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Abstract

In this study, after producing NisoTisoCuzo Shape memory alloy by using arc melting technique, some examination
was performed, including phase transformation temperatures, microstructural features, and certain thermodynamic
parameters. The DSC thermogram run with 10°C/min heating-cooling rate, and thus it was determined that
austenite start (As) temperature is 23.5 °C, austenite finish (As) temperature is 50.6 °C, martensite start (Ms)
temperature is 26.7 °C and martensite finish (Ms) temperature is -0.10 °C. For different heating rate of DSC
measurements, it was observed that martensite to austenite phase transformation temperatures (As and Ar) are
changed, while it did not effect on the reversible martensite phase transformation temperature (Ms and Ms). Thermal
activation energy of the alloy was measured by Kissinger method, which is E;=63.208 kJ/mol. Moreover, Gibbs
free energy was slightly increased with increasing heating-cooling rates. The DSC curves and XRD crystal analysis
showed the phase transformation was occurred in a single step B2 <»B19. Beside, some precipitations like Ti>(Ni,
Cu) as well as matrices in the form of TiNiggCuo.2 of element Cu dissolved in interphases of NiTi were encountered.
SEM-EDX was used to determine chemical composition of Tiz(Ni, Cu) phase in atomic percentage (at.%). The
microhardness of the alloy was 219 HV, where Cu element was added to makes alloy to be softer than the
traditional binary NiTi alloys.

Keywords: shape memory alloy, transformation temperature, microstructure.

Sekil Hatirlamali NizoTisoCuzo Alastminin Termodinamik Ozelliklerinin
Incelenmesi

Oz

Sekil hatirlamali NiTiCu alagimi ark-ergitme yontemi ile iiretildi ve faz doniistim sicakliklari, bazi termodinamik
parametreleri ile mikroyapisal ozellikleri arastirildi. 10°C/dak. 1sitma-sogutma hizi ile alinan DSC sonuglarina
gore; austenite baglangi¢ sicakligi (As) 23.5°C, austenite bitis sicakligi (Ar) 50.6 °C, martensit baglangi¢ sicakligi
(Ms) 26.7 °C ve (Ms) -0.10 °C olarak bulundu. Farkli 1sitma hizlarinda alinan DSC 6l¢iimlerine goére ise alasimin
martensit fazdan austenite faza gegerken dontisiim sicakliklar1 (As ve Ar) degisirken, austenite fazdan martensit
faza gegerken dontisim sicakliklarnin (Ms ve My) degismedigi goriilmistir. Kissinger metodu ile bulunan
aktivasyon enerjisi E;=63.208 kJ/mol olarak bulunmustur. Gibbs serbest enerjisi 1sitma-sogutma hizlariyla kiigiik
degisimler gostermistir. DSC egrilerinden tek-adimli B2 «<>B19 faz gegisi goriilmiis ve bu fazlarin kristal yapilart
XRD analizi ile belirlenmistir. Bununla birlikte Ti(Ni, Cu) ¢okeltilerinin yani sira NiTi alagiminin interfazlarinda
¢oziinen Cu elementlerinin TiNiogCuo, formundaki matrislerine rastlanmistir. SEM-EDX sonuglari ile alasimdaki
Tio(Ni, Cu) ¢okeltilerinin atomik yiizdeleri belirlenmistir. Alagimin mikrosertligi 219 HV olarak bulunmustur. Bu
deger, artan Cu miktarmin geleneksel ikili NiTi alasimlarin1 daha yamusak materyal haline getirdigini gostermistir.
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1. Introduction

NiTi-based shape memory alloys (SMAs) are well known for unique shape memory effect (SME),
super-elasticity, and damping capacity. In addition, thanks to high ductility features, these alloys are
started to be used frequently in engineering applications such as transportation vehicles, building
constructions and pipe couplings to facilitate vibration dampening [1-3]. However, due to some
drawbacks of these alloys, they are not suitable for being used in actuator field [4, 5]. To eliminate the
problems, thermo-mechanical properties of NiTi-based shape memory alloys (SMAs) are aimed to be
improved. Some of these studies include modifying transformation temperatures, yield strength, fatigue
life and transformation hysteresis width. Studies to improve transformation temperatures and hysteresis
width are still continued frequently. Binary NiTi alloys are carried out with ternary and quaternary
elements to reach the desired properties [6]. It is known that especially copper element added instead of
Ni element reduces transformation temperature hysteresis and increases strength differences between
parent and martensite phases. In addition to this, it is known that adding Cu element to binary NiTi alloy
increases the number of cycles, and displays more stable transformation temperature after mechanical
deformation, removes R phase, boosts fatigue resistance with thermal cycles, and lowers super-elastic
hysteresis strain. As a result of these improvements, NiTiCu SMAs become useful in many applications
such as actuators [5, 7]. Furthermore, it is known that replacing Cu element instead of Ni element in
NiTi alloy, Ms transformation temperature lowers the composition sensitivity, pseudo elasticity of
hysteresis, flow stress level in martensite state and prevents the precipitations of X-phase of (TisNia) [8,
9]. With the reduction of precipitations, it is known that the number of cycles within the alloy is raised.
Therefore, TisoNisoxCux (7.5 < x <25) alloys are substantially interesting. In contrast to increasing value
of x in TisoNiso-xCuy alloy, temperature hysteresis will be decreased, which makes it to be used as actuator
better than NiTi alloy. The phase transformation straightly depends on the rate of third constituent
composition element, where by adding x <5, 5 <x <20 and x > 20 at%, it is found that they display
phase transformations as B2<>B19’, B2<>B19«>B19’ and B2«>B19, respectively. Here B2 (cubic) is
the main phase, B19 and B19’ are orthorhombic and monoclinic martensite phases [1, 4, 5, 10-12].
Although B19 martensite phase is formed in alloys cast in the amount of 5 at % Cu, B19’ martensite
phase occurs in alloys cast in the amount of 7.5 with 15 at. % Cu. The given amount of 10 and 20 at.%
Cu causes to phase transform from B2 to B19, and thus the elastic modulus is decreased [6]. It is known
that B19 martensite phase is formed again in alloys with the amount of 20 at.% Cu [12]. Recently, some
new researches have been conducted on NiTiCu-based alloys by adding fourth different elements such
as Hf, Pd, Y, Zr, and Nb [13-18]. In this respect, NiTiCu alloys were reexamined to eliminate their
thermal deficiencies (such as thermal activation energy) and compare the results with literature.

In this study, NiTiCu (30:50:20 at. %) alloy was produced. As well as thermodynamic
parameters such as transformation temperatures, transformation hysteresis range, thermal activation
energy, phase transformation enthalpy, entropy changes, microstructures, and mechanic properties of
produced alloy were examined.

2. Materials and Methods

Metal powders (30at. % Ni, 50at. % Ti, 20at. % Cu) with 99.9% purity were mixed. Then, the metal
powders were pressed to make pellets with a diameter of 13 mm. They were produced by arc-melting
system under argon atmosphere to obtain NiTiCu alloy. The ingot remelted for five times to be more
homogenize. A 50 mg specimen was utilized for DSC (Differential Scanning Calorimetry) measurement
to find phase transformation temperatures and some related thermodynamic parameters, such as latent
heat of phase transformation (enthalpy change). DSC measurements was carried out for both A—M and
M—A process at rate of 10, 15, 20 and 25 °C/min. The microstructures was investigated with optical
microscopy (OM). For surface morphology observation, the sample was polished and chemically etched
in a solution of (HF+NOHs+H>0-1:2:5) for 10 sec. for The crystal structure analysis, XRD measurement
(Cuke=1.543nm) was performed at a scanning rate of 4°/min. from 30° to 80° at room temperature.
Vickers hardness test was performed to measure the hardness of the alloy. Microstructural and elemental
analysis measurements were made at room temperature by SEM-EDX (Scanning Electron Microscopy
with Energy Dispersive X-ray Spectroscopy) measurement.
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3. Results and Discussion
3.1. Differential Scanning Calorimetry

Thermal properties of NisoTisoCuz SMA, which produced by arc-melting method, were investigated by
DSC measurement method. For DSC measurements, heating-cooling rate were chosen as 10 °C/min, 15
°C/min, 20 °C/min and 25 °C/min, where the acquired phase transformation curves and transformation
temperature values were given in Figure 1 and Table 1. According to DSC results, it is clear that
NizoTisoCu20 SMA displays a B2<>B19 of phase transformation at one-step, without an intermediate
phase such as R-Phase. Heating-cooling scanning at 10 °C/min perceived more heating and cooling and
took a prolific measurement and, thus the ideal heating rate was found as 10 °C/min [2, 6]. Therefore,
the DSC measurement with heating/cooling rate of 10 °C, has been chosen as reference to compare the
obtained phase transformation temperatures with literature and according to the obtained results,
transformation temperatures of the alloy were determined as As = 23.5, Ar= 50.6, Ms= 26.7, Mt =-0.10
°C. The obtained transformation temperatures have a small change with the values found in literature
[19]. In literature, it has been seen that Ms temperature changes from 40 °C to -20 °C for NiTiCu alloy
that include Cu amount between 5-15 (at%), while for addition of 15-20 (at%) of Cu, M;s varies from 40
to -60°C [12]. The reasons of differences between our study and literature can be explained such that:
Microstructure of the alloy depends on the production technique, rate of purity of elements, and a
resistance surface potential that put up against transformation [8, 20, 21]. In addition, since dendrite
structures can be seen in the SEM and optical microscope images, so it can be notice that the alloy was
not completely homogenized during production process even after five times re-melted by arc melting
furnace. Type of phase transformation process is another crucial parameter that straightly depends on
the amount of Cu, e.g. Cu<7,5:B2—B19', 7,5<Cu<15: B2—B19—B19', Cu>15: B2—B19 [12]. In
addition, Figure 1 and Figure 2 clearly indicate that with increasing heating-cooling rate, the martensite
phase temperatures (Ms and M) are constant, while austenite phase temperatures (As and As) dramatically
increased. Also, is it found that austenite phase from B2 phase is transformed to B19 phase. The same
result has been reported by Wang et al. for different heating/cooling rats [22]. On the other hand, with
increasing heating rate, it was seen that transformation hysteresis (H=Ap,-Mp) was increased. Phase
transformation enthalpies depend on different heating-cooling rates, while the Gibbs free energies are
almost the same. Also, when phase transformation temperatures are generally evaluated, NiTi alloy
added Cu can be said to include both austenite and martensite structure at room temperature (~25 °C).
Accordingly, the values of enthalpy change for B2<~B19 are listed in Table 2. Gibbs free energy (driving
force) required for initiating of nucleation of martensite phase are calculated by using the following
formula:

AGy—a = AHy-4AT /Ty 1)

here AT = To-Ms, and T, represents the temperature where Gibbs energy is equal to zero and it can be
calculated with T, = (Ar + Ms)/2 [23, 24]. For heating rates of 10, 15, 20, 25 °C/min, the Gibbs free
energy was obtained as -1.24, -1.34, -1.45 and -1.56 Joule, respectively. When examined driving force
values required for different heating rates, even though values are close to each other, it is seen that as
the heating rate is increased, this value seems to display a slightly increase. This result is backed up with
overlapping of transformation curves from austenite to martensite phase (during cooling process) in
DSC curves. It is due to the fact that an internal stress has been induced during phase transformation
from austenite to martensite in Gibbs free energy occurs at the same rate [25].
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Figure 1. DSC curves of NisoTisoCuso alloy obtained with different heating-cooling rate.

Table 1. Transformation temperatures as a function of heating-cooling rate for NiTi-20Cu SMA.

Heating-cooling rate As As Ap Ms M M, H:
(S (S (S () () () ()
10 °C/min 23.5 50.6 37.9 26.7 -0.1 13.6 24.3
15 °C/min 26.6 57.6 41.7 26.6 0.0 13.6 28.1
20 °C/min 27.1 64.7 45.4 25.9 0.1 13.6 31.8
25 °C/min 30.6 65.8 48.7 26.4 0.0 13.6 35.1

In addition, entropy values of martensite to austenite phase transformation is another thermodynamic
parameter, which was calculated by the following expression [26-28];

ASy—a = AHy4/To )
and

ASpm = AHa i /To ©)
here AS is entropy; AHwv—a and AHa_.m are the energy required for austenite and martensite phase
transformation, respectively. The calculated values were listed in Table 2. Accordingly, At is increased
with increasing speed of heating-cooling rate, thus its value directly influences on entropy change
values. The impact of heating/cooling rate on phase transformation temperatures are demonstrated in
Figure 3. There are different methods for calculating thermal activation energy, which needs for phase
transformation. To calculate thermal activation energy (Ea) of B19—B2, maximum points of austenite
phase peak T (Ap) obtained at heating rate of 10, 15, 20 and 25 °C were specified and listed in Table 2,
and then Kissinger Method was used to obtain Ea [29, 30]:

din(8/Tm?)/d(1/T) = —Ea/R 4)
here, R is universal gas constant and £ is heating rate. Graph of In(5 /T?)-1000/T were drawn by utilizing
Eq. 4 (Figure 3). Thermal activation energy of NiTiCu alloy was found as 63.208 kJ/mol. A greater
values have been reported for activation energy of NiTi SMA compared to NisoTisoCuz0 SMA added Cu
[31, 32], which means NisTisoCuz0 SMAS needs lower activation energy than binary NiTi SMAs found
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in literature. The low activation energy indicates that the alloy need low energy for phase transformation

from austenite to martensite and vice versa.
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Figure 2. Change of transformation temperatures and transformation hysteresis of NisgTisoCuz SMA for
different heating-cooling rate

Figure 3. The In(B/Trn?)-1000/T plot drawn to calculate of thermal activation energy.

Table 2. Some thermodynamic parameters determined by different heating-cooling rates of NiTi-20Cu SMA.

In (B/T,?)

-9.0 4

-9.2 4

-9.4

8.4

-8.6 -

-8.8 -

Equation
Plot
Weight
Intercept
Slope

Pearson's r

Residual Sum of Squares 0.0071

R-Square(COD) 0.98231
Adj. R-Square 0.97346

y=a+bx
8
No Weighting
15.32197
-7.60229

-0.99111

T T T
3.10 3.15

1000/T

T -
3.20 3.25

heating-cooling rate

Thermodynamic parameters 10°C 15°C 20°C 25°C
Ap (K) 310,9 314,4 318,6 321,8
To (°C) 38,65 42,1 45,3 46,1

AHa-m (I gP) 5,22 4,80 6,13 4,80

AHv-a (I gP) -4,04 -3,64 -3,40 -3,66
ASnm_a (MIgtoc?) -0,104 -0,086 -0,075 -0,079
ASa_n (MJ gteC?) 0,135 0,114 0,135 0,104
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3.2. Microstructure and Hardness

SEM image of NiTiCu alloy is demonstrated in Figure 4a. From the image some beadlike alignments
within the structure can be seen. Likewise, these microstructures can be seen in optical microscope
images (Figure 4b). Although grains and martensite plates are not observed within the structure (since
this alloy is not completely in the form of martensite phase at room temperature), a large number of
dendritic structures are monitored. Dendrites are aligned with the shape of bead and arranged in long-
distance. Some dendrites are parallel within the matrix structure and overlap each other in some regions.
EDX results obtained for some region on the surface of the alloy, which determined on SEM image
(Figure 4a). It is known that precipitations occurring in alloy are Ti;Ni phase. This precipitated phase
was determined by the atomic ratio found by EDX. As opposed to the rate of element Ti, the rate of
elements Ni and Cu is approximately 2:1. Therefore, content of Cu and Ni within the main phase of B2
is less available than Ti content. Adding Cu element to NiTi alloy modify the martensite structure, and
is a factor to form orthorhombic B19 phase. Phase of Tix(Ni, Cu) within the structure have been
determined in SEM-EDX analysis. One of the main parameters in terms of determining mechanic
properties in the alloys is microhardness measurement. NisoTisoCuzoalloy recorded microhardness with
219 HV value. It can be concluded that adding Cu into NiTi alloy made it softer compared to the result
obtained in literature [33]. Thus the formability of NiTiCu alloy is enhanced, due to the change in
microstructure morphology within the alloy by adding element Cu [33].
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Figure 4. a) Optic micrograph, b) SEM image, and c) EDX results of NiTi-20Cu SMA
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3.3. X-ray Diffraction

The analysis of X-ray diffraction for NiTiCu SMA can be seen in Figure 5. The pattern was obtained at
room temperature, which enabled austenite and martensite phases to be observed together. In addition
to the both B2 (cubic) and B19 (orthorhombic) phases, another precipitation is Tix(Ni, Cu) that has a
very sharp diffraction peaks. It is known that this precipitation influences transformation phase. The
existence of B2, B19 and Ti,Ni precipitation is supported by EDX result too. On the other hand, TisNia
precipitation phase is one of the reason for formation of R-phase, and since, its amount is too low, so R-
phase in the DSC curves was not detected. Furthermore, Cu element dissolved within the interphase of
NiTi and can be found in TiNigsCuo» matrix [3, 4, 10, 34].
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Figure 5. XRD pattern of NiTi-20Cu SMA.

4. Conclusions

The findings of this study suggest that NiTiCu (30:50:20 at. %) SMA alloy has displayed one-step phase
transformation (B2<»B19) and by increasing heating rate, the transformation temperatures from
austenite to martensite phase have not changed. Besides, with the increase of heating-cooling rate,
hysteresis range has increased and thus it can be said that the alloy can be used widely as actuator. The
evidence from this study point out the idea that adding 20 at. % Cu element has decreased the formation
of TisNi4 precipitation phase in the NiTi alloys, and thus R-phase was disappeared completely. This
paper demonstrated that NisoTisoCuz alloy has a lower activation energy compared to the conventional
binary NiTi alloys. From the results it is found that surplus of Cu ratio may facilitate the process ability
of the alloy.
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