needle-type variants [15].

The differential scanning calorimetry measurements of
the as-quenched sample were taken from the non-equilib-
rium room temperature f3; to 250 °C with different heating
rates of 10, 15, 20, and 25 °C min~! and cooled down at
the same rates. During heating, an endothermic reaction is
occurred, transformation from martensite to austenite,
whereas on cooling, an exothermic reaction is occurred,
resulting in the reverse transformation from austenite to
martensite. These reactions are indicated by the respective
peaks in the plots. The endothermic peaks corresponding to
martensite—austenite phase transformations of the alloy are
shown in Fig. 4. The DSC scan features for the alloy
exhibit a prominent multi-peak behavior only for the
heating above 170 °C. This feature can be referred to the
pinning of the martensite by precipitates or to the multiple
interfaces made transformation. High density of the pre-
cipitates restricts the mobility of the interfaces (austenite/
martensite) during the transformation interval. Details of
the transformation characteristics such as transformation
temperatures and transformation hysteresis (A—Mj), trans-
formation enthalpy and entropy were evaluated with the
help of differential scanning calorimetry. The transforma-
tion temperatures such as austenite start Ag, austenite finish
Ay, martensite start M, M; martensite finish temperatures
and transformation hysteresis values are given in Table 1.
The measurement of transformation hysteresis defined as

N(fm = 0) = Ac—M; and n(f, = 1) = A—M, is shown in
Fig. 5. It is seen that #(1) and #(0) are decreased contin-
uously with decreasing heating and cooling rate. The
heating/cooling rate sensitivity of the hysteresis measure-
ment is clearly due to the delay of finishing temperatures of
the transformations [17-20].

The changes in the transformation temperatures, which
are concerned with the phases, are related to the thermo-
dynamic parameters. The data obtained from the DSC
measurements enables the determination of enthalpy and
entropy values of the martensitic and austenitic transfor-
mations. The peaks recorded during heating, and cooling
was integrated as a function of temperature. The total area
of the peak from martensite to austenite (endothermic) or
austenite to martensite (exothermic) gives the enthalpy
AH. The entropy change occurred during these transfor-
mations can be given by the following equations;

ASyop = AHya (1)
Ty

or

ASa M = M (2)
Ty

where AS is the entropy change, AH is the enthalpy change,
and Ty is the equilibrium temperature [21]. The equilibrium
temperature according to Salzbrenner and Cohen is
determined by the following relation [22];

Ty = 5 (M, + A ()
M is the martensite start temperature and Ay is the austenite
finish temperature. The energy consists of two components,
chemical energy and reversible mechanical energy, and T
is the temperature at which the chemical energies of
austenite and martensite phases are balanced. In general,
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Fig. 4 The DSC plot of the

alloy measured with different
heating/cooling rates
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Table 1 The transformation temperatures and transformation hysteresis values of the of CuAlBe SMA alloy

Heating rate/°C min~! A/°C A¢/°C Amax/°C My/°C M;/°C M hax/°C Hysteresis (A—M)/°C Hysteresis (As—Mjy)/°C
10 157.5 174.7 168.1 159.5 124.4 148.9 15.2 33.1
15 160.2 178.5 170.2 159.6 122.6 149.3 18.9 37.6
20 161.6 180.2 171.1 159.5 128.0 148.3 20.7 33.6
25 162.0 183.8 173.0 162.9 122.4 149.1 20.9 39.6
the equilibrium temperature 7 is expressed by Gibbs free
40 4 energy relation;
9] AG = AH — TAS 4)
3 35
Z AGA™M = 0and AGM ™A = 0for T = Ty (5)
g - - A-M,
=z 301 —A-M This estimation can be approximated as follows [23-25]:
=]
.% . AGA™M — GM _ GA — AHA~M _ TASA—M (6)
£
S All the calculated values of the equilibrium temperatures,
g 20 =" -7 enthalpy and entropy changes of austenite and martensite
= _ - - transformations are given in Table 2.
15 -

Heating rate/°C

Fig. 5 Effect of heating and cooling rate on temperature hysteresis

The obtained DSC peaks and characteristic temperatures
serve as a basis for determining kinetic parameters, i.e.,
activation energy of the process of martensitic and reverse
transformation. The activation energy can change certainly
with the temperature or take on negative values [26]. Since

Table 2 The equilibrium temperatures, enthalpy and entropy changes of austenite and martensite transformations of the CuAlBe SMA

Heating rate/°C min~ To/°C AHM%A/Jgf' ASMHA/Jg” oc! AHAHM/Jgf1 ASAQM/Jgf1 oc!
10 167.1 6.94 0.041 —5.47 -0.033
15 169.05 7.10 0.042 —5.42 —0.032
20 169.8 7.15 0.042 —5.17 —0.030
25 173.3 7.20 0.041 —10.6 —0.061
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various rates of heating and cooling are used for deter-
mining activation energy, the methods of Kissinger and
Ozawa lead to linear relationships for martensitic and

reverse transformation as well (Fig. 6a, b). The results are
processed according to the method developed by Kissinger
[27]:
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Aprli)] 7)

: =
d(z) R
where ¢ is the heating rate, T, the maximum on the DSC
peak, R is the universal gas constant, and E is the activation

energy and Ozawa [28]:

_ —R |d(log B)
FT () Y

where b is a constant (0.4567), Ty, the maximum on DSC
peak, and E is the decomposition activation energy. The
calculated activation energy values of the two different
methods are 306.53 and 298.57 kJ mol™', respectively.
The obtained activation energy values are close to each
other.

The TG/DTA measurements were performed from room
temperature to 1,100 °C at a heating rate of 20 °C min™".
As seen in Fig. 7, there are three different phase transitions
occurring at different temperatures. The decomposition of
o-phase and the order—disorder transition of the parent-
phase (DO3 — B2) occurred near the eutectoid tempera-
ture. A single ordering transition in the Cu—Al-Be f-phase,
from B2 to DOj structure, occurs under cooling at around
527 °C for low Be content and compositions near the
eutectoid, with no significant dependence on the Be content
[29, 30]. The peak observed nearly 400 °C is the trans-
formation of CuAl,-phase in the alloy and the result of this
transformation the alloy became soften. The peak at around
800-1,000 °C is due to the liquefaction of the alloy. The
general behavior of the Cu—Al-Be alloy was qualitatively
similar as regards to the phase transformation sequence.
Besides this, Fig. 7 shows the TG/DTA curve obtained
from heating.

Conclusions

The microstructural and thermal analysis of Cu-14.82wt%
Al-0.4wt% Be shape memory alloy were studied by micro-
structural observations and differential thermal analysis
methods.

X-ray diffraction allows the determination of the phase of
the grains of the polycrystalline sample. It was observed that
the parent-phase ordered and has 18R martensite structure.
This result was supported by the optical micrographs of the
alloy which was obtained at room temperature. The grain
boundaries and precipitate phases are seen in detailed from
the micrographs. Each grain has different martensite vari-
ants. DSC measurement was used to investigate the austen-
itic—martensitic transformation temperatures and enthalpy
upon continuous heating. The calculated values of the
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entropy from austenite to martensite transformation are
increased with the increasing heating rates. The activation
energies of the alloy were calculated according to Kissinger
and Ozawa methods, the results accommodate to each other.
The sequence of the phase transition taking place in the
studied alloy is B2 — DO; — 18R, so we can say that the
sample has DOj; austenitic and 18R martensitic-phase
structure.
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