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Porous NiTi shape memory alloy (SMA) scaffolds have great potential to be used as orthopedic implants
because of their porous structure and superior physical properties. Its metallic nature provides it with better
mechanical properties and Young�s modulus close to that of natural bones. Besides allowing tissue ingrowth
and transfer of nutrients, porous SMA possesses unique pseudoelastic properties compatible to natural hard
tissues like bones and tendons, thus expediting in vivo osseointegration. However, the nickel release from
debris and themetal surfacemay cause osteocytic osteolysis at the interface between the artificial implants and
bone tissues. Subsequent mobilization may finally lead to implant failure. In this study, the wear properties of
porous NiTi with different porosities processed at different treatment temperatures are determined. The
results of the study show that the porosity, phase transformation temperature, and annealing temperature are
major factors influencing the wear characteristics of porous NiTi SMA.

Keywords NiTi, orthopedic implants, porosity, scaffold, wear
resistance

1. Introduction

Owing to the deficiency of autogenous grafts and possible
rejection of allografts, it is imperative to develop synthetic bone
grafts that can satisfy the increasing market demand (Ref 1). As
one of the most promising man-made bone grafts, porous
nickel-titanium (NiTi) shape memory alloy (SMA) allows
ingrowth of osteoblasts and tissues, thus favoring long-term
fixation of bone implants (Ref 2-4). Besides the good
mechanical properties inherent from its metallic nature, porous
NiTi has lower Young�s modulus close to that human bone and
pseudoelastic biomechanical behaviors similar to hard tissues

like bone and tendon (Ref 2, 5, 6). However, some practical
problems still need to be solved before clinical application. For
example, release of nickel into surrounding tissues and corrosion
of NiTi may induce cytotoxicity (Ref 7, 8). Some surface
modification techniques have been developed to obtain enhanced
biocompatibility (Ref 9-13). Clinically, movement or mobiliza-
tion ofmetal-implants is one of themain failuremechanisms. The
wear debris shed from implants at the interface with biological
tissues can often lead to massive osteolysis, subsequent mobi-
lization of implants, and finally, catastrophic failure (Ref 14, 15).
Hence, it is important to understand the tribological behavior of
SMA implants during the design stage.

In the last decade, the tribological performance of dense
NiTi SMAs has been widely investigated (Ref 16-21). In
comparison with traditional metals, dense NiTi SMAs possess
much better wear resistance, which is ascribed to their unique
pseudoelasticity (Ref 22), lower E/H of TiNi (Ref 20), and
combined effects of the smaller Young�s modulus and small
transformation stress (Ref 21). However, previous studies have
primarily focused on dense materials and the corresponding
pseudoelasticity. In this study, the tribological behavior of
porous NiTi SMAs is evaluated.

2. Experimental Procedures

The porous NiTi samples were prepared by a novel powder
metallurgical (PM) method, namely, capsule-free hot isostatic
pressing (CF-HIP). Equiatomic titanium and nickel powders
from Shanghai Reagent Corporation were used as the starting
materials. They were thoroughly mixed in a horizontal
universal ball mill together with the foaming agent, ammonium
acid carbonate (NH4HCO3) powders, and then pressed into
green compacts under a cold pressure of 200 MPa. Before
sintering at 150 MPa and 1050 �C, a preheating process at
200 �C was performed to remove the foaming agent. The
sintering process was carried out in a HIP unit under argon. By
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adjusting the amount of the foaming agent, porous samples
with porosities of 18 and 36% were obtained and designated as
L (low) and H (high), respectively. More details about the CF-
HIP process can be found in previous publications (Ref 23, 24).
2-mm-thick samples with a diameter of 12.7 mm were
mechanically ground by SiC sandpaper progressively up to
800 grit, ultrasonically rinsed with acetone and ethanol, and
then oven-dried before further experiments.

The wear test was performed on flat porous NiTi samples at
room temperature in atmosphere using a ball-on-disk wear
tester. The balls used in the abrasive wear tests were standard
WC-Co ones with a diameter of 5 mm. A circular wear track
was created on the sample by offsetting the ball relative to the
center of rotation of the sample. Under an applied load of 2 N,
the balls scribed a 5-mm-diameter wear trace on the sample
surface as it rotated at a speed 200 RPM. The surface wear
morphology was examined by scanning electron microscopy
(SEM JSM5200 and JSM 820). The chemical composition of
the wear debris was determined by energy-dispersive x-ray
spectroscopy (EDS). The hardness of the porous NiTi was
measured by nanoindentation to a depth of 2000 nm (MTS
Nano Instruments XP). Differential scanning calorimetry

(DSC) thermal analysis was conducted to determine the
transformation behavior in the range of �50 to 100 �C.

3. Results and Discussion

Figure 1 shows the tribological performance of the porous
NiTi annealed at different temperature under a load of 2 N.
Figure 1(a) and (c) shows that the higher porosity sample H has
lower friction coefficient and better wear resistance than sample
L after 200 and 500 �C annealing. Under dry wearing
conditions, the friction coefficients are calculated by the
following equation (Ref 25):

f ¼ SA

W
ðEq 1Þ

where S is the shearing stress, W is the nominal load, and
A is the apparent contact area. Because a porous structure
reduces the contact area, a higher porosity induces a smaller
contact area consequently yielding smaller friction coefficients.
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Fig. 1 Evolution of friction coefficients with sliding time on the porous NiTi annealed at different temperatures under a load of 2 N: (a)
200 �C, (b) 400 �C, and (c) 500 �C; % indicates porosity
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However, an unexpected phenomenon is observed in the
400 �C annealed porous NiTi sample as shown in Fig. 1(b).
Sample L shows lower friction coefficients relative to sample
H. Hence, besides porosity, some other factors may also
contribute to the tribological behavior. The wear behavior of
NiTi may also be affected by its phase constituents (Ref 22) and
the martensitic transformation temperature (Ms). As shown in
Fig. 2(a), sample L is composed of the predominant austenite
(B2) phase as well as some minor R-phase (an intermediate
rhombohedral distortion of the cubic austenite phase) and B19¢
(martensite) phase at room temperature whereas the R-phase is
the main phase in sample H (shown in Fig. 2b) as confirmed by
XRD reported in our previous articles (Ref 23, 26, 27). As B2
is the harder phase in NiTi SMAs, the hardness of sample L is
higher than that of sample H. The hardness measured by
nanoindentation also confirms it. The former has an average
hardness of about 5.5 GPa and that of the latter is about
3.3 GPa at the depth of 2000 nm. In this case, Ms plays a
predominant role in the tribological performance of porous
NiTi.

Besides the porosity relationship expressed by Eq 1, the
pseudoelasticity caused by thermally induced or stress-induced
martensitic transformation should have influenced the wear
resistance of porous NiTi SMAs substantially. As shown in
Fig. 2(b), the 500 �C annealed sample H has anMs temperature
of 4.3 �C and peak temperature of �7.4 �C, while the
corresponding values are about 24.3 and �18.8 �C for the
500 �C annealed sample L, respectively (Fig. 2a). The results
reveal that the phase transformation in sample L is more rapid
than that in sample H as the temperature is decreased. It
indicates that martensitic transformation in sample L is
relatively more difficult compared to that in the latter, because
a larger driving force is required to complete the transforma-
tion. Consequently, porous sample H exhibits better pseudo-
elasticity than sample L and it was also be confirmed by our
compression tests in our previous report (Ref 23). This is also
the factor giving rise to the lower friction coefficient of sample
H shown in Fig. 1(c).

Figure 3 shows the evolution of friction coefficients of the
porous NiTi annealed at different temperatures under a load of
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Fig. 2 Phase transformation behavior of porous NiTi annealed at different temperature for 0.5 h: (a) 18% porosity and (b) 36% porosity
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Fig. 3 Evolution of friction coefficients of porous NiTi annealed at 200, 400, and 500 �C under a load of 2 N: (a) 18% porosity and (b) 36%
porosity
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2 N. As the annealing temperature is increased, the friction
coefficients of porous NiTi decrease. The only exception is the
400 �C annealed sample which shows lower friction than the
500 �C one for porous sample L shown in Fig. 3(a). This
phenomenon can be explained by the phase transformation
behavior during the exothermic process. As shown in Fig. 2(a),
although 500 �C annealing induces the lowest Ms temperature
of 24.3 �C for sample L, 400 �C annealing leads to a peak
temperature of �4 �C that is much higher than that of the
former, indicating that the phase transformations in the latter
proceed more easily than that in the former. Hence, 400 �C
annealing yields better pseudoelasticity in sample L, and
consequently higher wear resistance. According to Fig. 2(a),
although 200 �C annealing can produce the best pseudoelas-
ticity, the lowest hardness is obtained in sample L. Based on
nanoindentation, the average hardness values of the 200, 400,
and 500 �C annealed sample L are 4.98, 5.71, and 7.3 GPa,
respectively. Therefore, sample L shows the worst wear
resistance after annealing at 200 �C because it is softer.

In the higher porosity sample H, as shown in Fig. 3(b), the
highest annealing temperature of 500 �C yields the lowest friction
coefficient because sample H exhibits the best pseudoelasticity
according to the DSC curve shown in Fig. 2(b). In addition, at
room temperature, the 500 �C annealed sample H is composed of
the hardphaseB2and soft phaseRwhereas theR-phase is themain
constituent in the 400 �C annealed sample H. Therefore, the
former has higher hardness than the latter. Nanoindentation shows
that the average hardness values of sample H after annealing at
200, 400 and 500 �C are 4.73, 3.22, and 4.32 GPa, respectively.
Although 200 �C annealing induces the highest harness in sample
H, it does not have any pseudoelastic behavior because 200 �C
cannot induce the phase transformation (Fig. 2b). Therefore, it has
the highest friction coefficient as shown in Fig. 3(b). The presence
of the R-phase and the corresponding pseudoelastic properties can
lower the friction coefficient.

Figure 4 shows the morphology of the wear tracks on the
porous NiTi annealed at 200 �C under a load of 2 N. There is a
wide and clear track on the low porosity sample L (Fig. 4a) and
the EDS pattern reveals traces of Wand Co in the debris (marked
by green frame in Fig. 4a) formed during the sliding process
(Fig. 4b). In comparison with sample L, high porosity sample H
shows a dim track marked by the red arrow in Fig. 4(c). The
observation is in good agreement with the deduction of friction
coefficient in Fig. 1(a). Figure 5(a) shows a narrow and blurry
track (indicated by red arrow) on the surface of the 400 �C
annealed sample L under a load of 2 N. The track becomes wider
on the 400 �C annealed sample H (marked by red arrows in
Fig. 5b), and it is also in accordance with the analysis of friction
coefficients in Fig. 1(b). Figure 6(a), reveals a dim track on the
surface of the 500 �C annealed sample L under a load of 2 N
(marked by red arrow), but no track can be found from the worn
surface on the 500 �C annealed sample H under a load of 2 N
(Fig. 6b), revealing that the latter has better wear resistance. The
wear morphology also supports the aforementioned results of the
friction coefficients in Fig. 1(c).

4. Conclusion

The wear resistance of porous NiTi SMAs is investigated.
A higher porosity gives better wear resistance. Besides poros-
ity, other factors like the pseudoelastic behavior, phase

transformation temperatures, hardness, and phase constituent
of the alloys determine the overall tribological performance of
the porous NiTi alloy. Similar to other materials, harder phase
will result in better wear resistance. A higher annealing
temperature typically gives rise to better pseudoelasticity and
phases of higher hardness in the higher porosity samples.
Weaker pseudoelasticity is observed from the lower porosity
samples with higher annealing temperatures. However, the
presence of R-phase is also influential in lowering the friction
coefficient attributed to its pseudoelastic properties. Altogether,
the wear resistance of porous NiTi is determined by the

Fig. 4 SEM images of track morphologies of 200 �C annealed porous
NiTi under a load of 2 N: (a) 18% porosity, (b) EDS pattern of area indi-
cated by green frame in (a), (c) 36% porosity (Color figure online)
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combined effects of porosity, pseudoelasticity, and phase
constituents. By controlling the amount of the pseudoelastic
phase, softer materials may have higher wear resistance relative
to the harder materials by varying the friction coefficient.
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