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Abstract

Original scientific paper
This study aims to examine the thermal and microstructural properties of NiTiC1 and NiTiC2 shape memory alloys (SMAs) produced by
arc-melting method. It was observed that additive C did not alter the phase transformation order which remained as one-step (B2 < B19’).
Additionally, the effect of C addition on thermal properties of the Ni-riched NiTi alloy(s), including temperature hysteresis, enthalpy,
entropy, and Gibbs free energies were also determined. An increase in the amount of C noticeably reduced the detectable grain size and
thus decreased the elastic energy of the alloy. In DSC analysis, the presence of martensitic phases in the alloys was determined below the
room temperature. The presence of B2 austenite, NisTiz precipitate, and TiC phases were detected in XRD analyses, which were supported

by SEM-EDX results. Grain boundaries were clearly observed and precipitates were found to be homogeneously distributed.
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1 Introduction

Smart materials are becoming increasingly important
as technology develops, e.g., they are used as sensors,
actuators, and fasteners in some fields such as space,
industry, and medicine [1-3]. The important role that
shape memory alloys (SMAS), which are a class of smart
materials, play is due to the shape memory effect (SME)
and pseudo-elasticity [4, 5]. In terms of low-temperature
range martensitic phase transformation, NiTi alloys
constitute the most important group of alloys [2, 6]. Some
methods can be used to adjust the required transformation
temperatures depending on the applications of NiTi SMAs
[7, 8]. For example, changing the element ratios of the
alloy, adding different elements, changing the
homogenization temperature, and quenching conditions
[9, 10].

Controlling the phase transformation of Ni-rich NiTi
SMAs at room temperature is necessary for some of the
technologies operating in this range [11-13]. However, the
presence of metastable intermediate phases (NisTis,
NisTi2) that affect the transformation temperatures in Ni-
rich NiTi alloys are undesirable [11, 14]. Researchers are
attempting to alloy with a third element to minimize these
undesirable phases in Ni-rich NiTi alloys system in a way
that does not have a significant effect on phase
transformation temperatures [15-20]. However, studies on
Ni-rich NiTiC alloys at the desired transformation
temperature and structure are limited.

The variation of the transformation temperatures
strongly depends on the elemental concentration of the
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alloys [4, 6]. The change of elemental concentration
causes changes in transformation temperatures as well as
other thermodynamic parameters such as enthalpy,
entropy, and Gibbs free energy. The most widely used
thermal analysis system to examine these parameters is
Differential Scanning Calorimetry (DSC) instrument [21].
As a matter of fact, transformation temperatures and
enthalpy can be easily calculated with the help of the
heating/cooling curves obtained by the DSC
measurements. The Gibbs free energy, entropy, and
enthalpy values of NiTiC alloys have been investigated
previously [15]. However, appropriate information such
as elastic energy and grain size is not found in the
literature for NiTiC alloys.

In this study, it is aimed to determine the
transformation  temperatures and  thermodynamic
parameters of NiTiC1 and NiTiC2 alloys. In addition, the
microstructures and their relations with the determined
phase transformation temperatures and thermodynamic
parameters were determined for the alloys.

2  Experimental Procedure

Powders with 99.8% purity of nickel, titanium, and C
(in at.%) to make of Ni-48.72Ti-0.4C and Ni-48.32Ti-
0.8C were compressed to small pellets by a hydraulic
press. They were then melted several times in an electric
arc melting furnace. Before melting, all the air in the
chamber was vacuumed and filled with argon gas, thus
greatly reducing the likelihood of oxidation in the alloys
at high temperatures during melting. The atomic ratios
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(at.%) and weight ratios (wt.%) of the produced alloys are
given in Table 1.

Alloy ingots were homogenized for 24 hours in a
muffle furnace under argon atmosphere and 900 °C
temperature, then, cooled in ice brine water to obtain the
martensitic phase by minimizing the amount of some
precipitates that may occur in the synthesis process of the
alloys.

Table 1. The nominal codes for the produced alloys.
Compositional Compositional rate
Alloys rate (wt.% (at.%0)

Ni Ti C Ni Ti C
NiTiCl | 56.10 | 43.81 | 0.09 | 50.88 | 48.72 | 0.4
NiTiC2 | 56.25 | 43,57 | 0.18 | 50.88 | 48.32 | 0.8

Samples of alloys were cut from the alloys in suitable
sizes to be measured by Differential Scanning
Calorimeter (DSC), X-ray diffraction (XRD), Scanning
Electron Microscopy (SEM), and Chemical Analysis
(EDX) analyses. In order to determine the transformation
temperatures by DSC, the cut samples were re-
homogenized for 30 minutes to avoid shear forces formed
during cutting. The DSC measurements were made at a
10 °C/min heating/cooling rate and in an Nz gas
environment. A (Austenite start), Ar (Austenite
finish), M (Martensite start), and M, (Martensite finish)
transformation  temperatures; A, (Austenite peak),
M,, (Martensite peak), and T, (equilibrium temperatures)
temperatures; and AH (Enthalpy) were obtained using the
DSC results. X-ray measurement was accomplished by
the RIGAKU ULTIMA IV X-Ray Diffraction
Spectrometer at room temperature between 30-80° and a
constant scan rate of 2 °/min. To obtain the surface
micrograph analysis of the alloys, the samples were
ground, polished, and chemically etched using a solution
containing 10HNO;3; + 25HF + 150H,0, then, SEM-EDX
compositional analysis were carried out using the JEOL
JSM 6510 electron microscope.

3 Results and Discussions

Figure 1 illustrates the XRD pattern of the NiTiCl
and NiTiC2 alloys. In the literature, it has been determined
that B19' martensite, B2 austenite, and NisTis
precipitation phases can be formed in NiTi alloys, while
TiC phases are generally present in C doped compositions
[6, 14, 22-25]. B2 austenite, NisTisz precipitation and, TiC
phase peaks were found in NiTiC1 and NiTiC2 alloys that
are compatible with the literature. B19' martensite peaks
were not found because the martensite phase
transformations were below room temperature. However,
using B19' —» B2 phase transformation obtained by the
DSC thermo-gram, the presence of B19’ was determined.
Among the peaks determined in the alloy, it is seen that
the B2 austenite phase peak is more dominant than the
other peaks. The fact that the B2 austenite phase was more
dominant than the B19' martensite phase was due to the
XRD analysis of the alloys was found at room
temperature. On the other hand, it was determined that the

peaks belonging to the NisTis precipitation phase have
low intensity. The XRD result gives more information
about crystal structure and other parameters such as
crystallite size (D) of the alloys. Scherrer's model is based
on the full width at half-maximum (FWHM (B)), the
wavelength of the X-ray (k), and the angle (8) in radians,
which can be expressed as follows [26, 27]:

D =KA/Bcos® (D)

where K is the Scherrer constant and its best
approximation value is 0.9. A is the wavelength of the X-
ray source used (Ag, (Cu) = 1.5406A) and B
represents the Bragg angle. Crystallite size is an important
parameter of the effects strength, damping capacity, latent
heat, and temperature dependence of materials. It is
known that the material with nanoscale crystallite sizes
(<100 nm) generally contributes positively to the
microstructure and mechanical behavior [28, 29]. The
crystallite size of the alloys is given in Table 2. The results
reveal that the crystallite size is below 100 nm.
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Figure 1. X-ray patterns of the NiTiC1 and NiTiC2 alloys.

Table 2. The valence electrons per atom (e, /a) and valence electrons
concentration (c,,) of the NiTiC1 and NiTiC2 alloys.

Crystallite
Alloys e,/a Cy size (nm)
NiTiC1 7.366 0.291 88.60
NiTiC2 7.375 0.291 24.13

Figure 2 depicts the SEM micrographs of the NiTiC1
and NiTiC2 alloys taken to determine the surface
structures. Since, the martensite phase transformation of
the alloys is below room temperature, so the martensite
plates are not clearly observed. On the other hand, the
NisTis precipitated phases in both alloys are observed in
the form of pits and scattered over the entire surface. The
EDX results are given in Table 3. The EDX results of
NiTiCl alloy show that there is no evidence of the
presence of C element in the composition of the
precipitate phases. While the precipitate phases formed in
NiTiC2 alloy contains C element.
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Figure 2. SEM micrograph of the NiTiC1 and NiTiC2 alloys.

Table 3. Chemical composition results for determined areas on the
SEM images of NiTiC1 and NiTiC2 alloys.

Alloys Location (al\.lc:/o ) (a;l.—;/o ) (at%/o)
Precipitate | 43.83 | 56.17 0.0
NiTiC1l 1 49.78 | 50.22 0.0
2 3995 | 5234 | 7.71
Precipitate | 39.17 | 57.36 3.47
NiTiC2 1 46.81 | 46.63 6.56
2 32.26 49.76 17.98

The EDX analysis results obtained from dark areas
(region no. 1) showed that the Ti concentration is higher
than the Ni concentration. It is noteworthy that the regions
with a high Ti ratio are matrix phase has a flat and uni-
color appearance. The bright structures (no. 2) observed
on the surfaces of both alloys are different from the
precipitates and region no. 1. Therefore, it is noticed that
C elements are concentrated in the bright regions in both
alloys, which is believed to be C rich Ti compound,
possibly TiC. Since, the electron beam size for the EDX
analysis a few microns, it is possible to indicate that
signals from matrix phase is also plentiful and reduce the
concentration of C in such regions. At high temperatures,
Ti is more likely to bond with C compared to Ni because
it needs lower activation energy. Another structure
determined from SEM images is grain boundaries. The
grains found in SEM images are different from the
crystallites obtained through XRD analysis and through
the mathematical equation. It is observed that the grain
boundaries determined in both alloys were interrupted due
to the compact precipitations formed along the
boundaries.

The transformation temperatures (A, Ay) during
heating and (M, M) during cooling; the AH4" energies
of the martensitic phase transformations for the carbon-
added Nickel-rich NiTi alloys showed in Figure 3. In
general, it is known that the end product of martensite
transformations of NiTi alloys has B19" (monoclinic)
crystal structure, while the main phase has B2 (cubic)
crystal structure [4]. NiTiC1 and NiTiC2 alloys showed a
one-step phase transformation from martensite to
austenite (during the endothermic process) and from
austenite to martensite (through the exothermic process)
in the heating/cooling curves, i.e., phase transformation
occurred as B19' — B2, during heating, and as B2 —

B19’ during cooling. The low volume fraction of NisTis
precipitates forming the R (Rhombohedral) phase caused
no transformation of the R phase in the alloys [14]. The
austenite and  martensite  phase  transformation
temperatures during the transformation are given in Table
4.
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Figure 3. DSC curves of the NiTiC1 and NiTiC2 alloys at 10 °C/min
heating/cooling rates.

Table 4. Transformation temperatures of the NiTiC1 and NiTiC2
alloys.

A 4, Ay M M, M H,
O 1 (C) | (CC) | (CC) | (°C) | (°C) | (°C)
NiTiCl 29 6.6 11.7 -14.3 | -154 | -20.0 | 26.0
NiTiC2 2.2 5.7 11.7 -154 | -169 | -184 | 27.1

Alloys

When Figure 3 and Table 4 were examined, it was
found that the transformation temperatures of the alloys
were below room temperature (25°C). The transformation
and hysteresis temperatures of the alloys changed with
changing the amount of C. It is known from previous
studies that changes in hysteresis temperature are caused
by internal frictions (dispersion energy) in the
microstructure [7]. In addition, it was concluded that the
increase in C atom ratios expanded the hysteresis
temperature and thus slowed down the phase
transformation process.

One of the parameters that change the precipitation of
NisTiz in the matrix is the concentration of the elements.
Only a small amount of NisTis precipitate phases were
found in the SEM-EDX of NiTiC1 and NiTiC2 alloys,
resulting from the C addition into the nitinol. Thus, the
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presence of R phase caused by NisTis precipitated phases
was not detected in DSC analysis. It was determined that
this change in the matrix caused the Ni4Tis precipitation
phases to be located between the grain boundaries as a
result of the absence of the R phase.

Figure 4 reveals the variation of the transformation
and hysteresis temperature of the alloys.
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Figure 4. Variation of transformation and hysteresis temperatures of
NiTiC1 and NiTiC2 alloys.

Ay and M, phase transformation temperatures were
used to calculate equilibrium temperature (T,) by equation
(2), and entropy change (AS4~™ and AS™~4) for austenite
and martensite phase transformation were calculated
using equation (3) [15, 32];

To = 1/2 (Af + M;), )
ASASM = AHAM T, A3)

The equilibrium temperature is where the Gibbs free
energies of reverse phase transformation and AG4~™(T,)
is zero, such that [15];

AGA_)M(TO) = GM(TO) - GA(TO)
=(HM_T05M)—(HA_T05A) (4)
— AHA—>M _TOASA—>M =0

where GM4, SM4 and HM4 are the Gibbs free energy,
entropy, and enthalpy of the martensite phase.

The free energy difference is called the driving force
required for phase transformation. The driving force is
reason for a reaction like the diffusion in a solution, which
generally causes a grain growth or a phase transformation,
resulting from the change in temperature or chemical in-
homogeneity [31]. The Gibbs free energy at the initial
martensite temperature (M) can be calculated by using
the following equation [33];

AGA™M (M) = AGM~A(Ty) — AGM~A(M,)

= — (T, — M;SM)AsM=4 ©)

Elastic energy stored or released during
transformation will inhibit the forward transformation but
will aid the reverse transformation. The difference
between the reverse transformation temperatures (M, and
M) is proportional to the amount of elastic energy stored.
The value of elastic energy was found by [34];

G, = AGM™A(M,) — AGM~4 (M)
— _ M-A (6)
= (M — My)AS

Ty, ASA°M AGM~4 and G, values were calculated by
Equation (2-5, 6) and the results are listed in Table 5. The
energies of the alloy AH4~M (austenite to martensite) and
AHM>4 (martensite to austenite) are one of the important
thermodynamic  parameters in alloys exhibiting
martensitic transformation. The energy values of AH4~M
and AHM=4 of C-reinforced NiTiC1 and NiTiC2 alloys
are given in Table 5.

Table 5. Some thermodynamic parameters of NiTiC1 and NiTiC2

alloys.

—~ — > >
> - > [ (g ~ |~
= |- ~Q |~ =2 [=@

g g erEep|atlas|§TIE
P = AR |T S|~ =
Z
(%! 130 | 96 412 | 723 | 73.8 | 0.94 | 0.96
e
<
(__4. 134 | 133 115 | 35.1 | 78.3 | 0.47 | 1.05
N

Among NiTiC1 and NiTiC2 alloys, whose
thermodynamic parameters are given in Table 5, the most
striking parameter is the elastic energy. It is seen that the
elastic energy decreases approximately three times with
the increase of C reinforcement. It means that it
contributes more to the reverse transformation that occurs
in NiTiC1 alloy compared to NiTiC2, owing to the high
elastic energy stored in NiTiC1 alloy during the reverse
transformation. In addition, it is concluded that the larger
crystallite size of NiTiC1 alloy than that of NiTiC2
contributes to the high amount of elastic energy stored in
NiTiC1 alloy.

4 Conclusion

The transformation temperatures and some
thermodynamic parameters of NiTiC1 and NiTiC2 SMAs
produced by the arc-melting method were investigated by
the DSC analysis system. Their microstructures were
examined by XRD and SEM-EDX analysis. As a result of
the analysis, the following findings were drawn;

e The transformation temperatures of the alloys were
found to be below the room temperature. The
transformation  exhibited a one-step  phase
transformation and was observed to be B19' —» B2
during heating and as B2 — B19’ during cooling. By
increasing the C concentration, the transformation
temperatures varied between 0.7 and 1.5 °C.
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e Asthe C concentration increase, internal friction, and
dislocations of the alloy increase during the
martensite transformation resulting in the value of
temperature hysteresis sH, , and Gibbs Free energies
(AGA™M) decreased.

e It was determined that martensite plates and
martensite peaks were not observed in SEM-EDX and
XRD analyses carried out at room temperature. B2
austenite, NisTis precipitation, and TiC phases were
determined by XRD analysis. The existence of these
phases was supported by SEM-EDX analysis, too.

e It was determined that the grain boundaries were
formed along with the NisTis precipitation phases.
The crystallite size of the alloys was calculated to be
less than 100 nm.
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