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Owing to better mechanical properties and shape memory effect, the NiTi composites fabricated
by powder metallurgy are suitable for biomedical implants. However, the excessive porosity and
formation of micro-cracks are the major issues related to the NiTi composite. This work focused on
developing crack-free dense NiTi composites by newly developed uni-axial compaction die. The
work includes the design and manufacturing of uni-axial compaction die. The die was tested by
SOLIDWORKS software in a simulated environment. Further, composite samples were successfully
fabricated without circumferential micro-cracks at 1910.82 MPa compaction pressure. The effects of
compaction pressure on microstructural, densification, and mechanical behavior of NiTi composites
were also analyzed. Microstructural characterization shows that the Ni-rich phase increased and the
Ti-rich phase decreased with the increase of compaction pressure. The porosity reduces from 17.04 to
8.75% by increasing the compaction pressure from 1273.88 to 1910.82 MPa, and a maximum density
of 5.50 g.cm™ was obtained. The NiTi ,, composite has similar Young’s modulus, and compressive
strength (6.93 GPa and 94.36 MPa) compared to cortical and cancellous bone. The high compaction

pressure also increases the micro-hardness of NiTi composite up to 453.8 HV ..

Keywords: Composite, compaction, density, strength, hardness.

1. Introduction

Nickel-titanium (NiTi) composite with 48—55 Wt.% Ni
content is a suitable material for biomedical applications
because of their high ductility’, good fatigue life?, low young’s
modulus** and shape memory effect (SME)*¢. The mechanical
characteristics of the composites depend on their porosity and
pores distribution. The porous structure of NiTi composite
promotes the development of bone tissues. It also helps to
maintain bone-level stiffness to avoid stress shielding and
withstand physiological loads for a more extended service life.
However, the excessive porosity decreases the mechanical
strength of implants’3. Therefore, optimizing the porosity of
the composites is essential to achieve suitable mechanical
strength and stiffness’.

Among several methods, powder metallurgy (PM) is
an expeditiously growing technique used to fabricate NiTi
composites due to the high melting temperature of Ni and Ti'.
The composites fabricated by this process show significant
mechanical properties due to the uniform dispersion of
reinforcement and near-net-shape formability. The PM process
minimizes the possibility of microstructural inhomogeneity
of fabricated composites''. It also prevents or minimizes the
requirement of metal removal processes, which considerably
reducing manufacturing cost'?. Chen et al.'* showed that the
manufacturing cost of the Ti parts could be reduced up to
50% for both pure and alloyed Ti. The products prepared
using the PM process have controlled characteristics, which
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makes this technique more favorable compared to other
processes (e.g., forging, extrusion, and casting)'*'>. A special
material or part which is difficult to manufacture by other
processes can also be manufactured by the PM process'®'®.
The PM process consists of majorly three steps: mixing
different materials, compression, and then heating to bind the
particles”. According to Qian et al.?’, the proper compaction
of the powder is necessary to form a dense composite with
low defects. Several methods are reported (e.g., isostatic
compaction and warm compaction) for powder processing,
among which uni-axial cold compaction is the easiest method
of powder pressing. In this technique, the composite powder
is compressed in a compaction die using high pressure in an
axial direction®'?2, After compression, the sample is ejected
from the die and sintered at a certain temperature under a
controlled condition®.

In uni-axial compaction, the compaction pressure lies
between 400-600 MPa when high porosity (up to 30%) is
required. However, a dense microstructure of NiTi composite
can be achieved at high compaction pressure. Several studies
show that the compaction pressure directly influences the
composite porosity?*?. Robertson and Schaffer'? reported
that the NiTi composite was densified with 20% porosity at
1000 MPa, while the dense structure (with 10% porosity) of Ti
alloys attained at increased compaction pressure (1800 MPa).
One another issue of circumferential micro-cracks appears
during uni-axial compaction. These micro-cracks originate
due to friction acting between composite particles and the
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die wall during the sample ejection, which can be minimized
by providing a suitable arrangement for sample ejection?*%,
Similarly, the inter-particle friction restricts the repacking
and cold working of matrix particles, which also causes
micro-cracks during compaction®. These micro-cracks can be
eliminated at high compaction pressure, which overcomes the
inter-particle friction leading to deform the matrix particles®.

The present work was aimed to manufacture a new
uni-axial compaction die and then successfully fabricate
a crack-free dense NiTi composite. The die design was
analyzed under a simulated environment by SOLIDWORKS
software and experimentally tested by fabricating a NiTi
composite. The composite was fabricated by applying a
compaction pressure of 1910.82 MPa using a Universal
Testing Machine (UTM). Further, the effects of compaction
pressure on the physical and mechanical characteristics of
the NiTi composite were evaluated. The microstructural
characterization of NiTi composites were conducted using
Field Emission Scanning Electron Microscopy (FESEM),
Energy Dispersive Spectroscopy (EDS), and X-ray Diffraction
(XRD). Physical and mechanical characteristics of NiTi
composites were examined on the basis of porosity, relative
density, compressibility, Young’s modulus, compressive
strength, and micro-hardness.

2. Materials and Methods

2.1. Design, fabrication and testing of
compaction die

The uni-axial compaction die was fabricated using D3 die
steel. D3 is a “D” series die steel that has a high content of
carbon (C) and chromium (Cr) (Table 1)*'. The die steel is
a suitable material for die and tooling applications due to
excellent wear resistance. The tensile strength, yield strength,
and hardness of D3 die steel depends on the condition of heat
treatment and lies between 990-2900 MPa, 705-2400 MPa,
and 30-69 HRC, respectively®. Singh et al.>! demonstrated
that the ultimate compressive strength of D3 steel is equal
to 2151 MPa. The yield strength and ultimate compressive
strength of heat-treated D3 steel obtained by performing
a compression test using 400 kN UTM. The heat-treated
D3 steel gives a yield strength of 2153.64 MPa and ultimate
compressive strength of 2537.38 MPa. The uni-axial compaction
die was designed to fabricate NiTi green compacts with a
size of $10 X 15 mm at 150 kN UTM load. The design
calculation of the uni-axial compaction die is given below:

Yield strength, o, = 2150 MPa (By compression test)

Inner radius of die cylinder, R, = 5 mm

Outer radius of die cylinder, R =45 mm

Maximum UTM load, F = 150 kN

Cross-section area, A = n*R *= 78.5 mm’

Stress developed in the punch at 150 kN UTM load,

c;= F/A =150000/78.5 = 1910.82 MPa [(c]<<5y) Hence
safe working condition]

Stress developed in the die cylinder due to load on punch,

Table 1. Elemental composition of D3 steel*.
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o= o[ (R, + (R (R, - (R ] wsssome [(0,<0 ) Hence
safe working condition]

Stress developed in the ejector due to load on punch,

o' = cl[{(RU)2+ (R,)z}/ (R) - (R,)z)} = 31847 Pa [(0,">6 ) Die
chamber surrounded the ejector which can be absorbed the
stress induced in the ejector]

The model of die parts (i.e., die cylinder, punch, stopper,
and ejector) was prepared using SOLIDWORKS software
(Figure 1a and b). Die material was cut to the required size
for die fabrication, and die parts were pre-machined on a
CNC lathe machine. After the pre-machining of die parts,
three-step heat treatment (stress relieving, hardening, and
tempering) was done in the muffle furnace. Stress-relieving
was performed at 650 °C for 60 min and die parts were
cooled naturally inside the furnace. The die parts were
placed in a preheated furnace at 1000 °C for 25-30 min
and then quenched in atmospheric air to obtain the suitable
hardness. The die parts were again kept in the furnace for
tempering, and the temperature was gradually increased to
get desired tempering temperature (400 °C). The die parts
were cooled naturally inside the furnace. Finally, the die parts
were finished using the cylindrical grinder. The finished die
cylinder, punch, stopper, and ejector shown in Figure 1c.

The die assembly was analyzed for stress distribution
using SOLIDWORKS 2017-18 under simulated conditions.
The simulation of die design is based on the von Mises stress
criterion. It successfully predicts the failure of material and
correctly identifies the failure stress under a one-dimensional
tensile or compressive test. The die assembly was analyzed
for stress distribution using SOLIDWORKS 2017-18 under
simulated conditions. The structural analysis was performed
by selecting a round steel element. After selecting the die
material (i.e., D3 steel) and giving the required mechanical
data, all die parts were assembled and meshed with each
other. The bottom surface of the die assembly was considered
as a fixed surface and assumed that the 6 g of NiTi powder
was poured into the die cavity. Finally, a gradually increased
pressure of 1910.82 MPa was applied to the punch. The die
performance was also tested by fabricating NiTi composite
using 400 kN UTM. After sufficient lubrication, NiTi powder
was poured into the die chamber and compacted at 150 kN
UTM load (Figure 2a-c).

2.2. NiTi composite preparation

Pure Ni and Ti powder having an average particle size
of' 1036 and 979.5 nm (Figure 3a and b) with 99.99% purity
procured from Saveer Biomatrix, India. The average particle
size was measured by particle size analyzer (PSA; Malvern
Instruments, UK).

The Ni (51 wt.%) and Ti (49 wt.%) powder were mixed and
blended in the tumbler ball mill for 6 hours at 100 rpm to get
mechanically alloyed NiTi composite powder. The composite
mixture was subsequently compacted in compaction die
using UTM. To analyze the effects of compaction pressure,
composite samples developed at three different compaction
pressure (i.e., 1273.88, 1592.35, and 1910.82 MPa) by

Element C Cr Mn Si

Ni \J \4 P S Cu

Content (%) 2.1 12 0.6 0.6

0.3 1 1 0.03 0.03 0.25
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Figure 1. (a) 2D model of compaction die with dimensions (all dimensions in mm), (b) various die parts and (c) finished die assembly

with punch, stopper and ejector.

Figure 2. (a) Uni-axial compaction of NiTi composite powder on UTM, (b) enlarged view of white square showing die arrangement and
(c) enlarged view of black Square showing displacement of punch with UTM load.

applying the load of 100, 125, and 150 kN using UTM
(Figure 4a). The composites were named NiTi, , NiTi,,,
and NiTi  based on the load applied using UTM. The NiTi
compacts were sintered in a vacuum furnace at 950 °C for
6 hours using a 20 °C/min heating rate. Two additional pauses
of 15 min were given at 300 °C and 600 °C to minimize
cracks’ formation due to differences in thermal coefficients
of metals. Finally, sintered samples (Figure 4b) cooled
naturally inside the furnace.

2.3. Microstructural characterization

The morphology and elemental details of raw Ni and
Ti powder were investigated by FESEM (FEI FESEM
Quanta FEG 200, Netherland) and attached EDS (X-Max
50, Oxford Instruments, UK). For microscopic analysis, the
cross-sectional surface of the sintered samples polished up
to 2500 grit silicon carbide (SiC) abrasive paper followed
by fine lapping with 0.5 um alumina (AlL,O,) suspension
and etching with etchant no. 151 (ASTM 407-7¢).
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Figure 3. Average particle size with particle distribution of (a) Ni and (b) Ti powder measured by particle size analyzer (PSA; Malvern

instruments, UK).
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Figure 4. (a) NiTi composite samples after compaction at 1273.88, 1592.35 and 1910.82 MPa compaction pressure with sample id NiTi

NiTi,,; and NiTi
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respectively, (b) NiTi composite samples after sintering, (c) composite sample developed with ejector has no cracks

on its circumference and (d) composite sample developed without ejector shows several cracks.

Finally, the samples were washed with alcohol and
dried in atmospheric air. The microstructure and pore
characteristics of sintered samples were evaluated by
FESEM (FEI NOVA NANO FESEM 450, Netherland) at
an accelerated voltage of 15 kV. The developed phases
of NiTi composites were examined by XRD (Panalytical
X’pert powder pro, Malvern, UK). The XRD patterns were
obtained using Cu Ko radiation, up to 30°-80° scanning
range with a scan step size of 0.03°.

2.4. Density and compressibility behavior

The theoretical density of composite samples was
calculated using the mixing rule given in Equation 1.

pi = 1/ {(Wii /pi) + (Wiri /pri)} (M
where p, is theoretical density, wt,, and wt,. are weight
proportion of matrix materials, and p, and p_. are the density
of matrix materials. The sintered density of composite samples
was measured using the Archimedes principle. The relative
density and porosity of sintered composites were calculated
using Equations 2 and 3.

@

Pr= (psinter /pth)xloo

p= {1 _(psinter / Pth )} x100 (3)

where p, is relative density, p is porosity, and p_  is the
density of composites after sintering. Further, the porosity
was also analyzed by ImageJ software. The interconnected
porosity of the composites was evaluated by a water
absorption test. The composite samples were weighed in
electronic balance before immersion and after six days of
immersion in deionized water. Finally, the water absorption
was calculated by Equation 4.
Wops = {(mf —m;)/m; }x100 4
where W, is water absorption in wt.%, m, is the final mass
of the composite sample after immersion, and m, initial mass
of the composite sample. The % water absorption represents
the interconnected porosity of NiTi composites.

Parilak et al.?! reported many compaction equations to
analyze the compressibility behavior of the metal powders,
in which Heckel’s equation® (Equation 5) was used to
investigate the compressibility behavior of NiTi composites.
The equation is based on the linear regression between the
compaction pressure and the relative density.

In{l/(1-p,)} = KP + A, (5)

where P is the compaction pressure (MPa), K| is a constant
that denotes the powder’s compressibility, and Al is the
y-intercept.
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2.5. Mechanical properties

The mechanical characteristics of NiTi composites were
evaluated by identifying Young’s modulus and ultimate
compressive strength of sintered composites. The compression
test was carried out according to a standard compressive
testing method for metallic materials (ISO 13314) at room
temperature. A square shape sample with 8.5 mm thickness and
13 mm length was used for the compression test. The test was
performed using UTM (Instron-5967) with a 0.25 kN/min load
rate. The micro-hardness of the composites identified using
a Vickers hardness tester (Innovatest). The micro-hardness
was measured with the average value of 5 measurements on
each sample at a load of 0.5 kg with 10 second dwell time.

3. Results and Discussion

3.1.Testing of compaction die

The die assembly was analyzed for stress distribution using
SOLIDWORKS 2017-18 under simulated conditions. It is
found that the stress distributed along to the direction of load,
and no deformation was observed in the die parts (Figure 5).
The die cylinder has minimum stress of 8.896 MPa, and the
stopper and compact have maximum stress of 2038 MPa.
The compaction was performed at gradually increased load.
At 150 kN compaction load, the maximum stress developed
in the die parts (i.e., stopper and compact) is lower than the

yield strength (csy) of the die material and remains in safe
working range (i.e., i.e., 2038 MPa < 2150 MPa). That is
why the compaction of the samples was completed without
affecting the compaction die.

The compaction die was analyzed experimentally by
fabricating a NiTi green compact at 1910.82 MPa compaction
pressure. The green compacts were successfully fabricated
without any considerable deformation in the compaction
die. It is observed that the composite samples do not have
any circumferential cracks. However, the sample compacted
without an ejector shows several cracks (Figure 4c). These
cracks were eliminated due to high compaction pressure and
incorporation of an ejector. The high compaction pressure
minimizes the inter-particle friction, and the ejector eliminates
the friction between the die wall and composite particles
during sample ejection. The ejector was placed in the die
chamber and samples were compressed in the ejector. After
successful compaction, the ejector was removed from the die
chamber and separated into two equal parts perpendicular to
the direction of load. Finally, the composite compacts were
easily removed without using any axial force.

3.2. Microstructural characterization

The FESEM images of raw Ni and Ti powder are shown
in Figure 6a and b. It is observed that Ni reveals a spherical
shape while Ti possesses flake-like spongy morphology.
The EDS spectrum showed higher peaks for Ni and Ti
that confirms the purity of these powders. However, some
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Figure 5. Stress distribution (von Mises) on uni-axial compaction die and compacted powder under simulated conditions.
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impurities such as aluminium (Al) and carbon (C) were
observed in a negligible amount.

Figure 7a-c shows FESEM micrographs of NiTi composites
developed at different compaction pressure. The micrographs
reveal the phase distribution in which NiTi and other phases
such as NiTi, and Ni,Ti were identified based on contrast.
To quantify the developed phases, these micrographs were
also processed by ImagelJ software (Figure 7d). The analysis
shows that the NiTi, , composite has 39.52% area fraction of
NiTi,, 8.52% area fraction of Ni, Ti, and 32.72% area fraction
of NiTi phases, while NiTi , has 32.24% of NiTi,, 16.66%
Ni,Ti, and 37.93% NiTi phases. The NiTi , composite
showed an increase of NiTi and Ni,Ti phases (41.12% and
21.25%) and decrease of NiTi, phase (27.86%). These phases
are formed due to the lower Gibbs free energy compared
to NiTi at the sintering temperature of 950 °C. The results
show that the Ni-rich phases increased, and the Ti-rich
phase decreased with the increase of compaction pressure
from 1273.88 to 1910.82 MPa. It is found that the porosity
decreases at an elevated compaction pressure, promoting the
diffusion mechanism, and Ni diffuses faster than Ti. A dense
structure of composite promotes inter-particle heat transfer.
On the other side, the composite compacted at low compaction
pressure restricts the flame propagation and causes incomplete
synthesis due to excessive porosity**. Zhou et al.> prepared
two-layer NiTi alloy with 52% and 14% porosity through
a cold compaction process. Both layers have B2 NiTi as
a major phase and some secondary phases such as NiTi,,
Ni,Ti, and Ni,Ti,. The inner layer with 52% porosity has
more secondary phases compared to the dense outer layer
(with 14% porosity). Zhang et al.*® reported a single NiTi

Materials Research

phase and some secondary phases (e.g., NiTi, and Ni,Ti)
formed with a dense structure (18% porosity). However, the
excessive porosity (61%) causes large secondary phases due
to improper sintering. These secondary phases formed because
of the slow diffusion of atoms, which reveals that sample
porosity strongly influences the sintering characteristics.
The concentration of these phases also relies on the sintering
temperature and aging time. Wang and Hu*” demonstrated
that the secondary Ni,Ti and NiTi, phases decreased and
the NiTi phase increased at longer sintering time (approx.
6 hours). High sintering temperature (900 to 1000 °C) also
promotes the transformation of these secondary phases into
the primary NiTi phase.

Figure 8 shows the XRD pattern of the ball-milled
NiTi powder and sintered NiTi,,, composite. The peaks of
the NiTi0.921 phase were observed in the XRD pattern of
ball-milled NiTi composite powder which confirmed the
mechanical alloying of Ni with Ti. However, some peaks of
unalloyed Ni were also observed. The XRD pattern of sintered
NiTi ., composite consists of desirable B19" (martensite
NiTi) and B2 (austenite NiTi) with some other phases (i.e.,
Ni,Ti and NiTi,). The closely packed Ni and Ti particles
at high compaction pressure accelerate the alloying of the
NiTi and promote NiTi phase formation due to enhanced
diffusion of atoms***’.

3.3. Density and compressibility behavior

The theoretical density of NiTi composite was calculated
by the mixing rule given in Equation 1. The sintered density
of NiTi composites was obtained by the Archimedes
principle. Table 2 reveals that the density of composite

Table 2. Theoretical density, sintered density, relative density and porosity of NiTi composites developed at different compaction pressure.

Samples Th. Density (p,)(g.cm?)  Sintered density (p, ) (g.cm?)  Relative density (p,) (%) Porosity (p) (%)
NiTi,,, 6.027 5.00 82.96 17.04
NiTi 6.027 522 86.61 13.39
NiTi,, 6.027 5.50 91.25 8.75

Figure 7. FESEM micrographs of (a) NiTi

(b) NiTi
quantification of developed phases processed by ImagelJ software.

100” 1257

= NiTiz ® Ni;Ti ® NiTi

20
B

NiTinzs
Samples

NiTiwo NiTiiso

(¢) NiTi ,, composites showing microstructure and developed phases and (d)



Physical and Mechanical Behavior of NiTi Composite Fabricated by Newly Developed Uni-Axial Compaction Die 7

samples increased from 5.00 to 5.50 g.cm with an increase
of compaction pressure from 1273.88 to 1910.82 MPa.
Further, the porosity of NiTi composites was calculated by
the formula given in Equation 3. The results show that the
porosity decreased from 17.04 to 8.75% due to adequate
bonding and homogeneous dispersion of matrix elements at
elevated compaction pressure. The NiTi, ,, composite shows
larger pores with significant interconnectivity, while the
NiTi,,, and NiTi , composites show dense structures with

13.39 and 8.75% porosity (Figure 7a-c).

10500 4 @ B19' NiTi
B B2 NiTi
A NiTi

® NiTi

NiTiiso (sintered)

e ftg M s

6553 o NiTi (ball milled)

4 NiTi0.921

+ Ni
+
JL ;
L 2R 4
3 40 50 60 70 80
2 Theta (degree)

Figure 8. XRD patterns of NiTi composite powder after ball milling
and sintered NiTi ,, composite.

—— 40 pm ————

[ — L)

The porosity of composites was also analyzed by
ImagelJ software (Figure 9a-d). The red color shows the
area fraction of pores formed on NiTi composites’ surface.
It reveals that the pore area was reduced from 19.27 t0 9.62%
by increasing the compaction pressure from 1273.88 to
1910.82 MPa. The porosity identified by ImagelJ software is
similar to porosity determined by the Archimedes principle.
Table 3 indicates the water absorption of NiTi composites
developed at different compaction pressure. The NiTi,
NiTi,,,, and NiTi ,, composites show the water absorption of
3.52,3.11, and 2.62%, respectively. The % water absorption
indicates the amount of interconnected porosity which was
reduced at elevated compaction pressure.

The densification behavior of NiTi powder is analyzed
through displacement versus load curve shown in Figure 10a.
The compaction pressure directly influences the densification
behavior of NiTi; i.e., relative density increases with the
increase of compaction pressure (Table 2). By increasing the
compaction pressure from 0 to 1273.88 MPa, rapid powder
compaction was observed, and the relative density reached up
t0 82.96%. At 1592.35 MPa compaction pressure, gradually
increased relative density (86.61%) was achieved. A maximum
relative density of 91.25% was obtained at the highest
compaction pressure of 1910.82 MPa. It is observed that the
increased compaction pressure promotes the densification
of NiTi composite due to enhanced bonding between matrix
materials. Khoei et al.*’ reported the three stages of powder
densification during uni-axial compaction. In the initial step
(stage 1) of densification, the composite powders form in

'—‘4D|JHI_‘

—
n

9.62

Porosity (%)
H

o

=

NiTiioo NiTiizs

Samples

NiTiiso

Figure 9. FESEM micrographs of (a) NiTi,,;, (b) NiTi,,, (¢) NiTi ,; composites showing pore distribution and (d) quantification of

porosity processed by ImageJ software.

Table 3. Water absorption showing the interconnected porosity of NiTi composites identified by water absorption test.

Samples Initial mass (m,) (g) Final mass (m,) (g) Water absorption (W, ) (%)
NiTi,,, 5.68 5.88 3.52
NiTi,, 577 5.95 3.11
NiTi,,, 5.72 5.87 2.62
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the transitional repositioning in which the powder particles Figure 10b demonstrated the compressibility analysis of NiTi
are moved to each other and repacked under compaction ~ powder using the Heckel compaction equation. The analysis
pressure. After particle repacking, the inter-particle motion ~ shows that the NiTi powder has low compressibility in the
decreases, and the particles start to deform elastically. Atthis ~ high-pressure region (i.e., K,=0.00113 for P>1273.88 MPa).

stage, the relative density of composite powder increases 1 ¢ density of Niis two times higher than the density of Ti,
which restricts the plastic deformation of NiTi powder at

high compaction pressure and minimizes the compressibility
of NiTi powder. It is observed that the linear plot of
compressibility behavior (Figure 10b) does not follow the
experimental data of Figure 10a at a low compaction pressure.
Hadadzadeh et al.* reveal that the Ti powder’s compressibility

rapidly under the low compaction pressure. In stage 2, plastic
deformation occurs at the particle’s contact area which leads
to particle interlocking due to the dislocations developed from
the composite particles. Densification of the powder after
these two stages is known as geometric hardening. In the last

step (Stage 3), when no space is available for inter-particle 10 low-pressure area (K = 0.0064) was approx. two times
motion, plastic deformation occurs inside the individual greater than the compressibility in the high-pressure region
particles, and densification occurs due to the cold working (K,= 0.0031). To analyze the compressibility of NiTi
of composite particles. The particles offer high resistance to  powder in more detail, the data divided into low-pressure
deformation at this stage, and increased pressure isrequired ~ (<318.47 MPa) and high-pressure region (>318.47 MPa).
to complete the compaction?!. In the low-pressure region, the composite’s relative density

increases quickly, and the densification occurs due to void

@ 14, collapse and particle interlocking. In the high-pressure region,
2121 —— the composite particles deform plastically and exhibited high
210’ —— ) Eay resistance to densification due to strain hardening of the
g & ; e — Ny particles. Therefore, the relative density of powder increases
'_21 :7 s 2 very slowly and eventually becomes constant.

a
Z’S‘i; , 3.4. Mechanical properties
) 2 50 Ulefload (kN;6° 125 150 Young’s modulus, ultimate compressive strength, and
® 3 micro-hardness of NiTi composites are shown in Table 4.

2.4361

It reveals that the increase of compaction pressure positively
Low pressurg High pressure 2.0106

5 2qrgion | region 17696 affects the mechanical characteristics of the NiTi composite.
=4 ! Figure 11a shows the compressive stress-strain curves of
E1 | K1-0.00113 NiTi composites fabricated at different compaction pressure.

i The compressive strength of the NiTi composite increased

| | . ‘ ‘ : ‘ from 57.21 to 94.36 MPa due to increased compaction pressure
0 B “"'“‘%‘umpaféf';‘;ms..‘,?(ﬁ,‘ia, RS S from 1273.88 to 1910.82 MPa. The NiTi ,. composite offers

125
Figure 10. (a) Displacement versus load (UTM) curve showing 2 higher load capacity compared to the NiTi,, composite.

densification behaviour of NiTi composites developed at different The high porosity remains at low Compa(?tlon pressure.
compaction pressure and (b) compressibility curve on the basis of S0 When the stress reached at the end of plastic deformation,

Heckel equation. several pores collapsed layer by layer and cause a sharp
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Figure 11. (a) Compressive stress-strain curve of NiTi composites developed at different compaction pressure and (b) Young’s modulus

and ultimate compressive strength of NiTi, , NiTi ,; and NiTi ,, composites.

Table 4. Young’s modulus, ultimate compressive strength and micro-hardness of NiTi composites developed at different compaction pressure.

Samples Young’s modulus (GPa) Ultimate compressive strength (MPa) Microhardness (HV, )
NiTi,,, 4.79 57.21 239.5
NiTi,, 4.07 81.9 350.6

NiTi,, 6.93 94.36 453.8
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Figure 12. Micro-hardness (HV ) of NiTi
composites.
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reduction of stress®. Similarly, the large interconnected
pores and weak interfacial bonds resist the stress transfer
and reduce compressive strength. The result shows that
the NiTi , composite has the highest compressive strength
(94.36 MPa), but it exhibits an early failure behavior (as
marked by arrows in Figure 11a). Athigh compaction pressure,
the composite is densified by the cold working of particles
which restricts its plastic deformation, and eventually, early
failure occurred during the compression test.

Figure 11b shows that Young’s modulus and compressive
strength of the NiTi composites increase with elevated
compaction pressure. The Young’s modulus and ultimate
compressive strength of NiTi , composite reached up to
4.79 GPa and 57.21 MPa, respectively. At 1592.35 MPa
compaction pressure, the compressive strength increased
to 81.9 MPa, and Young’s modulus slightly decreased to
4.07 GPa. By increasing the compaction pressure up to
1910.82 MPa, the highest Young’s modulus and compressive
strength were achieved. The NiTi, , composite shows the
highest compressive strength of 94.36 MPa which is similar
and higher than the compressive strength of human bones
(15-35 and 49-148 MPa for cancellous and cortical bones,
respectively*). Similarly, Young’s modulus of the NiTi
composites fabricated by uni-axial compaction (4.07 to
6.93 GPa) significantly match Young’s modulus of human
bones (0.05-0.5 and 3-20 GPa for cancellous and cortical
bones, respectively*).

It is observed that the micro-hardness of the NiTi
composites increases with the increase of compaction
pressure. The NiTi ,, composite shows increased micro-
hardness (350.6 HV ;) compared to the hardness of the
NiTi,, composite (239.5 HV,). The highest hardness
(453.8 HV ;) was identified for the NiTi ,, composite, as
shown in Table 4. The highest hardness for this composite
is obtained due to the increased compaction pressure, which
provides a highly dense structure with strong bonding between
powder particles*. Similarly, the hardness of composite is
also influenced by the increase of Ni,Ti phase and decrease
of NiTi, phase (Figure 7d). The micro-hardness increased
up to 453.8 HV , which showed a sharp rise of 89.47% for
NiTi, composite compared to NiTi , composite (Figure 12)

due to closely packed microstructure and the presence of
large Ni,Ti phase®’.

4. Conclusions

The new uni-axial compaction die was designed and
manufactured to develop NiTi composite at high compaction
pressure. The NiTi composite was successfully synthesized by
the newly developed compaction die without any considerable
cracks. The results show that the compaction pressure has a
significant effect on the physical and mechanical properties of
NiTi composite. Microstructural analysis reveals the homogenous
dispersion of NiTi phases. In contrast, the quantification
of phases shows that NiTi and Ni,Ti phases increased, and
NiTi, phase decreased with the increase of compaction pressure.
The reduced porosity (17.04 to 8.75%) and interconnected pores
(3.52 to 2.62%) were identified by increasing the compaction
pressure from 1273.88 to 1910.82 MPa. A dense structure
of NiTi composite was obtained with 5.50 g.cm™ sintered
density at 1910.82 MPa compaction pressure. Three-stage
densification behavior was analyzed, which shows an elastic,
plastic, and cold working stage of NiTi composite. However,
low compressibility was identified due to the presence of high
Ni content, which restricts the plastic deformation of composite
particles. It is found that the mechanical properties such as
Young’s modulus and ultimate compressive strength increased
from4.07 to 6.93 GPaand 57.21 to 94.36 MPa, respectively, due
to increased compaction pressure from 1273.88 to 1910.82 MPa.
The micro-hardness of composites increased up to 89.47%, and
the NiTi, ; composite exhibited the highest value of 453.8 HV ..
Similarly, the composite (NiTi, ;) developed at 1910.82 MPa
compaction pressure reveals dense microstructure with similar
Young’s modulus and compressive strength compared to the
human bone which makes it suitable for biomedical implants.
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