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Abstract

The goal of this research is to observe alterations in the structure of the alloy after studying physical
parameters such as thermal and electrical properties of the shape memory alloy, which has an atomic
percentage of composition of NisoMn3gSni1. NiMnSn alloy ingots made by arc melting were heat treated
at 900 °C for 17 hours in a high purity argon environment, and then alloy cooled in brine-ice water and
air. The alloy has been divided into little pieces since it is employed in a variety of physical measurements.
DSC measurements on alloy samples were used to estimate phase transformation temperatures, and
activation energies were computed based on these data. Electrical measurement results supported the
obtained results. Metallographic methods were investigated, and the peak spots from the X-ray
diffraction pattern were calculated, allowing the alloy's crystal structure to be determined. This study
also looked at the aging effect, which increases the mechanical and functional properties of Ni-based
alloy groups.
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Introduction

Due to the shape memory effect of shape memory alloys, it has provided a wide range of study areas
today. In short, it is defined as a material group that can return to its real shape and dimensions. The
recovery time determines the size of the shape memory effect of the material. When it comes to shape
memory alloys, the first NiTi (Nitinol) alloy group comes to mind [1-3]. Shape memory alloys, which are
sensitive to thermal changes, can have two different crystal structures above and below their critical
transformation temperatures. Shape memory alloys consist of a kind of sensor that detects the input
signal and an actuator that can give an appropriate response to this signal [4-7].

NiTi alloys are more preferred than copper-based and iron-based alloys; elongation, high tensile strength
and corrosion resistance. Magnetic shape memory alloys are ferromagnetic materials capable of
producing motion and force in mild magnetic fields. MSMAs are typically nickel, manganese, and gallium
(Ni-Mn-Ga) alloys. There are other variations to this combination; Sn is used instead of Ga, which is chosen
because it decreases prices and shows future promise [8-10]. Ni-Mn-based magnetic shape memory alloys
are a family of intermetallic alloy groups that exhibit many different physical properties. Sutou et al.
determined magnetic field-induced reverse martensitic transformation and shape memory effect in
NiMnX (X = In, Sn, Sb) magnetic shape memory alloys [11, 12]. In similar research, Ni-based shape memory
alloys have a significant role in improving functional and mechanical qualities as well as aging. The size
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and distribution of Ni precipitates are generally determined by the aging temperature, aging period,
external variables, and chemical structure. It is well known in the literature that the size of Ni precipitates
grows with increasing aging temperature and time [13-15]. In this study, the aging effect of NiMn-based
MSMAs on the detailed microstructural physical properties of the NiMnSn magnetic shape memory alloy
was investigated by observing. The cut samples were subjected to certain heat treatments and the regular
and irregular phase transitions of the alloys and the temperatures at which these phases occurred were
determined [16-18]. The martensite and austenite transformation temperatures, which vary depending
on the weight % of the elements in the alloy, were determined by the Differential Scanning Calorimetry
(DSC) technique and the shape memory phenomenon was examined. The transformation mechanism of
the alloy was determined by electrical resistance-temperature measurements.

The aging process can be defined as a process applied to give strength to the metal by precipitating the
alloy material in the structure of the metal. The aim of this study is to increase the strength of the alloy
by examining the properties of the alloy based on our previous work [19].

2. Experimental Procedure

NiMnSn shape memory alloys were produced by vacuum arc melting using high purity elements. Since
vacuum is applied first in arc melting, the prepared metal powders were turned into pellets in the press
machine to prevent the dispersion of metal powders during vacuuming and melting. The pelleted samples
were placed in the arc melting system, and the system was first vacuumed up to 10 millibars and then
filled with high purity spectroscopic argon gas (99.999%). In order to homogenize the alloy, it was
homogenized for 17 hours at 900 °C under a high purity (99.999%) argon atmosphere, and sudden cooling
was applied in salt-ice water and in air. The samples produced in the form of ingots were cut so that DSC,
SEM and X-ray measurements could be made. In order to eliminate the difficult effect during cutting, heat
treatment was applied to the samples for 30 minutes and then sudden cooling was applied in salt-ice
water. The surfaces of the cut alloys were polished to take surface micrographs in order to determine the
grain sizes of the instantly cooled samples. The polishing process was done under water in order not to
be exposed to heat during polishing. In order to clarify the grain sizes of the polished samples, the samples
were etched for 30 seconds in 5 gr FeClz + 100 ml methanol + 20 ml HCI solution. X-ray diffractograms of
NisoMnssSn1; alloy using CuKa (A=1.5405 A) radiation, measurements were taken at a constant scanning
rate of 2°/min between 26 = 20° - 80°.

3. Results and Discussion

In Figure 1. a, b, ¢, d DSC and electrical conductivity curves were given from a part of the samples cut from
Ni50Mn39Sn11 alloy, which were subjected to homogenization at 900 °C for 17 hours and instantly cooled
in salty-ice water, without applying heat treatment. Phase transformation temperatures of the alloy can
be determined by both methods from these graphs [20]. According to DSC curve has been detected which
are Austenite start (As): 114 °C, Austenite final (Af): 167 °C Martensite start (Ms):155 °C and Martensite
final (Mf):101 °C respectively. These results were determined by using electrical conductivity
measurements as As:107 °C, Af:155 °C, Ms:140 °C and Mf :104 °C, respectively Fig 1.b).

The results obtained by both methods are in good agreement. The small difference between the
transformation temperatures is the temperature of the heating rate. DSC measurements were taken at a
heating-cooling rate of 10 °C/min and resistance measurements 15 °C/min. It is well known that the
heating rate in the shape memory alloys has an effect on the transformation temperatures [21, 22].
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OM (optical microscopy) images of the alloy taken at different magnifications and room temperature are
givenin Figure 1.c. It was observed that the grain sizes of alloys were larger than 100 um. Grain boundaries
are evident in surface micrographs. Moreover, it was observed that the martensite plates were cut sharply
at these borders. Some of the grains have martensite plates with different orientations. The data obtained
from the measurement result were examined for the XRD graph, the peak points were determined by
examining the previous studies and are shown in Figure 1.d. Krenke et al. and Chabri et al. stated in their
study that the NisoMnssSn;; alloy system is of L2; superlattice type in the austenite phase, and that the
NisoMns3sSni; alloy in the martensite phase may have 10M, 14M or L1, crystal structures depending on the
amount of Sn [11, 23, 24].
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Figure 1. a) DSC curve of non-heat treated NisolMn3sSn11 alloy b) R/Ro changing subject to temperature of non-heat
treated NisoMnssSn11 alloy ¢) Surface micrographs of NisoMnssSni1 alloy d) X-ray diffaction pattern of the alloy
obtained at room temperature

To investigate the effects of heat treatment on the alloy, two procedures were used. It was heat treated
for 60, 120, 180, and 240 minutes at 300 °C. The alloys were then chilled, one at ambient temperature
and the other at 0 °C. Figure 2 shows the DSC data obtained following these two heat treatments. As a
result of the measurements taken at different scanning speeds, austenite, martensite and enthalpy values
were determined. With the increase in the heating rate of the samples cooled in air and water separately
at different heating/cooling rates, the austenite start, finish and maximum temperatures also increase,
while the martensite start, finish and maximum temperatures decrease in the opposite direction. This is
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because the martensite transformation is a phase transformation that occurs at lower temperatures.
Depending on the heating rate, the enthalpy values also change. The enthalpy change is related to the
amount of conversion of the active phase. If we compare the DSC results of the sample cooled in air and
the sample cooled in water, the sample cooled in air transforms at higher temperatures than in water
cooling at room temperature. Activation energy was calculated by Kissinger and Ozawa method using DSC
measurement results. When activation energies are compared, it is seen that the values found are close

to each other.
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Figure 2. DSC curves of NiMnSn alloy at different conditions a) air medium b) water medium

DSC experiments were repeated with heating rates of 10 °C, 15 °C, 20 °C, and 25 °C to assess the influence
of cooling on activation energy in different mediums after heat treatment. Thermal activation energies
were calculated using the Kissinger and Ozawa methods based on the findings of these measurements.
Figures 3 and 6 show the linear changes produced using these two methods. Table 1 summarizes the
results collected. Table 1 summarizes the average activation energies discovered by both approaches. The
untreated alloy has an activation energy of 206.2 J/mol on average. When the activation energies are
compared, the values of the activation energies found by the two different methods have values close to
each other. This shows that the experimental results are in perfect agreement with each other. But heat
treatment time and cooling medium affected the activation energies. This change is given in Figure 7
where it can be seen that the activation energy decreases as the heat treatment time increases in air
cooling. On the contrary, the activation energy increased as the heat treatment time increased in the
samples cooled in water. At the same time, the activation energy of the sample, which has never been
heat treated, was obtained greater than all of them.
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Figure 3. Kissenger plots of alloys cooled in air by heat treatment at 300 °C for 60, 120, 180 and 240 minutes
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Figure 4. Kissinger plots of alloys cooled in water by heat treatment at 300 °C for 60, 120, 180 and 240 minutes
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Figune 6. Ozawa plots of alloys cooled in water by heat treatment at 300 °C for 60, 120, 180 and 240 minutes
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Table 1. Activation energy values of martensite-austenite transition calculated from Kissinger and Ozawa curves of
NisoMns3sSn1: alloy with different heat treatment and different cooling applied

Without

Heat Treated
Methods heat A i Wat i
treatment ir cooling ater cooling
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(J/mol)
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Figure 7. Average activation energy graph of heat treated NiMnSn alloy

Thermal activation energies values of Ni50Mn39Sn11 alloy, which is applied different heat treatment and
different cooling, are calculated and given in Table 1. When the activation energies are compared, the
values of the activation energies found by two different methods have values close to each other. This
shows that the experimental results are in perfect agreement with each other. In order to observe the
resistance changes of the NisoMn3sSni: alloy with temperature, measurements were taken from room
temperature to the temperature range of 0-250 °C, first heating followed by cooling. During the
measurement, high purity argon gas was applied at a flow rate of 200 mL/min. to prevent oxidation of the
samples in the system. The electrical measurement results obtained are given in Figure 3., Figure 4., Figure
5. and Figure 6. The electrical resistivity of shape memory alloys is sensitive to temperature changes, and
electrical resistance-temperature curves can be used to determine transformation temperatures [20]. If
the temperature range where the measurements will be taken can be determined correctly, As, Af, Ms,
Mf values can be found on these curves. In the resistance-temperature graphs obtained, As, Af, Ms and
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Mf temperatures determined in the heating and cooling cycle are in harmony with the transformation
temperatures determined by DSC measurements. According to the electrical resistance result of the
NiMnSn alloy, it can be said that the resistance of the alloy decreases in the high temperature phase, but
increases in the low temperature phase. This result is due to the crystal structure of the alloy in the
austenite and martensite phases.

4. Conclusions
In this study, in which the thermal structural and electrical properties of NiMnSn shape memory alloy

were investigated, the following results were obtained.

> Phase transition temperatures vary depending on the heating rate. When the DSC graph is examined,
it is seen that the probability of austenite peaks returning to martensite peaks is low.

Activation energies were obtained in accordance with both methods.
It was found that as the heat treatment temperature increased, the grain size of the alloy decreased.

It was determined that the transformation temperatures of the alloy could be estimated from the
electrical resistance measurements. It was also observed that the alloy exhibited low resistance in
the high temperature phase.
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