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Abstract-This study gives a thorough analysis into the use of powder metallurgy to create a TiNiPd ternary shape memory alloy (SMA).
Focusing on comparing alloys created using the argon-arc melting process, the study examines the effects of compacting pressure and
copper concentration on transition temperature and thermal hysteresis. A thorough microstructural analysis was performed to look at how
solution treatment, annealing, and ageing affected the phase transformation temperatures and shape memory properties. The outcomes
showed that the alloy microstructure was altered by the annealing and ageing processes, resulting in the production of stable high-
temperature precipitates. Notably, ageing and solution treatment increased hardness values and decreased porosity %. These results
highlight the critical importance of particular elemental substitutions and processing factors in modifying the TiNiPd SMA's characteristics
and expanding the range of applications for which it can be used. The knowledge gathered from this study's insights is useful for building
and optimising novel ternary shape memory alloys with improved performance properties. It also advances the field of shape memory alloys.
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1. Introduction:

Shape Memory Alloys (SMAs) have drawn a lot of attention due to their outstanding pseudoelasticity and amazing
shape memory effect in a variety of sectors, including engineering and medical. [1]. Shape memory alloys (SMAs) are
a unique class of metallic materials that display an intriguing characteristic known as the shape memory effect (SME).
The distinctive property of SMAs that allows them to return to their original shape after deformation when heated
over a certain temperature defines this SME. This behavior is caused by the reversible phase transformation in SMAs
between austenite and martensite. Notably, the return of the original shape is made easier by the transformation
from martensite to austenite following heating. Different varieties of SMAs can exhibit either one-way or two-way
SME depending on their unique composition and intended applications. [2].

The United States Naval Ordinance Laboratory created the first shape memory alloy for the Ni-Ti system, known as
"NiTiNOL." The extraordinary elasticity and the temperatures at which the austenitic and martensitic transitions take
place of Ni-Ti shape memory alloys have both been the subject of extensive research into their properties and
applications [3]. The thermoresponsive properties of these alloys have led to their classification as smart materials [4].
Shape memory alloys and piezoelectric materials fall under this category. The transition of these alloys from the low-
temperature phase (martensite) to the high-temperature phase (austenite) is one of their key characteristics) [5].

The shape memory alloy (SMA) nickel titanium (NiTi) is often used, but because to its poor workability and casting-
related difficulties, there is interest in investigating powder metallurgy (PM) techniques for near-net shape processing.
However, there is still a big obstacle to getting PM-produced NiTi SMA alloys with cast alloy-like characteristics. In this
context, the recoverable strain, a fundamental SMA quality measure widely addressed in literature, is significant. [6].
Using the pressure-enhanced sintering method known as Health Information Provider Services (HIPS), powders are
packed into gas-tight welded cans under vacuum before being subjected to pressure. Hot isostatic pressing (HIPS) of
prealloyed powders produces the most uniform and virtually theoretically dense samples. [7] Kato et al. According to
the findings, these samples exhibited 12% fracture strains and 6% martensite plateau strains. Despite having brittle
fracture at first, the specimens' recoverable strain may be on par with cast alloys. Similar results were found in
Johansen's investigation, where a NiTi alloy supplemented with TiC particles managed a 4% strain recovery and a 10%
total strain under HIP circumstances.
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The transition temperatures (TTs) of NiTiHf remain largely steady at lower concentrations of Hf, according to both
experimental evidence and first-principle calculations. However, a considerable Hf concentration (over 15%) causes a
huge rise in the TTs, which can exceed 350 °C. [8]. Furthermore, compared to NiTi, NiTiHf alloys display extraordinary
a lack of slipping, resulting in larger transformation strains in both tension and compression.[9]. It is crucial to
emphasise that, in contrast to transformation temperatures (TTs), a NiTiHf alloy's transformation strains even be
impacted by slight modification to the Hf fraction. [10]. Understanding the characteristics of NiTiHf has been the focus
of intensive research over the last ten years. It has been discovered that the alloying composition of NiTiHf has a
significant impact on its thermomechanical properties. The thermomechanical characteristics of NiTiHf are also
influenced by a number of other variables, for instance, heating, precipitation, grain size, and the type of load (tension
vs. compression). To further understand its characteristics, extensive research is therefore desperately needed. It is
important to note that there have only been a few compositions studied for NiTiHf. [11]. As a result, there hasn't been
a thorough investigation into how different variables affect how these High-Temperature Shape Memory Alloys
(HTSMAs) behave. Given the challenges and complexity involved in synthesising different compositions of these alloys,
computational simulations, such as atomistic approaches, have proven to be highly advantageous in estimating and
predicting the material properties of new NiTiHf alloy compositions in a time- and cost-efficient manner. Molecular
dynamics (MD) stands out as one of the best methods for extensively examining the microstructural factors that
control material behaviour among various atomistic modelling techniques. Interatomic potentials, however, which are
the MD constitutive equations and specify the forces and interactions between atoms, are extremely important to the
precision of MD simulations. Therefore, it is essential to create reliable interatomic potentials in order to guarantee
the accuracy of MD simulations. [12].

The Schrddinger equation's description of the actual quantum mechanical interactions is based on analytical functional
forms known as interatomic potentials, which are mathematical approximations of these functional forms. [13]. If an
interatomic potential accurately mimics the mechanical characteristics of an alloy with diverse compositions, it can be
considered a trustworthy instrument. [14]. To look into a variety of atomic-scale materials science issues, there are
numerous classes of parametric potentials. [15]. The many-body potential, which depends on the local electron
density, stands out as one of the most precise types of interatomic potential intended for metals. [16]. The
development of various kinds of many-body potentials has received significant attention, leading to the development
of techniques like the Finnis-Sinclair (FS) potential. [17], embedded-atom method (EAM) [18], modified embedded
atom method (MEAM). The approximate second-moment of the tight-binding potential is one of many many-body
potentials that have undergone extensive research. (TB-SMA) [19].

The creation and characterisation of the Ti50Ni25Pd25 alloy are the main topics of the current study. After that, the
outcomes are contrasted with those of the TiNiHf alloy.

2. Experimental Procedures

Titanium, Nickel, and Palladium micro powders with a purity of more than 99% were used in this investigation. As
shown in Figures 1, 2, and 3, a Ti50Ni25Pd25 ternary alloy was created, and its properties were examined using SEM,
EDX, and XRD methods. While the Ti, Ni, and Cu powders came from FS Corporation in Lahore, Pakistan, and were
99.3% pure, the Pd powders were from YURUI (SHANGHAI) Chemical Co., Limited in China. Using image J and Fiji
software, the purity and particle size of the powders are displayed in Table 1.

Through two hours of ball milling, the powders were combined according to their atomic percentages. The combined
powders were then sintered at 950°C for ten minutes in a vacuum furnace under regulated air conditions, then cold
compacted at 800 MPa using a hydraulic press. The alloys were then treated with a solution at 900°C for the same
amount of time after being homogenised at 1000°C for two hours in a vacuum furnace.

The remaining alloys were annealed at 700°C, slowly cooled in a furnace, then aged for six hours at 800°C after being
cut into one-millimeter-thick sections. Table 2 gives details on each of the 12 samples that were used in the
experiment.
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Fig. 1 SEM images of (a) Ti, (b) Ni and (c) Pd powders
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Fig. 2 EDX of (a) Ti, (b) Ni and (c) Pd Powders
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Fig. 3 XRD of (a) Ti, (b) Ni and (c) Pd Powder at room temperature
Table 1: Purity (%) and Particle Size (um) of Powder used
Metal (Powder) Purity (wt%) Particle Size (um)
Ti 99 35
Ni 99 2
Pd 99.1 51

Scanning electron microscopy (SEM) pictures of Ti, Ni, Cu, and Pd powders are shown in Figure 1(a), (b), (c), and (d),
and the corresponding particle sizes are determined using Image J and Fiji software, with the values given in Table 1.
Red circles are used to emphasise the particles.

The Energy Dispersive X-Ray Analysis (EDX) of these powders is shown in Figure 2 (a, b, ¢, and d), demonstrating their
purity.

Additionally, TiNiPdCu powders' X-Ray Diffraction (XRD) patterns are shown in Figure 3 (a, b, ¢, and d), confirming their
crystalline structure. All samples' porosity was calculated using their densities. [5].

percentage porosity = [1 - (Z—Z)] 1] J— (1)

Pr, shows the actual density of the alloy and can be found by dividing their weight by volume. p,, shows theoretical
density of alloy and calculated as

Py = [(PY") * at%Ni] + [(PFY) * at%Ti] + [[(P§*) * at%Cu] + [[(P§?) * at%Pd] ------------- (2)
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Where P}, PTE, PE* and PP shows theoretical densities of Ni, Ti, Cu and Pd respectively.
The Brinell Hardness Tester was utilized to conduct the hardness test on the alloy.

3. Results and Discussions

3.1.Transformation Temperatures

The Ti50Ni25Pd25 ternary shape memory alloy underwent differential scanning calorimetry (DSC) study, which
involved heating and cooling cycles as shown in Figure 4. The alloy's Ms, Mf, As, and Af (martensitic start temperature,
austenitic start temperature, and austenitic finish temperature) were all quantified using this analysis. However, the
homogenised sample DSC analysis revealed that. As seen in Fig. 4, it was discovered that the transition temperatures

could not be calculated. The transition temperatures for alloys that have been aged, solution-treated, and annealed
are listed in Table 2.

The results showed that the transition temperatures in the annealed condition were greater than those in the solution
treatment and ageing conditions. Additionally, thermal hysteresis was minimized in the annealed alloys compared to
the solution-treated and aged alloys.

Table 2: Transformation temperatures for TisoNizsPdas solution treated alloy

Alloy Transformation Temperature (°C) Thermal
hysteresis
Ms Mf As Af Af - Ms
Annealing 168 162 171 188 20
Solution Treatment 152 145 175 182 30
Aging 158 148 178 183 25
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Fig. 4 DSC curves of (a) sintered and homogenized (b) homogenized and solution treated (c) solution treated
and annealed (d) solution treated and aged alloy
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3.2. Brinell Hardness Test
Table 3 displays the results of the Brinell hardness test. Figure 5 shows that the hardness value increases during
solution treatment and ageing while decreasing during annealing. This trend can be traced to the material being
more ductile during annealing, which then softened it and decreased its hardness. On the other hand, the
material gets more brittle with age and solution treatment, increasing hardness.

Table 3 Brinell Hardness Test of 4 alloys

Sample Composition Heat Treatment Brinell Hardness (HBW)
No.
1 TisoNizsPdas Sintered & Homogenized 95.7
2 TisoNizsPdas Homogenized & Solution Treated 459.1
3 TisoNizsPdas Solution Treated & Annealed 180.8
4 TisoNizsPdas Solution Treated & Aged 466.5
500
] [ ]
450 "
% 400 + m  Brinell Hardness Test
=
+— 350
o
-
" 300 H
w
g 250
=
]
L 200 -
2 ]
c
‘= 150+
m
100 -
50 T T T T T T T
Sintering Solution Treatment Annealing Aging

Heat Treatment

Fig. 5 Effect of hardness of TisoNisPd,s SMA on homogenization, solution treatment, annealing and aging
3.3.Porosity

The % porosity values of four samples are shown in Table 4. Figure 6's data shows how the percentage of porosity is
reduced during the annealing process in comparison to solution treatment and ageing. This observation is consistent
with earlier studies in the literature, which show that raising the compacting pressure causes the percentage of
porosity to decrease. For instance, a study showed that the percentage of porosity reduced as the compacting
pressure was increased from 300 MPa to 800 MPa. [3]. The compacting pressure for this investigation was set at 800
MPa.
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Table 4: % Porosity of alloys

Sample Composition Heat Treatment Porosity
No. (%)
1 TisoNizsPdss Sintered & Homogenized 13.4
2 TisoNizsPdas Homogenized & Solution Treated 13.89
3 TisoNizsPdas Solution Treated & Annealed 13.01
4 TisoNizsPdss Solution Treated & Aged 13.95
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Fig. 6 Percentage porosity of TisoNi>sPd2s SMA vs sintering, solution treatment, annealing and aging
3.4.Shape Memory Effect

A sample with the following dimensions: 14 mm 2 mm 1 mm was created and heated in a solution for one hour at
850°C before being quenched in water at room temperature. Differential scanning calorimetry (DSC) analysis was used
to determine the martensitic initiation temperature. The sample was then bent at an angle of 900 while submerged
in ice water, causing a 6.66% deformation. The sample was then given 40 seconds to recover in boiling water. The
reference offered in this article provides a list of the expressions used in this inquiry. [20] The recovery strains of the
Ti50Ni25Pd25 alloy are shown in Table 5, and they were computed using the techniques used to compute deformation
and recovery strains. The samples were then distorted in frozen water at a strain rate of 6.66%.
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Table 5: Deformation and Recovery strain of solution treated TisoNi>sPdys alloy

Alloy Composition Deformation €(%) Recovery Strain (%)

1 TisoNizsPdas 6.66 90

3.5.Microstructural Analysis

Shape memory alloys (SMA) that have been homogenised, solution-treated, annealed, and aged are shown in Figures
7(a), (b), (c), and (d), respectively. The examination of these images indicates the existence of prominent, micron-
sized, black precipitates that are readily discernible. The white precipitates, in comparison, are less prominent and are
in the nano size range. Using Fiji software, image analysis was done to establish the average size of both white and
black precipitates. The photos also show several pores with a size of a few microns.

Notably, compared to the annealed and aged alloys, the precipitates in the solution-treated alloys are more visible.
As can be seen from Figure 10, compared to the aged and solution-treated alloys, the annealed alloy had the least
porosity. Additionally, the study found that when the Cu content rises, the size of the precipitates grows while the
pore size reduces, improving the alloy's mechanical qualities.

X588 S0m ,CRL UOP

ASE0  SBMm, . CRL UOP

Fig. 7 SEM images of (a) Homogenized, (b) Solution Treated, (c) Annealed and (d) Aged SMA

The XRD pattern of Ti50Ni25Pd25 alloys is shown in Figure 7 under various conditions, including homogenised, solution
treated, annealed, and aged. Only the martensite phase may be seen in the homogenised, solution treated, and
annealed states. The SEM photos, on the other hand, show that in the aged alloy, both black and white precipitates
become apparent.
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Fig. 8 XRD profile of homogenized, solution treated, annealed and aged samples
4. Conclusion

Different heat treatment techniques result in a noticeable rise in the transition temperature (Ms). Both
martensitic and austenitic phases are present, according to the differential scanning calorimetry (DSC) data, which
also show a significant rise in transformation temperatures and a decline in thermal hysteresis. In comparison to
annealing and ageing treatments, the hardness value dramatically rises during the solution treatment process.

When compared to the solution treatment and ageing procedures, the annealing procedure also helps to lower
the percentage of porosity. The existence of black and white precipitates, which are in charge of enhancing the
alloy's mechanical properties, is confirmed by SEM and XRD examination.

These alloys are high-temperature shape memory alloys and can be used in high-temperature sensors and
actuators since their martensitic transition temperature is greater than 100°C. It is noteworthy that the alloy's
transformation temperature is higher than that of TiNiHf ternary alloys and that its thermal hysteresis is lower.
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