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Physical and Mechanical Characterization
of TisoNis0—xFex Shape Memory Alloy Fabricated
by Spark Plasma Sintering Process

JAGADISH PARIDA, SUBASH CHANDRA MISHRA,
DEEPAK KUMAR SATAPATHY, KISHORE KUMAR BEHERA, and AJIT BEHERA

NiTi smart alloys are known for their characteristic shape memory behavior. The current work
focuses on the physical and mechanical characterization of Niso_x)TisoFey shape memory
alloys prepared by the spark plasma sintering (SPS) process and their dependence on the
concentration of Fe. The physical characterization of the samples confirmed the presence of the
FeNiTi phase along with the Ti- and Ni-rich phases. Enhanced mechanical properties were
observed in 8 at. pct Fe samples, which contained secondary intermetallic phases such as Ti,Ni,
NisTi, Fe,Ti, and NiyTiz. Higher fraction of NiTi phase in the 8 at. pct Fe sample resulted in
better shape memory properties while showing a higher friction coefficient. Ball on disk wear
tests were done to identify the mechanisms contributing to the wear in the sintered sample. It is
observed that the abrasive wear as well as the adhesive wear are the most prominent
contributors for the surface material removal, and the dependence of characterization is
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observed with the variation of Fe content in NiTiFe alloy.

https://doi.org/10.1007/s11661-024-07562-x

© The Minerals, Metals & Materials Society and ASM International 2024

I. INTRODUCTION

IN the past few decades, shape memory alloys have
garnered significant attention owing to their applica-
tions across diverse fields, from naval to aerospace
industries, medical implantation to surgical instruments,
etc.l* The most recognized of the well-known SMAs is
NiTi, which has a remarkable combination of high flow
stress along with considerable shape memory effect
strain.!! The NiTiFe (NiTi-based) alloy possesses a high
melting point of 1320 °C; the production of NiTiFe
alloys is fabricated using both the powder metallurgy
route and the melting/casting route. Numerous PM
methods, namely, Self-propagating high-temperature
synthesis, conventional sintering, spark plasma sinter-
ing, selective laser melting, and microwave sinterin%,
have been employed to manufacture NiTiFe alloys.*
But the SPS technique has gained prominence as the
most efficient sintering method for alloys and metals, as
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it boasts a remarkable ability for densification while
keeping grain growth to a minimum.”’ Also, it is
suitable for controlling the homogeneity, composition,
and density with a lower sintering temperature and
shorter processing time.'” However, these powder
metallurgy methods have certain limits because of their
complexity and susceptibility to oxidation, which can
lead to the formation of various undesirable phases such
as NiTi,, TiNi3, and Ni4Ti; because of composition
fluctuations in the specimens.>®®!1121 In general, a
material composed entirely of the NiTi phase exhibits
excellent high mechanical properties, making it suit-
able for medical implantation and surgical uses.["* On
the other hand, the presence of Ti,Ni and TiNi; phases
in NiTi may make the implants more brittle."¥ When
the chemical composition of NiTi alloys exceeds
Ti-50 at. pct Ni, it results in precipitation in the Ni-rich
region, particularly NigTi; within the B2 matrix.!'!
These fine precipitates of NiyTi; play a crucial role in
enhancing the austenitic strength and restricting the
extent of plastic deformation during martensitic trans-
formation, especially under cyclic loading or tempera-
ture conditions.'” The Ni,Ti; precipitates presence
results in the development of strain fields that contribute
to improved shape memory recoverability. In compar-
ison to near equiatomic TiNi alloy, Ni-rich shape
memory alloys exhibit higher hardness values owing to
the mechanism of precipitation hardening, which
increases the critical stress required for slip.['® Finally,
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the importance of phases is desirable or undesirable
depending on the application of the alloy.

Fe is added to the NiTi system as a cost-effective
substitution for Ni. Fe addition introduces many desir-
able properties, such as low-temperature hysteresis,
higher toughness, higher corrosion resistance, radiopac-
ity, and lower martensitic phase transformation tem-
peratures.!'”! As a result, NiTiFe alloys find usage in a
wide range of engineering applications, such as
heat-shrinkable hydraulic couplings and sleeves in the
aeronautical industry due to their low martensitic
temperature.' Fe addition to the NiTi system also
reduces the transformation temperature and forms an
intermediate R-phase between the martensite and
austenite phases.

NiTi-based alloP/s are known to possess enhanced
resistance to wear.l'>2!"! Prior investigations on the wear
resistance of TiNi-based alloys in various wear condi-
tions showed that the observed wear resistance was
significantly better than conventional materials such as
steel, Ni-based and Co-based alloys.*! ?*! The wear
resistance of any conventional material has a strong
dependence on the mechanical properties, such as
work-hardening and hardness.** However, in the case
of TiNi-based alloys, mechanical properties along with
the shape memory behavior are responsible for the high
wear resistance. The wear resistance of TiNi-based
alloys was found to be 10-30 times better than pure
Ni and Ti during the sliding wear tests conducted in dry
conditions.”” Abrasion and delamination of sub-sur-
face cracks were found to be the prominent mechanisms
prevalent in these alloys during cyclic loading.

There is no paper on the NiTiFe smart alloy prepared
by spark plasma sintering. Here, the papers focused on
the investigation of the physical and mechanical char-
acterization of the NiTiFe specimens prepared by the
spark plasma sintering process. Interestingly, the depen-
dence of characterization was observed with the varia-
tion of Fe content in NiTiFe alloy.

II. MATERIALS AND METHODS

Elemental Powders of Ni (purity: > 99.8 pct, particle
size: 74-100 um), Fe (purity: > 99.5 pct, particle size:
6-10 um), and Ti (purity: > 99 pct, particle size: < 45
um), respectively, were purchased from Alfa Aesar,
U.S.A. for the study. The powders were mixed in a
tubular mixture (Willy A. Bachofen AG, Maschinen-
fabrik, Switzerland) for 12 h in the desired proportion
of Nigso_x)TisoFey (where X = 0, 2, 4, 6, 8, and 10 in
at. pct) to achieve homogenization followed by sintering
in a spark plasma sintering unit (Dr. Sinter, Model
SPS-625, SPS Syntex Inc.) at 1000 °C for 5 min holding
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Fig. 1-—Schematic diagram of the SPS instrument.

time and 50 MPa applied pressure at a heating rate of
50 °C/min. Figure 1 shows a schematic diagram of the
SPS instrument. The other process parameters, such as
4.5 volt voltage, 1200 ampere current, less than 10 Pa
vacuum level, and 100 °C/min cooling rate, are used. A
cylindrical graphite die with an inner diameter of 15 mm
was used. The specimens are identified by the amount of
Fe in the system: an alloy containing 2 at. pct Fe is
represented as 2Fe in the text. The sintered specimens
(diameter: 15 mm and thickness: 6 mm) were polished
prior to their physical and mechanical characterization.

Physical characterization measurement systems like
X-ray diffraction (BRUKER model: D8 ADVANCE
XRD) were used for phase analysis, while SEM-EDS
(make: JEOL, model: JSM-6480LV) was used for
microstructural and composition analysis. A Co target
(Co Ko = 0.179 nm) was used for the X-ray diffraction
process with constant parameters (i.e., 20 range
30-120 deg, scan rate: 5°/min, and step size: 0.02). For
measuring the density and porosity by Archimedes
Principle, the sintered specimens were soaked in distilled
water for 24 h.*) Nanomechanical properties such as
nanohardness, elastic recovery ratio, and elastic modu-
lus were determined from the nanoindentation tests
using the Hysitron TI950 Tribolndenter. A load of
8000 uN with a 0.8 mN/sec loading and unloading rate
and a holding time of 10 s was employed in the test.*”
Eight indents were obtained using a Berkovich diamond
indenter on different regions, and the average values
were calculated. Vickers microhardness (make: Leco,
model: LM248AT) tests were also performed with a
load of 500 gf for 10 seconds.” The hardness values
reported are averaged out from at least ten indentations
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from different regions of the specimens. To observe the
shape memory effect by indentation method (mi-
cro-Vickers), a load of 1 Kg-f for 10 seconds was
applied, followed by heating in a vacuum furnace at
100 °C for 1800 seconds. The specimens were furnace
cooled prior to the measurement of shape recovery.* A
ball on plate system (make: Ducom, model:
TR-208-M1) was used to study the wear behavior of
the sintered compacts. A 2-mm-diameter Si;Ny ball was
used at 30 N load and 30 rev/min sliding speed for
10 minutes.*” The following formula using Egs. [1] and
Eq [2] was adopted for calculating the shape memory
effect® and the elastic recovery ratio from the
load-depth curve.®!

— D2

D
Shape Memory Effect = ID— *
1

100 1]

Dmax - Dr
)
Dmax

Elastic recovery ratio =

where D, and D; are the average values (um) of
indentation of the sample after and before heating,
respectively. Also, Dp.x and D, are the maximum
indentation depth and the residual depth, respectively.

III. RESULTS AND DISCUSSION

A. Powder Characterization

Figure 2(a) shows the elemental mapping of the 4Fe
powder mixture. It is observed that spherical particles
are Ni powder, and irregular-shaped particles are Ti and
Fe powder. The average particle size of Ni, Ti, and Fe
powders are less than 100, 45, and 10 um, respectively.
Also, individual elements are represented by different
colors, and uniformly distributed elements show that
uniform mixing has been achieved. Figure 2(b) shows
the typical histogram of particle size distribution for the
4Fe powder mixture, as determined by particle size
analysis. The histogram shows bell-shaped curves or

Vol. (%)

10
Particle Size(um)

Fig. 2—(a) Elemental mapping and (b) particle size analysis of 4Fe powder mixture.

METALLURGICAL AND MATERIALS TRANSACTIONS A



# NiTi(B19") ® NiTi(R-phase) ¢ NiTi(B19)Y Ni,Ti @ FeTi 0 Fe,Ti

L 4 [
R 0 ye w0 ¥ 10Fe
* Y \D & x 8Fe
6Fe
v . v Z 4Fe
. S
=
s r Yo v |vFe
= ¥ ND ¢ x kA o BT
2 T M . ‘4'/ * NiTi,
2 LA A ANITI(B2)
= ¥ ¥ 28 v |vni
A AV Ni,Ti,
v b % o
Y iy} * Y\ s V
L) L) L} L} L) L) L} L)
30 40 S0 60 70 80 90 100 110 120
20 (degree)

Fig. 3—XRD analysis of different composition samples.

Gaussian distribution, and mixed powder has a wide size
distribution of about 10-100 um.

B. Phase and Microstructural Analysis

Phases such as NiTi and FeTi, along with many
secondary phases like Ti,Ni, TiNi3, Fe,Ti, and Ti3Niy,
were detected from the X-ray diffraction results of all
compositions of samples in Figure 3, showed that a
various number of intermetallic phase formation take
place after the SPS process. Table I provides the phases
present in each sample, along with their corresponding
reference codes from Figure 3. As known, there is
always a possibility of getting multiple phases when
dealing with shape memory alloys based on NiTi.*! The
NiTi(B19’) phase in more amounts is present in 8Fe
composition samples (as observed in many peaks in
Figure 3). However, in the rest composition of the
samples, it is present in less amount. The NiTi (B19")
and FeTi phases are known to possess superelastic
behavior, whereas the secondary phases (such as Ti,;Ni,
TiNis, NiyTiz, and Fe,Ti) influence the hardness and
tribological behavior of the specimens.!”

Scanning electron micrographs were obtained in
backscattered mode (provided good compositional con-
trast) to clearly differentiate between the various phases
present in the microstructure, with heavier elements
appearing brighter due to strong backscattered electron
emission. The different phases formed appeared in the
sequence from dark to bright of STi, Ti,Ni or (Ni,
Fe)Ti,, TiNi or NiFeTi, TiNis, Fe,Ti, and Ni on a gray

scale. However, the contrast between Fe,Ti and NisTi
was too weak to distinct visually under SEM, requiring
EDS analysis for phase identification. SEM images of
the sample are presented in Figure 4. As depicted in the
micrograph in lower magnification, the sample dis-
played only white and dark regions. Furthermore, the
magnified micrograph indicates the formation of an
intermediate phase with a midscale contrast positioned
between the white and dark phases.

The elemental compositions of the phases marked in
Figure 4 are presented in Table II. It is worth noting
that the white regions do not contain pure Ni or Fe but
rather a Ni/Fe solid solution with a few atomic
percentages of Ti. On the other hand, the dark regions
are predominantly composed of Ti, with a few atomic
percent of Ni or Fe. The Ni/Fe phase exists as isolated
islands, while Ti forms a continuous structure. The
formation of Ti,Ni seems to have occurred along the
interface of the Ni particles, resulting from the diffusion
of Titanium into Nickel. This observation suggests that
the sintering process commenced at 1000 °C. It is worth
noting that this temperature surpasses the eutectic point
at 942 °C in the NiTi phase diagram, so localized
melting is possible in the course of sintering. In the given
sintered sample, only five phases were present, including
p-Ti, Ti,Ni or (Ni, Fe)Ti,, TiNi or NiFeTi, TiNis,
Fe,Ti, and Ni. Notably, Ti had completely disappeared,
as shown in the micrograph of the 8Fe sample, where
the dark black regions correspond to voids. The
formation of TiNi; occurred close to Ni, while Ti,Ni
was formed next to Ti. In between TiNiz and Ti,Ni, the
network of TiNi is formed that extends toward the Ti
phase. Through EDS analysis also, it is found that the
two types of Ti solid solutions, namely f-Ti, are present
in the sample. The dark gray regions indicated $-Ti with
92.68 at. pct Ti and S-Ti with 82.44 at. pct Ti. Within
the 8Fe specimen, the TiNi network had consolidated
into a continuous matrix in most areas, while small
rounded islands of Ti,Ni were trapped inside the TiNi
matrix, as illustrated in the micrograph of the 8Fe
sample. Moreover, thin veins of TiNiz forming a
network appeared within the NiTi matrix. These veins
of TiNi; followed the TiNi grain boundaries. Needle-
like structures, which are thin disks and are thought to
be TisNiy precipitates, have also appeared within the
TiNi matrix. These structures are generally TizNiy phase
with the average nickel content of 56-60 at. pct and Ti
content of 37-40 at. pct with few amount of iron
content.
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Table I. The XRD Peaks’ Details are in Fig. 3

Compound Name Chemical Formula 20 (degree) d-spacing [A] (hk1l Reference Code
Nickel Titanium (R-phase) NiTi 50.091 2.112 (2-12) 98-011-3056
53.044 2.002 (110) 98-010-2932
Nickel Titanium NiTi(B19) 51.029 2.076 (111) 98-011-0092
Nickel Titanium (Austenite) NiTi(B2) 49.541 2.134 (011) 98-009-0782
Nickel Titanium (Martensite) NiTi(B19) 45.598 2.308 (002) 98-008-0888
46.402 2.270 (101)
48.455 2.179 (11-1) 98-011-4257
52.482 2.026 (01-2) 98-008-0888
64.330 1.680 (102)
85.989 1.311 (03-1)
88.384 1.283 (103)
99.044 1.176 (131)
106.115 1.119 (13-2)
109.961 1.092 (22-2)
Iron Titanium (1/1) FeTi 50.311 2.104 (011) 98-010-3225
74.153 1.483 (002)
94.493 1.218 (112)
Iron Titanium (2/1) Fe,Ti 47.657 2214 (013) 98-008-8363
52.322 2.026 (112) 98-008-8354
53.644 2.003 (021) 98-008-8363
54.071 1.967 (004)
61.065 1.76 (014) 98-008-8354
Nickel Titanium (1/2) NiTi, 45.597 2.308 (224) 98-000-4100
48.551 2.217 (115)
53.044 2.003 (044)
84.154 1.334 (066)
91.822 1.245 (119)
103.491 1.139 (177)
110.031 1.092 (159)
Nickel Titanium (3/1) NisTi 40.998 2.548 (110) 98-001-3097
49.541 2.134 (021)
54.523 1.951 (022)
62.074 1.734 (023)
84.291 1.331 (025)
88.940 1.276 (220)
Nickel Titanium (4/3)-Ht NiyTi; 44.503 2.362 (131) 98-012-2611
48.492 2.178 (401)
50.091 2.112 (5-40)
57.699 1.853 (330)
74.153 1.483 (6-22)
84.291 1.331 (351)
98.482 1.180 (081)
103.671 1.137 (7-53)
109.968 1.092 (802)
110.494 1.088 (802)
Beta-Titanium p-Ti 52.257 2.031 (002) 98-002-3322
94.415 1.219 (113)
99.082 1.176 (222)
Nickel Ni 61.065 1.760 (020) 96-901-1598
113.123 1.071 (131) 96-901-3006
114.844 1.061 (131) 96-901-1598
Iron Fe 61.014 1.760 (020) 96-901-6481
91.854 1.245 (022)
114.642 1.063 (131)
117.573 1.045 (131) 96-901-4114
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Fig. 4—SEM micrographs of different composition samples.

Figure 5 shows the distribution of Ni, Ti, and Fe in
the 4Fe sample. The Ti-rich phase is identified by
charcoal gray regions, while the TiNi or TiNiFe and
(Fe, Ni)-rich or Fe,Ti phases are represented by gray
and white regions, respectively. Some micro-pores are
seen near or along the Ti-rich or the Ni-rich phase, and

X1, 008

also at the interface between the Ni-rich and Ti-rich
phases, which is by the diffusion that results from the
Kirkendall effect.*** Figure 6(a, b) depicts the line
scan analysis of the 2Fe sample across different phases.
From the figure, it can be seen how each of these
elements varies from the ash gray phase to the white
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Table II. Chemical Compositions of Various Regions are Marked in Fig. 4

Composition (at. pct)
Ni Ti Fe

Samples Name Regions in Micrograph Phase
A 84.60 15.40 — Ni-rich
B 49.24 50.27 — NiTi
C 32.94 67.06 — NiTi,
OFe D 10.23 89.77 — p-Ti
E 8.33 91.67 — B-Ti
F 10.08 89.92 — p-Ti
G 47.41 52.49 — NiTi
A 12.47 65.13 22.39 (Ni, Fe)Ti,
2Fe B 6.98 30.47 62.55 Fe,Ti
C 8.92 83.46 7.62 p-Ti
D 8.67 85.36 5.97 B-Ti
E 42.55 56.49 0.99 NiTi
A 10.17 86.37 3.45 p-Ti
4Fe B 28.37 65.33 6.31 (Ni, Fe)Ti,
C 8.98 25.32 65.70 Fe,Ti
D 79.28 16.91 3.81 Ni-rich
E 9.11 82.44 8.46 p-Ti
F 45.15 48.04 6.18 (Ni, Fe)Ti
A 7.91 88.49 3.60 p-Ti
6Fe B 1.68 92.68 5.63 p-Ti
C 1.96 75.58 22.47 (Ni, Fe)Ti,
D 2.04 65.26 32.70 (Ni, Fe)Ti,
E 11.88 51.63 36.49 (Ni, Fe)Ti
F 7.58 27.11 65.31 Fe,Ti
A 18.02 68.39 13.59 (Ni, Fe)Ti,
8Fe B 65.38 28.84 5.78 Ni;Ti
C 35.46 48.96 15.58 (Ni, Fe)Ti
D 46.19 39.37 14.44 NiyTis
A 4.12 83.95 11.93 p-Ti
10Fe B 7.16 28.79 64.05 Fe,Ti
C 4.23 72.17 23.50 (Ni, Fe)Ti,
D 591 88.70 5.40 B-Ti
E 4.26 44.09 51.65 (Ni, Fe)Ti
F 4.23 82.41 13.36 p-Ti

phase through the charcoal gray and gray phases. The
ash and charcoal gray region contains more Ti than any
other element. Similarly, Fe and Ni are in high amounts
in the white region, and Ti is in low amounts, but in the
gray phase, Ti elements, along with Ni and Fe elements,
are present.

C. Porosity and Density Measurement

Figure 7 shows the sintered density of all composi-
tions of samples. The density values of different samples
(from 0 to 10Fe) are 6.046 gm/cc, 6.081 gm/cc,
5.978 gm/cc, 6.155 gm/ce, 6.191 gm/cc, and 6.127 gm/
cc, respectively. It is found that the 8Fe sample has a
higher density (6.191 gm/cc) due to a lower porosity

Fig. 5—Elemental mapping of 4Fe sample.

METALLURGICAL AND MATERIALS TRANSACTIONS A



T T T
10 20
Iron Ka1, Titanium Kat, Nickel Ka1

Fig. 6—(a, b) Line scan analysis of different element change concentrations compared to a different phase in the 2Fe sample.
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Fig. 7—Sintered density value vs different composition samples.

value or better diffusion of the sample than other
composition samples.

Figure 8 presents the variation of relative densities in
the specimens when surface pores and total pores are
considered. The variation of porosity at different Fe
contents is also included in Figure 8. The porosity
percentage from relative density based on surface pores
and total pores is calculated usinﬁ the method already
mentioned in our previous paper.”®37 It was observed
that adding Fe to the NiTi system increases diffusivity,
which led to an overall decrease in the porosity values
and a higher relative density. Because of that, the 8Fe
sample shows the least porosity (3.11 pct) levels among
all samples, which is shown in Figure 8 and Table III.
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Fig. 8—Graphical representation of Relative density and Porosity vs
Fe content.

D. Shape Memory Effect and Superelasticity Behavior
Study

Figure 9 shows the effect of Fe content on the shape
memory behavior of the samples. The specimen of 8Fe
sample showed the highest shape memory effect (SME),
which can be ascribed to the higher fraction of NiTi
(B19’) is shown in Figure 3 compared to other compo-
sition samples. Also, better densification results from the
increased diffusion, making the NiTi (B19) and FeTi
phases in the 8Fe sample more stable compared to
others, as shown in Figures 3 and 7. The presence of
secondary phases ((Ni, Fe)Ti, and Fe,Ti) and pTi
phases in samples has yet to be investigated for shape
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Table III. Dependence of Porosity (pct) and Relative Density on the Fe Content in the NiTi System

Sample Name Relative Density (Surface Pores) (pct)

Relative Density (Total Pores) (pct) Porosity (pct)

OFe 94.858
2Fe 95.277
4Fe 94.751
6Fe 96.107
8Fe 96.486
10Fe 96.609

90.199 491
90.983 4.51
89.731 5.30
92.681 3.56
93.492 3.11
92.828 391

Shape Memory Effect (%)

OFe 2Fe 4Fe 6Fe 8Fe 10Fe
Different Samples Name

Fig. 9—The shape memory effect of samples with varying Fe
contents.

Before Heating

Calculation of D,

Fig. 10—An optical micrograph of 8Fe sample.
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memory behavior, but the existence of intermediate
phases like NiTi, and NisTi does not exhibit shape
memory behavior.*”) The values of D, and D, were
calculated from the optical micrograph of the 8Fe
sample in Figure 10. The calculated D, and D, values
for the specimens are presented in Table IV.

Figure 11(a) shows the load vs depth of indentation
curve of all the samples. The elastic recovery ratios
(ERR) of different samples (from 0 to 10Fe) are
37.76 pct, 44.97 pct, 38.01 pct, 36.28 pct, 49.22 pct,
and 16.19 pct, respectively, as shown in Figure 11(c).
From the figure, one can see that the elastic recovery of
8Fe is the highest while that of 10Fe is the lowest.
Higher elastic recovery values of certain specimens can
be attributed to the presence of NiTi martensitic phase
(B19%), while the presence of secondary phases can
fluctuate the recovery ratio.*”! The average hardness, as
well as elastic modulus values as a function of Fe
content, are plotted in Figure 11(b). It was found that
the 8Fe sample showed higher nanohardness and elastic




modulus as compared to other compositions; higher
amounts of NiyTi, NiyTiz, Fe,Ti, and NiTi, phases
could be a reason behind higher hardness values.!*"
These intermetallics can play a major role in enhancing
the elastic modulus and nanohardness of the sgecimens
way better than the TiNi intermetallic phase.[**

E. Hardness and Tribological Study

Figure 12 shows the average hardness values of
different samples. The hardness values of different
samples (from 0 to 10Fe) are 432.18 VHN,
600.2 VHN, 416.67 VHN, 720.82 VHN, 817.8 VHN,
and 658.47 VHN, respectively. The reason behind the
higher hardness value of the 8Fe specimen is due to the
level of densification achieved during the SPS process

Table IV. Shape Memory Effect Properties of Samples

Sample Name Dy (um)

(Figure 7). Also, the presence of hard intermetallic
phases (Ni4Tis, Ni3Ti, and NiTi, precipitates) in the 8Fe
contributes to higher hardness values, as shown in
Figures 3 and 4.3%43

Figure 13(a, b) shows the variation of wear depth and
coefficient of friction in comparison to the sliding
distance. The friction coefficient variation in
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Fig. 12—Vickers hardness value vs different Fe contents.
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Fig. 11—(a) P-h curve, (b) Elastic modulus and hardness, and (c) Average elastic recovery ratio value for samples with different Fe contents.
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Figure 13(a) shows the wear debris removed with an
increase in the sliding distance. The 8Fe sample has the
lowest average coefficient of friction is 0.411, then other
compositions owing to the presence of NiyTi; precipi-
tates, which are shown in Figure 13(c). There is a
dependence of the coefficient of friction on the hardness
of the surface, and the 8Fe sample is the hardest among
the sintered samples. According to Archards theory,
wear resistance is directly dependent on the surface
hardness."*"! Hence, the 8Fe sample has a better wear
resistance than other specimens. There is a sharp
increase in the wear depth curve of the 4Fe sample in
Figure 13(b), which can be attributed to the removal of
precipitates from the surface, leaving behind pores or
due to delamination. Therefore, a lower wear depth
signifies higher wear resistance and vice versa.
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The worn-out surfaces were observed in SEM to study
the surface characteristics, as shown in Figure 14. The
wear debris generated during the repeating motion
gradually moves toward the periphery of the wear track.
The mechanism behind wear in the current system can
be either due to adhesion or due to abrasion. Specimens
having higher hardness values like 8 Fe, 6 Fe, and 10Fe
show better resistance to wear. Harder surfaces have a
lower tendency for adhesion; the harder the surface, the
lower will be the wear. Similarly, 4 Fe, which has a
lower hardness, shows a higher coefficient of friction
(0.52) and wider wear tracks (612.34 um). Silicon is also
detected in the EDS reports in Table V: Si;Niy ceramic
ball is used in the sliding motion. The process can also
expose the bulk metal to the environment leading to
oxidation. Since titanium is present in the alloy, there is
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Fig. 14—SEM micrographs of the worn-out surface of different composition samples.

Table V. Chemical Compositions of Wear Track (B) and Outside Wear Track (A) Regions are Marked in Fig. 14

Composition (at. pct)

Sample Name Phase Region Ni K TiK Fek OK Sik
OFe A 33.12 52.46 — 14.42 —
B 36.73 43.80 — 18.71 0.76
2Fe A 43.37 31.09 4.81 20.73 —
B 45.32 26.95 4.18 22.72 0.83
4Fe A 42.89 31.74 6.74 18.63 —
B 32.32 41.22 5.12 21.42 0.08
6F¢ A 48.08 23.04 12.02 16.86 —
B 45.00 23.87 7.35 22.82 0.96
8Fe A 31.21 31.62 12.45 24.72 —
B 37.57 21.26 8.74 31.31 1.12
10Fe A 23.58 35.73 13.57 27.12 —
B 24.65 37.97 6.92 29.58 0.88
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Fig. 15—(a) The line scan analysis of the worn surface of the 10Fe sample in comparison to variation of the element is (b) Ni, (c¢) Ti, (d) Fe, (e)

Si, and (f) O.

always a likelihood of oxidation. The presence of
oxygen is prominent at the center of the track (i.e.,
more oxidation) than at the periphery (i.e., less oxida-
tion), as seen in Figure 15.

Considering all the properties, it is observed that 8Fe
has the optimal and best properties among all the
prepared samples for shape memory application. The
tabular representations of all the properties with the
corresponding compositions are shown in Table VI.
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IV. CONCLUSIONS

The following findings are made for the
TisoNiso_yFey sample with the wvariation of Fe
percentage:

e The microstructural and phase analysis of the
sample includes collectively the FeNiTi phase and
PTi, Fe,Ti, and Ni-rich phases.



Table VI. Tabular Illustration of Different Compositions and Their Corresponding Properties

Sample Expt. Density Porosity ~ Micro-Hardness  Nanohardness  Elastic Modulus Avg. SME ERR
Name (gm/cc) (pct) (HV) (GPa) (GPa) COF (pct) (pct)
OFe 6.05 491 432.18 £ 21.61 7.14 £ 0.36 113.90 £ 5.70 0.48 1.85 37.76
2Fe 6.08 4.51 600.2 & 30.01 7.29 + 0.37 122.61 £+ 6.13 0.46 2.29 44.97
4Fe 5.98 5.30 416.67 £ 20.84 393 £0.20 61.70 £ 3.09 0.52 2.22 38.01
6Fe 6.16 3.56 720.82 + 36.04 7.83 £+ 0.39 130.50 + 6.53 0.42 1.44 36.28
8Fe 6.19 3.11 817.8 + 40.89 8.23 + 0.41 186.87 + 9.34 0.41 2.79 49.22
10Fe 6.13 391 658.47 + 32.92 7.60 £+ 0.38 123.68 + 6.18 0.43 1.13 16.19

Bold values are for better properties that have been discussed inside the text.

e In comparison to other samples, the 8Fe sample
exhibits higher relative density, higher hardness,
lower porosity, and higher COF values because it
contains more secondary phases, such as Ti,Ni,
NisTi, Fe,Ti, and NiyTi;, among others.

e The 8Fe sample shows maximum shape memory
effect and elastic recovery, which is because it
comprises more amounts of NiTi (B19") martensitic
phase than other samples.

e The worn surface of the wear samples exhibits
adhesive and abrasive wear mechanisms.

e From all analysis, it is found that there is a
dependence of characterization with the variation
of Fe content in NiTiFe alloy.
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