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In this study, (wt%) Cu-13.5Al-4Ni shape memory alloy was used. The alloy samples were aged under the constant

pressure of 558 MPa at different times. Physical parameters of Cu-13.5Al-4Ni alloy samples aged under constant

pressure were examined. The effects on thermodynamic parameters were determined by differential scanning

calorimetry (DSC). Microstructural examination was performed by X-ray diffraction (XRD). Metallographic

observations were used to verify microstructural changes and microhardness measurements were taken. The

physical parameters of the samples aged at different times under constant pressure were compared with the

homogeneous sample.
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1. Introduction

Shape memory alloys (SMA) have advanced significantly
technologically in the previous decade, allowing them to be
used as functional materials. The first-order displacive and
diffusionless martensitic transformation between a high-
temperature austenite phase and a low- temperature
martensite phase is related to the functional behavior of
these alloys, which is based on shape memory, superelastic,
and pseudoelastic phenomena [1-5].

The hardness and strength of some metal alloys can be
increased by the uniform distribution of small second phase
particles in the matrix phase after appropriate heat
treatments. Small phase particles dispersed in the structure
are called precipitates. Since the strength of the alloy
develops over time, the alloy ages in a sense during this
time. For this reason, the process is also called aging
hardening or precipitation hardening [6].

Aging is divided into natural and artificial aging. Natural
aging takes place over a long period of time and the strength
of the material is increased by aging at normal

ambient temperatures. The artificial aging process is done at
higher temperatures than room temperature and depending
on time. Externally applied stress contributes to artificial
aging. The hardening process due to aging accelerates with
the increase of the aging temperature and the stress applied
[6].

Cu-based SMAs are prone to low-temperature ageing, and a
tight control of the post-quench thermal history is required
to achieve consistent martensitic transformation behavior.
Because these alloys are prone to post-quench aging in high-
temperature service circumstances, their transformation
temperatures, martensitic phases, and mechanical
characteristics can alter over time. To customize the SMA
properties, artificial aging can also be used [7,9].

In this study, (wt%) Cu-13.5Al-4Ni shape memory alloy was
kept under constant pressure at room temperature for
different periods and the effects of pressure on the aging of
the alloy were studied.
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2. Materials Method

The CuAlNi shape memory alloy used in this study was
supplied by Trefimetaux Company, France. The nominal
composition is Cu-13.5AI-4Ni (wt%). In order to retain the
B phase at room temperature, samples cut from this alloy
were annealed in the B-phase-field (1203 K for 30 min.) and
later rapidly quenched in iced brine. The aging process of
samples was carried out at different times (5 min., 15 min.,
30 min., 45min., 60 min.) 558 Mpa under constant pressure.
Differential scanning calorimetry (DSC) measurements
were made to determine the transformation temperatures
and thermodynamic parameters of homogeneous and aged
samples. Perkin Elmer 8000 DSC was used for DSC
measurements of samples. DSC measurements were
conducted at a scanning heating/cooling rate of 10°C/min.
under atmospheric pressure at a temperature range from 30
°C to 200 °C. X-ray diffraction patterns of homogenous and
aged samples were taken by Bruker D8 Advance
diffractometer in the range of 30°-90°. The X-ray analysis
of alloy samples was made by CuKa radiation having a
wavelength of 1.54056 A at room temperature. Following
the polishing and chemical etching techniques used on the
alloy samples, optical microscope measurements were
undertaken. After that, microhardness measurements were
taken.

3. Results
3.1. Differential scanning calorimetry measurements

DSC curve of homogenous alloy sample was shown in
Fig.1. The transformation temperatures of the alloy samples,
As, Ar, Ms and Mt were determined using the tangent
method. Transformation temperatures of CuAlINi shape
memory alloy aged under constant pressure for different
times (0, 5 min., 15 min., 30 min., 45 min., and 60 min.)
were given in Fig.2. and Table-1 and changes in
thermodynamic parameters were given in Table-2. As seen
in Fig.1., the alloy sample is in the martensite phase at room
temperature. A non-monotonically  decrease  in
transformation temperatures is observed with 558MPa
constant pressure applied to homogeneous alloy samples at
different times.

Fig.1. Heating/cooling curve of homogeneous CuAlNi
shape memory alloy at 10 C/min.

Table-1. Changes in transformation temperatures of CuUAINi
shape memory alloy kept under constant pressure for
different times.

Time As As Ms M+ (A+-Ms)

(Min)  (K) K (K (K K
0 344,08 354.22 341.34 33095 12.88
5 34394 349.10 339.03 329.61 10.07
15 341.84 350.54 339.14 327.08 11.40
30 337.98 350.34 337.72 32810 12.62
45 335.76 345.15 33548 318.83 9.67
60 339.64 348.60 340.10 321.81 8.50
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Fig.2. Time-transformation temperatures curve of CuAlNi
shape memory alloy aged under 558 MPa constant pressure
for different time periods.

Table-2. Changes in thermodynamic parameters of CuAINi SMA kept under constant pressure for different times.
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Time (Min)  To(K) AHwm-a (J/kg)

AHa— (I/kg)

ASu-4(Jlkg K)  AGa-m(IIkg) Ge (J/kg)

0 347.78
5 344.06
15 344.84
30 344.03
45 340.31
60 344.35

7581.6
2817.6
1315.3
1079.8
1724.4
2139.9

-6681.4

-323.3
-721.8
-330.4
-948.1

-1327.2

21.79
8.18
3.81
3.13
5.06
6.21

-140.32
-41.14
-21.71
-19.75
-24.43
-26.39

226.39
77.05
45.94
30.11
84.24

113.58

These changes in the transformation temperatures also
affected the thermodynamic parameters (Table-2). To is the
equilibrium temperature and is defined as the critical
temperature at which the Gibbs free energies of the
austenite and martensite phases are equal. It is calculated
with the following expression [10-12].
To = (Af+ My)/2 1)
The equilibrium temperature of the homogeneous sample
is 347.78 K. The equilibrium temperature of the alloy
samples aged for different times at 558MPa constant
pressure decreased. The mean equilibrium temperature is
344.22 K and its standard deviation is + 2.384294. The area
under the endothermic and exothermic peaks in the DSC
curves gives the enthalpy values, AHM~A and AHA™M, The
enthalpy changes of the alloy aged at different times under
constant pressure are shown in Fig.3. Entropy is calculated
with the following expression [13,14].

ASpy-a = AHy 4 /Ty O]

Entropy is a measure of disorder and, as seen in Table-2,
and Fig.4. the entropies of alloy samples aged for different

times under constant pressure of 558 MPa decreased. With
this decrease in entropy, elastic energy also decreased.
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Fig.3. Enthalpy change of CuAINi shape memory alloy
aged under constant pressure of 558Mpa.
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Fig.4. Entropy change of CuAlINi shape memory alloy
aged under constant pressure of 558Mpa.

The supercooling To-Ms represents the hysteresis in the
transformation, which is characterized by the driving force

for the nucleation of martensite, AGA~M as [13,15],

AGA—»M (Ms)

AGM=A4(Ty) — AGM~4(M,)
—~(To — M)ASM™4

®)

AG Gibbs free energy changes of the alloy aged at different
times under constant pressure are shown in Fig.5.

The elastic energy Ge stored in the self-accommodated
martensitic variations is related to the difference M¢M;s by
[14,15]

AGp = AG*™M (M) — AGA~M (M)

= (M — M;)Ash™ @)
As seen in Table-2 and Fig.6., the elastic energy of CuAINi
alloy aged under constant pressure was decreased.
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Fig.5. Gibbs free energy change of CuAINi shape memory
alloy aged under constant pressure of 558Mpa.
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Fig.6. Elastic energy change of CuAINi shape memory
alloy aged under constant pressure of 558Mpa.

3.2. X-ray diffraction (XRD) analysis results

X-ray patterns were used to analyze the structures of
CuAlNi shape memory alloy aged under constant pressure
for different times. The X-ray patterns of the alloy samples
are given in Fig.7. As for the phase shovn in Fig.7., one
should remind that B;" martensite has an ordered AICus;
type, the y1' martensite an ordered CusTi type structures.
Shape memory effect (SME) alloys particularly those of
the CuAlINi system may undergo either a single
transformation (Bi— Pi' or P 7yi) or a combined
transformation (B1<> B1'+y1") depending on the composition
[16]. As seen in Fig.7. (a), homogeneous CuAINi shape
memory alloy exhibits peaks belonging to B1', y1' martensite
and y2 precipitate phase. When the cooling rate of the alloy

22
is slow, a large number of coarse blocks and dendritic v,
phases can easily precipitate in grains or grain boundaries
[17]. XRD patterns of alloy samples aged at different times
under constant pressure show changes in peak intensities.
XRD peaks are compatible with references [18-20].
The crystallite size for the alloy samples were calculated
using the Debye Scherrer equation [21,22].

0.9A
=, (5)
FWHMcos6

where D is crystallite size, A is the X-ray wavelength,
FWHM is the full width at half the maximum peak and 6 is
the Bragg angle. Crystallite sizes for the alloy samples are
given in Table-3. As seen, the crystallite size of CuAINi
alloy aged under constant pressure was decreased.

T T T T T T T T T T T
Lo f
o B
= 2
2e
o
S
T T »l T T T T T T T T
= e
£
S
S
)
a2
Se
Qs
T T IEI T T T T T T T
. S d
o = 9
=5 £ 5 g .
2 § g ¢ s =
(o) 2 S ] g
- = 8
=) LA Al
7) | I A AN B L 1 ) SN Wi YA
5 £ c
) >
[ o
- o~
=
o
>
Q
1 T T 1 1 1 1 1 1 Ll 1
L& b
- -
S & = =
N o 2 =
N o ¢ g
S S <
T T T T T T T T T T T
o a
=
>
. .
£5 Z
a s =3
88 g
Se =5
T T T T T T T T T T T

30 35 40 45 50 55 60 65 70 75 80 85 90
2 Theta (Degree)
Fig.7. The X-ray diffraction patterns were obtained for
different times at constant pressure 558 MPa. a)
Homogenous b) 5 min. ¢) 15 min. d) 30 min. e) 45min. f)
60 min.

3.3. Metallographic observations and microhardness
results
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Optical images of the CuAINi shape memory alloy samples
are given in Figures 8 (a-f). As can be seen from the
images, homogenous CuAINi shape memory alloy shows
martensite structure and precipitate phase at room
temperature (Fig.8.-a). Precipitates, different martensite
plates (needle-shaped, zigzag and V-shaped martensites),
and cracks are seen in the optical photographs of the
samples aged for different times under constant pressure at
room temperature (Fig.8. b-f) [5,16,23-25].

250 um

(a)Homogeneous x200
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(f) 1.5T 60DK X500

(e) 1.5T 45DK X500

Fig.8. Optical images of CuUAINi SMA after aged under the
constant pressure of 558MPa for different times a) 0 X200
b) 5 min. X200 c) 15 min. X500 d) 30 min. X500 €) 45 min.
X500 f) 60 min. X500.

The aged CuAlNi shape memory alloy samples were
subjected to a 100-gram force (gf) load to measure their
microhardness. The average Vickers microhardness values
of these alloy samples are given in Table-3. The hardness
of the specimen increased with aging.
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Table 3. Average Vickers hardness and crystal size of
CuAINi shape memory alloy aged under 558 MPa constant
pressure for different time periods.

Avg. HVo1 Crystallite Size
Time (min.) Microhardness (nm)
0 241.2 33.0462
5 297.6 33.5405
15 290.6 31.7084
30 289.2 24.4006
45 298.0 22.9758
60 282.8 23.9256

4. Conclusion

The effects of pressure on ageing of CuAINi SMAs were
investigated. The constant pressure applied at room
temperature was accelerated the aging of the material. The
transformation temperatures and equilibrium temperature
of CuAINi shape memory alloy were decreased with aging
under constant pressure. The standard deviation in
equilibrium temperature is + 2.384294. With aging,
entropy, elastic energy, and crystal size decreased, and
microhardness values increased. The precipitates formed in
the structure caused the alloy to harden. Ageing in the
alloys causes the formation of intermetallic precipitate
particles and has a dominant influence on the
transformation temperatures of the alloys. Optical
photographs and XRD measurements also confirm this
result. The obtained results indicate that the
thermodynamic parameters and microstructure were
changed of the alloy aged under constant pressure.
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