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Abstract

NiTi shape memory alloys have attracted significant attention due to their unique shape
memory effect, superelasticity, and excellent mechanical performance. In addition, the fact
that NiTi alloys have high resistance to cavitation and corrosion makes them ideal candidate
materials in advanced tribological and biomedical applications. The NiTi alloy composite
reinforced by fine grain-sized SiC particles was successfully fabricated using powder metallurgy
process. In this process, elemental Ni-Ti metal powder mixes reinforced with 0, 1, and 5 %
SiC particulates were pressed uniaxial and sintered at 1100°C in an argon atmosphere for
3 h. The effect of the SiC additions on the mechanical properties, porosity degree, and phase
formation of the porous NiTi alloys was studied. After characterization, the bioactivity of the
SiC/NiTi exposed samples was evaluated in simulated body fluid test. The microstructure
characterization and phase identification of the apatite layer formed in SBF on their surface

were also evaluated.
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1. Introduction

The near equiatomic binary alloy, nickel-titanium
(Nitinol) NiTi can reversibly change between two crys-
tal structures. These two crystal structures are the
low-temperature martensitic phase, which is mono-
clinic and has B19’ symmetry, and the high-tempera-
ture austenitic phase that is cubic with B2’ symmetry.
The transformation between these two phases is re-
sponsible for the extraordinary mechanical properties
which make the material so interesting. The reversible
transformation upon loading and unloading is called
pseudoelasticity. The ability to revert to an impressed
high-temperature shape is called shape memory ef-
fect [1]. Materials with these extraordinary properties
are often referred to as smart or intelligent materials.
The interest in these materials for medical applica-
tions has been steadily growing during the last years
[2]. NiTi shape memory alloys are reliable, functional
materials widely used in various industrial applica-
tions as couplings, actuators, sensors, dental-medical
devices, glasses frames, and for underwire bras due to
their unique shape memory and superelasticity prop-

erties [3, 4]. The combination of these characteristics
with good biocompatibility [5], coupled with the high
mechanical response, has made NiTi alloys fabulous
materials for dental and biomedical applications such
as stents, orthodontic archwires, filters, and bone an-
chors [6, 7].

NiTi alloys have been fabricated using various
powder metallurgy methods, such as self-propagating
high temperature synthesis (SHS) [8, 9], conventional
sintering (CS), [10, 11], hot isostatic pressing (HIP)
[12], metal or powder injection molding (MIM) [13],
spark plasma sintering (SPS) [14], and the space
holder technique (SHT) [15-17]. The literature re-
views have demonstrated that equiatomic NiTi alloy
exhibits high mechanical and wear resistance. Some
attempts were made previously to develop NiTi ma-
trix composites [18, 19]. However, a very limited study
with reinforcement powders was used for manufac-
turing NiTi alloys. In this study, the porous NiTi
reinforced by fine grain-sized SiC particles, i.e., the
SiC/NiTi composite, was fabricated by powder met-
allurgy process. The microstructure, phase formation,
mechanical behavior (hardness and wear) and bioac-
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tivity test of the SiC/NiTi composite were studied.

2. Experimental study

Nickel and Titanium powder (45 pm, 99.9% pu-
rity) with an atomic ratio of 50.8% Ni to 49.2%
Ti were mixed for 12h. Afterward, fine grain-sized
SiC particles (< 10 pm, 99.5 % purity) with weight
fractions of 1 and 5% respectively were added to
the mixed Ni-Ti powder and blended for 12 h. Then,
the sufficiently blended powders were cold compacted
into short-bar green samples (6 mm x 10mm, di-
ameter x height) with compact stress of 500 MPa
for 2 min. The compacted green samples were heated
to 1100°C and held for 3h in an aluminum ox-
ide tube furnace under the protective flowing argon
gas (99.99 % purity). Sintered porous specimens were
cooled in the cold zone of the furnace at a rate of ap-
proximately 5°C min~!, sufficient to prevent the for-
mation of intermetallic other than NiTi due to possi-
ble oxidation problems that may occur during furnace
cooling.

The porosity and bulk densities of the fabri-
cated samples were measured by the Archimedes’
principle. The pore feature and microstructure of
the samples were characterized by field emission
gun scanning electron microscopy (FE-SEM, Tes-
can Mirag XMU, Czech Republic) equipped with
energy-dispersive X-ray spectroscopy (EDS) follow-
ing phase constituent analysis using Philips (Rigaku
D/MAX/2200/PC) XRD. The microhardness of the
composite and its alloy were measured by Vickers
hardness (Schimadzu® MHYV tester) method, and the
mean of at least eight readings was taken. A pin-on-
disc type of apparatus was employed to evaluate the
wear characteristics of the samples by the ASTM G99
test standard. Wear tests were carried out at room
temperature without lubrication. In wear tests, nor-
mal loads on the pin were 20, 40, and 60 N at a con-
stant sliding speed of 1ms~! and a constant sliding
distance of 60m for each sample. The test samples
were sliding against SiC papers. Each test was per-
formed with a fresh SiC paper 180 grits, which is
corresponding to ~ 70 um. The samples were wholly
cleaned by acetone before and after each test and
weighted using a digital balance with an accuracy of
+ 0.1mg. The average values of three repeated ex-
periments were referred. To evaluate and compare the
bioactivity characteristics in terms of apatite-forming
capability, NiTi samples were immersed in 1.5 x simu-
lated body fluid (SBF'). Samples were vertically soaked
in 120 ml of SBF in closed screw-capped polypropy-
lene bottles for 7, 14, and 21 days. The 1.5 x SBF
was prepared by dissolving reagent-grade chemicals of
Na,Cl, NaHC03, KCI, NagHPO4, MgCIQ '6HQO7 CaClg
-2H50, and NaySO4 in deionized water buffered at
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Fig. 1. The porosity and bulk density of SiC/NiTi com-
posites.

pH 7.40 with ((CH,OH)3CNH,) and 1.0 mol1~* HCI
at 36.5 £ 0.5°C [20]. The SBF was refreshed every
second day to maintain constant ion concentrations.
After soaking for 7, 14, and 21 days, samples were re-
moved from SBF and gently rinsed with distilled wa-
ter. Before characterization by SEM and EDS, samples
were dried in air at room temperature.

3. Results and discussion
3.1. Density and porosity measurements

The vacuum method (European Norm EN 14411)
was used in the laboratory to determine porosity and
bulk density with greater precision. The porosity and
bulk density are compared in Fig. 1.

It follows from above that both porosity and
density of 5%SiC/NiTi are different from those of
0%SiC/NiTi’s. The highest bulk density of NiTi
composites (with 5% SiC) was measured to be
4.825gcm ™2 and the corresponding porosity was
23.75 %. When we compared the relative density of
5%SiC/NiTi sample, which has the highest density,
with that of commercial NiTi alloy (ps = 6.45 gcm™3),
we found that the relative density of 5%SiC/NiTi sam-
ple is 25.2% less [16]. In addition, it could be ob-
served that the relative density of 0%SiC/NiTi sam-
ple is 73.2 %, 74.4 % for 1%SiC/NiTi, and 74.8 % for
5%SiC/NiTi.

3.2. Microhardness and wear performance
of SiC/NiTi composites

The Vickers hardness value (VHN) was measured
at a load of 1.96 N for the SiC/NiTi composites. The
hardness values tend to increase due to the increasing
amount of SiC in NiTi matrix to form more ceramic
phases around grain boundaries [10].

By increasing SiC content, the densification was
almost completed. The hardness for 0%SiC/NiTi,



M. Simgir et al. / Kovove Mater. 57 2019 363-369 365

—— 5wt%SIiC
v 1WL%SIC :
¥— 0wt%SiC w®
E
E
E
2
&
5 L4
@
=
2 &
=
S
@
o
w

30 40 50 60
Applied Load (N)

Fig. 2. The influence of the applied load on the wear rate
of SiC particle-reinforced NiTi alloys.

1%SiC/NiTi, and 5%SiC/NiTi composite are about
459.42 VHN, 777.6 VHN, and 827 VHN, respectively.
This situation can be attributed to the increasing sil-
icon carbide content and dissolution of more Ni-Ti
phases into grains and grain boundaries. These re-
sults indicated that the hardness of the composites
increased with increasing the content of particles up
to 5 wt.%. The specific wear rate of SiC/NiTi com-
posites is illustrated graphically in Fig. 2 as a function
of different loads. The volume loss was calculated in
terms of a specific wear rate. The specific wear rate is
the volumetric loss per unit distance. The volume loss
was calculated as:

A
AV = Tm % 1000, (1)

where AV is the volume loss in (mm3), Am is the
mass loss in (g), and p is the density of the composite
in (gem™3). Specific wear rate K = %, where d is
sliding distance, and for each specimen, it is kept con-
stant = 60 m. It was found that the specific wear rate
of the composites increases with applied load for all
testing materials. In the SiC/NiTi composites, there
was a stable behavior between 20 and 60 N loads. Sig-
nificant increase in wear rate of the composite was
observed. One reason is that ultra-fine sized SiC par-
ticles prevent the movement of dislocations in the NiTi
matrix through a dispersion-strengthening mechanism
[10]. Also, 5 wt.% SiC particle-reinforced NiTi demon-
strated lower wear than that of unreinforced NiTi
composites for all applied loads.

3.3. Microstructure and phase formation
of SiC/NiTi alloy and its composites

Figure 3 shows XRD patterns of SiC/NiTi compos-
ites with different fractions of SiC. At room tempera-
ture, 0%SiC/NiTi mainly consists of NiTi phase and
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Fig. 3. XRD spectrum of (a) 0%SiC/NiTi, (b) 1%SiC/NiTi,
and (c) 5%8SiC/NiTi.

some second phases, such as NiyTis, NiTis, and NigTi.
Four crystalline phases, namely Ni,Si, SiC, TiC, and
Niy Ti with varying peak intensities, could be detected
in patterns by increasing SiC content. In all cases,
the diffractograms have predominantly registered the
phase of NiTi, matched for every sample. For NiTi
alloy (0%SiC), according to the Ni-Ti binary phase
diagram, NiTi, NiTis, and NizTi can form easily dur-
ing sintering at temperatures up to 1000°C and be-
come stable compounds. For 1 wt.%-SiC and 5 wt.%-
SiC particle-reinforced NiTi, Gibbs free energies of
NipSi (-142.7kJ mol~!) and TiC (-184.1 kJ mol~!)
are lower than that of SiC (-71.4kJ mol~!) at 700°C
and above, indicating the high thermodynamic driv-
ing force of formation of NiySi and TiC which in turn
decrease the Ni content of the NiTi matrix during the
sintering process [21, 22]. Decreasing the Ni content
of the NiTi matrix restrains the formation of NizTi,
so NigTi forms during the sintering process.

The internal morphology of the NiTi alloys was ex-
amined by FEG-SEM (SEI) equipped with an EDS.
Figures 4a—d show the internal morphology image of
the NiTi alloys with different ratios of SiC. Figure 4a
shows a general view of the 5%SiC/NiTi alloy struc-
ture as a secondary electron image. In Fig. 4a many
irregular and closed pores can be seen in the compos-
ite matrix. Figures 4b—d show backscattered electron
images of 0%SiC/NiT1i, 1%SiC/NiTi and 5%SiC/NiTi,
respectively. Three phases (marked arrow) may be rec-
ognized by their respective shading contrast. The dark
phase was identified to be NiTi and NiTis, the gray
phase NisTi, and the bright phase NizTi.

The observation of the co-existence of NiTi, NiTis,
and NizTi in the equiatomic sample is consistent
with previous studies [23-25]. However, this is not
expected, according to the Ti-Ni equilibrium phase
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Fig. 4. Internal morphology images of (general view) of (a) 5%SiC/NiTi, (b) 0%SiC/NiTi, (c) 1%SiC/NiTi, and
(d) 5%SiC/NiTi.

diagram. To explain this, several studies have been
proposed in the literature. The researchers considered
that the formation and the co-existence of the three
phases are controlled by solid-state diffusion reactions
between Ni and Ti. Regardless of the uniformity or
the total composition of the mixing, locally the con-
dition is always diffusion between pure Ti and pure
Ni at the beginning of the sintering reaction process.
In this regard, NiTi is not formed directly by inter-
diffusion between Ni and Ti. NiTi can only be formed
by the interaction between NizTi and NiTis. In line
with this discussion, NizTi (major phase) and NiTis,
NiTi phases were formed in the matrix of 0%SiC/NiTi.
A large number of, NixTi, NiTi; and dark-gray SiC-
-based particles (indicated by the arrow in Figs. 4c,d)
exist in the matrix of 1%SiC/NiTi and 5%SiC/NiTi.
The dark-gray SiC-based particles have complicated
compositions related to NiTisy, NisSi, TiC, and resid-
ual SiC particles, as confirmed by EDS and XRD re-
sults.

3.4. Apatite-forming ability test

The surface appearances of the samples immersed

in SBF for 7, 14, and 21 days are shown in SEM micro-
graphs in Fig. 5. After 7 days soaking in SBF, there
were many calcium phosphate particles formed and
an integrated calcium phosphate layer formed within
14 and 21 days soaking. Prolonged immersion in SBF
encouraged apatite growth and full coverage of the ox-
idized surfaces while inducing crack formation within
the smooth apatite layer. Figure 6 shows EDS patterns
of calcium and phosphate formed on the surface of
0%$SiC/NiTi and 5%SiC/NiTi samples for a different
time. As pointed out in Fig. 6, few calcium phosphate
particles deposited on SiC/NiTi. Calcium and phos-
phate peaks became more prominent after immersing
for 14 and 21 days compared to 7 days of immersion
in SBF for all tested samples.

However, complete coverage of the 5%SiC/NiTi
surface with apatite layer was not observed even after
a duration time of 7, 14, and 21 days. The surfaces
of the SiC/NiTi samples (especially 5%SiC/NiTi)
were covered with micron-sized, spherical precipitates,
which were not rich in calcium and phosphorus as ev-
idenced by EDS analysis conducted during SEM sur-
veys. After a duration time of 21 days, XRD analysis
showed that the intensity of the peak of TiOq (rutile)
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Fig. 5. Surface morphologies of SiC/NiTi samples immersed in SBF for (a) 7, (b) 14, and (c) 21 days.

phase slightly decreased, while broad HA peaks ap-
peared in between 260 = 30°-36° on the XRD spectrum
(not showed). Accelerated biomimetic apatite precip-
itation on NiTi samples can be associated with the
hydrolysis of the outermost biocompatible compound
layer leading to supersaturation of SBF with Ca’™,
OH~, TiO (OH), and HPO?™ ions at the vicinity of
the exposed surface [26].

The reactivity of these ionic components stimu-
lates rapid nucleation and growth of apatite on the
oxide layer [26]. Moreover, it has been reported that
0%SiC/NiTi imposed surfaces promote more suitable
sites for biomimetic apatite precipitation owing to

their porous and rough nature [27]. As confirmed by
the existence of the Ca-P-O related peaks as seen in
EDS at 3.69, 2.03, and 0.52 keV, respectively, the HA
peaks can be derived from EDS peaks. The biomimetic
growth mechanism in SBF may be associated with
fine crystallite apatite precipitation as seen from SEM
figures. Longer durations in SBF induced thick, but
cracked apatite layer formation. Previously, cracking
of the apatite layer was attributed to the capillary
stresses arising from the evaporation of entrapped wa-
ter in apatite during drying of the samples after re-
moving from the SBF [20]. Finally, the results of the
SBF tests can be taken as the primary indicator of su-
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Fig. 6. EDS spectra of the 0%SiC/NiTi and 5%SiC/NiTi samples immersed in SBF for (a) 7, (b) 14, and (c) 21 days.

perior biochemical binding between bone and the sur-
faces of the 0%SiC/NiTi and the 1%SiC/NiTi samples
in comparison to that of the 5%SiC/NiTi.

4. Conclusions

The fine grain-sized SiC particle reinforced NiTi
alloy composite with low density and high hardness
was successfully fabricated by a powder metallurgy
process. The distribution of SiC particles leads to
a change of phase constituents of the NiTi matrix.
As the amount of SiC particles increase, the com-
posite’s densification declines. Also, as the SiC par-
ticles increase up to 5% in the NiTi samples, poros-
ity increases. Increasing the amount of SiC promotes
high hardness and wear resistance in the NiTi alloy.
According to SEM micrographs, the SiC/NiTi alloys
show a uniform microstructure in which silicon carbide
particles are distributed evenly in the NiTi matrix. Af-

ter the SBF test, SEM and EDS analysis results con-
firm that the layer formed on the surface of the oxide
layer is apatite. These features show that the oxide
layer on the SiC/NiTi alloy can induce the bone-like
apatite nucleation and growth on their surfaces from
SBF. Bone-like apatite is found to be essential to es-
tablish the bone-bonding interface between bioactive
materials and living tissues. The obtained material
may be suitable for dental implants and prostheses
after in-vivo tests.
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