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Near-egiatomic TiNi alloy has been found to exhibit high resistance to wear, especially to
erosion. The high wear resistance of the alloy may largely benefit from its pseudoelasticity.
Recent studies demonstrate that the wear resistance of TiNi alloy can be considerably
enhanced when hard particles such as TiC were added as a reinforcing phase. It was
expected that the wear resistance of such a composite could be further improved if the TiNi
matrix can be strengthened with retained pseudoelasticity. Attempt was made to develop
such a tribo composite, using nano-TiN powder to strengthen the matrix of the TiC/TiNi
composite. The composite was made using a vacuum sintering process. Sliding wear
behavior of this material was evaluated. It was demonstrated that the nano-TiN/TiC/TiNi
composite exhibited excellent wear resistance, superior to those of the TiC/TiNi composite
and WC/NiCrBSi hardfacing overlay. In order to understand the role of the nano-TiN
powder, localized mechanical behavior and micro-scale wear of the TiNi matrix with and
without nano-TiN powder were investigated using a triboscope. Worn surfaces were
examined using SEM to better understand the wear mechanism and to find out clues for
further development. © 2001 Kluwer Academic Publishers

1. Introduction

Recent studies have demonstrated that near-equiatomic
TiNi alloy exhibits high wear resistance and could be
an excellent candidate for various tribological appli-
cations [1-11]. A number of researchers have demon-
strated superior wear behavior of TiNi alloy in different
wear conditions, compared to many conventional ma-
terials, such as Co45 alloy, 38CrMoAlA, cast marten-
sitic (CA6NM), austenitic (304L) and duplex (FER-
255) stainless steel [2,8]. It is known that the wear
resistance of conventional tribo materials is mainly de-
pendent on their mechanical properties such as hard-
ness, toughness, and work hardening [12]. Hardness
is of importance to the abrasion resistance, while the
toughness and work hardening are more responsible
for the wear resistance under impact or high stresses.
However, it appears that these mechanical properties
are not only factors responsible for high wear resis-
tance of TiNi alloy, which could greatly benefit from
the pseudoelasticity of the alloy [2-5, 8, 11]. The pseu-
doelasticity of TiNi alloy results from a thermoelastic
martensitic transformation. Under external force, B2
phase transforms to a martensitic phase. Such a phase
transformation is reversible, accompanied with recov-
erable strain in the range of 5%—8% [13, 14]. This high
magnitude strain may help to accommodate large de-
formation and absorb impact energy with considerably
less damage to the material during wear.
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It is also noticed that the high wear resistance of
TiNi alloy is not only attributable to its pseudoelas-
ticity but also to other properties such as the strain-
hardening capability [1,15]. More recently, attempts
were made to develop a new wear-resistant compos-
ite using pseudoelastic TiNi alloy as the matrix and
hard TiC particles as the reinforcing phase [16]. It
was demonstrated that TiC particles significantly en-
hanced the wear resistance of TiNi alloy. The wear
resistance of 60%TiC/TiNi composite was about one
order of magnitude higher than that of the TiNi al-
loy, and comparable to that of WC/NiCrBSi, a hard-
facing overlay widely used in the mining and oilsand
industries. It was expected that the wear resistance of
the TiNi-matrix composite could be further improved
if the TiNi matrix is strengthened without losing its
pseudoelasticity.

In this work, an attempt was made to improve
TiC/TiNi composite by modifying its TiNi matrix with
TiN nano-particles. The TiNi alloy was employed as
the matrix due to its good wear resistance and its pseu-
doelasticity. TiN nano-powder was added to the matrix
to strengthen the TiNi matrix without changing its com-
position that influences the martensitic transformation.
The amount of the nano-TiN powder was small so that
the matrix may still keep good pseudoelasticity. Such
a matrix may possess improved wear resistance and
retained pseudoelasticity to accommodate large-scale
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deformation and bind hard TiC particles effectively,
which play the main role in withstanding external load.

Wear behavior of the TiNi-matrix composite mod-
ified with nano-TiN powder was evaluated using a
pin-on-disc wear tester and compared to TiC/TiNi com-
posite and the WC/NiCrBSi hardfacing overlay. Worn
surfaces were examined using a scanning electron mi-
croscope. In order to understand the role of nano-TiN
powder, mechanical properties and local wear resis-
tance of the composites with and without nano-TiN
addition were investigated using a triboscope—a com-
bination of nano-mechanical probe and atomic force
microscope. The mechanism responsible for the im-
proved wear resistance of the new tribo composite is
discussed.

2. Experiment procedure

Nano-TiN/TiC/TiNi and TiC/TiNi composites were
made using a vacuum sintering process. Pre-alloyed
TiNi alloy powder having its particel size <180 mi-
crons, nano-TiN powder having its particle size
<50 nm, and TiC powder with its size <45 microns
were mixed in air using a ceramic ball mill for one
hour. The mixed powder was then pressed to make pin
specimens under a pressure of 787 MPa for 30 seconds.
The pin specimens were 12 mm long with a diameter
of 6 mm. The specimens were then sintered in vacuum
(5.4 x 10~* torr) at 1350°C for 5 hours. The nominal
composition of the matrix was Ti-50.6at%Ni. Speci-
mens with different fractions of TiC particles, nano-TiN
powder and the TiNi matrix were prepared. Microstruc-
ture of the sintered nano-TiN/TiC/TiNi specimens were
examined using x-ray diffraction and SEM.

Wear behavior of the nano-TiN/TiC/TiNi specimens
was evaluated under different load levels and at a slid-
ing speed of 60 m/min for 3000 m, using a pin-on-disc
tribometer with a water cooling system. Wear resistance
of the TiC/TiNi composite and that of the WC/NiCrBSi
hardfacing overlay were also evaluated under the same
condition for comparison. Worn surfaces of the mate-
rials were examined using SEM.

In order to investigate the wear behavior of the TiNi
matrix of TiC/TiNi composite samples with and with-
out nano-TiN particles, the local wear behavior of the
TiNi matrix was investigated on a microscopic level,
using a triboscope. The mechanical probe of the tribo-
scope was a pyramidal diamond tip (tip radius: 70 nm).
The micro-wear test was performed by scratching the
matrix within an area of 400 nm x 400 nm (scratched
line by line within the area) at a speed of 4 um/s and
under a load of 50 uN. The wear resistance of a spec-
imen was evaluated by measuring its volume loss in
the scratched area. The main purpose of this test is to
investigate the correlation between the wear resistance
of the matrix and the integral wear resistance of the
corresponding composite.

Indentation behavior of the TiNi matrix was investi-
gated using the triboscope. This test was performed to
investigate changes in pseudoelasticity and hardness of
the TiNi matrix when nano-TiNi powder was added, to-
wards a better understanding of the effect of nano-TiN
addition on the wear resistance of the composite.
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3. Experiment results and discussion

3.1. Microstructure

The sintered Svol%nano-TiN/55vol%TiC/TiNi com-
posite was examined using x-ray diffraction. Fig. 1 il-
lustrates a X-ray diffraction pattern (Co-K,;), which
demonstrates that there was no new phase in the com-
posite after sintering. Since the amount of nano-TiN
powder was small, no TiN peaks were detected. It is
also possible that small TiN peaks may not be dis-
tinguished, since they could be overlapped with the
TiC peaks due to similar structures of TiC and TiN.
Microstructure of the sintered composite was exam-
ined using a Hitachi S2700 SEM. A metallograph of
5%nano-TiN/55%TiC/TiNi specimen is presented in
Fig. 2. One may see that the TiC particles were dis-
tributed homogeneously throughout the matrix. The
composition analysis shows that no chemical reaction
occurred between the TiNi matrix, TiC and nano-TiN
particles.

3.2. Sliding wear

Volume losses of / %onano-TiN/59%TiC/TiNi, 3%nano-
TiN/57%TiC/TiNi, 5%nano-TiN/55%TiC/TiNi, 7%
nano-TiN/53%TiC/TiNi and 9%nano-TiN/51% TiC/
TiNi specimens were evaluated using a pin-on-disc
wear tester under several loads, respectively. Results of
the wear test are illustrated in Fig. 3, which illustrates
that the volume loss of 5%-nano/55%TiC/TiNi was
the least. It turned out that the optimal fraction of
nano-TiN particles was 5%. Therefore, the following
research was focused on the 5%nano-TiN/55%TiC/TiNi
specimens.
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Figure 1 X-Ray pattern of 5%nano-TiN/55%TiC/TiNi composite.

Figure 2 A SEM micrograph of 5% Nano-TiN/55%TiC/TiNi compos-
ite. The sample was polished and etched to make the interphase boundary
visible.
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Figure 3 Volume losses of TiC/TiNi composites with different fractions
of nano-TiN particles worn under low and high loads [low load: 0.05 kN,
high load: 0.3 kN]. Volume loss of the WC/NiCrBSi hardfacing overlay
worn under the high load is also given.

In order to obtain more information on the effect of
nano-TiN particles on the wear resistance, 30%nano-
TiN/60%TiC/TiNi composite was also investigated for
comparison. It was observed that this composite was
rather brittle because there was not enough TiNi ma-
trix, which acted as a binder to retain the reinforcing
TiC particles. Therefore, in order to compare 5%nano-
TiN/55%TiC/TiNi to those containing a higher-fraction
of nano-TiN particles, we kept the fractin of TiNi ma-
trix at 40% to make it effective as a binder. 30%nano-
TiN/30%TiC/TiNi composite rather than 30%nano-
TiN/%60%TiC/TiNi was then studied. Volume losses
of sintered 30%nano-TiN/30%TiC/TiNi, 60%TiC/TiNi,
and WC/NiCrBSi hardfacing overlay under a high nor-
mal load of 0.3 kN were measured for the purpose
of comparison. Results of the wear test are also pre-
sented in Fig. 3. It was demonstrated that the 5%nano-
TiN/55%TiC/TiNi composite was remarkably superior
to the 60%TiC/TiNi composite with no nano-TiN parti-
cles. However, 30%nano-TiN/30%TiC/TiNi composite
was worse than the 60%TiC/TiNi composite. The result
indicates that the nano-TiN powder played a beneficial
role in improving the wear resistance of the TiC/TiNi
composite, but too much nano-TiN powder was detri-
mental. Compared to the WC/NiCrBSi hardfacing over-
lay which is widely used in the mining and oilsand in-
dustries, S%nano-TiN/55%TiC/TiNi composite showed
markedly higher wear-resistance. The wear resistance
of TiC/TiNi composite benefited from its pseudoelastic
matrix, which however becomes less functional with an
increase in load because of the promotion of plastic de-
formation. When a small amount of nano-TiN powder
was added, it may strengthen the matrix without loos-
ing substantial pseudoelasticity, thus leading to the wear
resistance higher than that of the TiC/TiNi composite.

Surfaces of the tested materials worn respectively un-
der alow load (0.05 kN) and a higher load (0.3 kN) were
examined using a scanning electron microscope. Fig. 4
illustrates micrographs of the worn surfaces. At the
low load, the worn surfaces of 60%TiC/NiTi, 5%nano-
TiN%TiC/NiTi and 30%TiN-nano/30%TiC/NiTi all are
smooth and no significant difference was observed be-
tween these materials. Under the high load, however,
the situation changed. Worn surfaces of 60%TiC/NiTi
and 30%TiN-nano/30%TiC/NiTi composites show se-
vere wear track and it appeared that the reinforcing
TiC particles were torn off from the matrix. While the

worn surface of the S%nano-TiN%TiC/NiTi was rela-
tively smooth and no tear-off of TiC particles was ob-
served. In this case, TiC particles could be worn away
gradually during the wear process. The worn surfaces
of the tested materials under the low and higher loads
are consistent with the sliding wear test.

3.3. Mechanical properties

3.3.1. Pseudoelasticity

Effect of nano-TiN particles on the pseudoelasticity of
TiNi-matrix of the composites under study was investi-
gated. The pseudoelasticity results from a thermoelas-
tic martensitic transformation, which is evaluated usu-
ally using tensile test. The response of the martensitic
transformation to stress, however, differs under differ-
ent loading conditions [17, 18]. Therefore, the tensile
test may not precisely reflect the pseudoelastic response
of TiNi alloy to external force during wear. In the
case of wear, the stress state is complicated, involv-
ing compressive, tensile, and shearing components. It
is thus necessary to evaluate the pseudoelastic behav-
ior of the TiNi matrix by employing a more suitable
method.

In this work, a nano-indentation technique was used
to evaluate the pseudoelasticity of the TiNi matrix. The
indentation process is somewhat similar to the penetra-
tion of an asperity into the surface layer during abra-
sive wear. Due to the complex stress state, it may be
more appropriate to evaluate the pseudoelasticity using
two parameters: n = Wrc/Wt and Wt. 7 is the ratio of
the recoverable deformation energy (Wrc) to the total
deformation energy (W) throughout an entire loading
and unloading cycle [19]. The deformation energy Wtis
represented by the area enclosed by the loading curve
and the maximum penetration depth, as illustrated in
Fig. 5; while Wrc is the area enclosed by the unload-
ing curve and the maximum penetration depth. Wt is
a measure of the capability to accommodate deforma-
tion, while the parameter 1 represents the portion of the
total deformation that is recoverable. Clearly, these two
parameters can be used to evaluate the degree of pseu-
doelasticity. A material with larger values of n and Wt
will behave more pseudoelastically and has higher ca-
pacity to absorb impact energy and accommodate larger
deformation with less damage. It should be indicated
that 7 is not constant and it varies with changes in the
applied load and eventually becomes stable as Fig. 6a
illustrates, while Wt always increases as the applied
load increases. One may notice that there is no data in
Fig. 6 for the TiC/TiNi specimens under high load. This
occurred because the matrix of this composite without
nano-TiN particles was soft and a further increase in
load resulted in the displacement running out of the
measurable range of the triboscope.

As illustrated in Fig. 6a, n of the NiTi matrix of
60%TiC/NiTi composite was the highest, followed by
that of the 5%nano-TiN/55%TiC/NiTi, while n of the
30%TiN/30%TiC matrix was the lowest. Fig. 6b illus-
trates Wt values of the matrices of these composites.
One may see that the matrix of 60%TiC/TiNi com-
posite had the largest Wt, corresponding to the high-
est capability to accommodate deformation energy. Wt
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Figure 4 Worn surfaces of the composites under high load and under low load. (A) 30%nano-TiN/30%TiC/TiNi under low load, (B) 30%nano-
TiN/30%TiC/TiNi under high load, (C) 60%TiC/TiNi under low load, (D) 60% TiC/TiNi under high load, (E) 5%nano-TiN/55%TiC/TiNi under low
load, and (F) 5%nanoTiN/55%TiC/TiNi under high load. [Low load: 0.05 kn, high load: 0.3 kN].
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Figure 5 Load-depth curves of the composites.

of the 5%nano-TiN/TiC/TiNi was lower and that of the
30%nano-TiN/TiC/TiNi was the lowest. The indenta-
tion test indicates that the nano-TiN powder decreased
the pseudoelasticity of the TiNi matrix. The more the
nano-powder, the lower was the pseudoelasticity. Such
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a decrease in pseudoelasticity is a result of the obstacle
set by the nano-TiN particles to the stress-introduced
martensitic transformation. As a matter of fact, TiC par-
ticles in the composites should also retard the marten-
sitic transformation to some degree. As K. L. Fukami-
Ushiro etc. observed [20] in their study on a TiC/TiNi
composite, the critical stress for inducing the marten-
sitic transformation is slightly higher than that for in-
ducing the martensitic transformation in a TiNi alloy
having the same composition. When a lot of nano-TiN
particles are dispersively distributed in the matrix, the
martensitic transformation would be more difficult to
be induced.

3.3.2. Hardness

Although the pseudoelasticity is of importance to the
wear resistance of TiNi alloy, the hardness of this
alloy also plays a role in resisting wear. The hard-
ness of pseudoelastic TiNi alloy could not be properly
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Figure 6 Effects of nano-TiN particles on the pseudoelastic behavior of TiNi matrix of the composites under study. (a) The ratio of recoverable energy
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Figure 7 The depth against the indentation load.

determined using conventional hardness tester because
of the recoverable pseudoelastic deformation. In this
work, the hardness of TiNi matrix was evaluated based
on its indentation behavior. The instantaneous pene-
tration depth under a certain load is a measure of the
hardness. The smaller the penetration depth, the harder
is the material. As illustrated in Fig. 7, the nano-TiNi
powder apparently decreased the penetration depth of
the TiNi matrix, or increased the matrix’s hardness. The
nano-TiN powder could pin dislocations during plastic
deformation and thus strengthened the matrix. In addi-
tion, the nano-TiN particles may also limit the growth of
martensite and this could further harden the matrix. As
aresult, the matrices of 5%nano-TiN/55%TiC/TiNi and
30%nano-TiN/30%TiC/TiNi had higher hardness than
that of 60%TiC/TiNi. The more the nano-TiN powder,
the harder was the matrix.

3.4. Microscale-wear behavior
of the TiNi matrix

The integral wear resistance of a TiNi-matrix composite
is strongly influenced by the mechanical and tribologi-
cal properties of the matrix. In order to investi-
gate the correlation between the integral wear re-
sistance of and the wear resistance of the TiNi
matrix, localized wear of the TiNi matrix was in-

vestigated on microscopic level using the triboscope.
The wear test was performed by scratching a very
small area (0.4 um x 0.4 pm), so that the influ-
ence of the reinforcing TiC phase could be mini-
mized. Fig. 8 illustrates representative wear tracks and
corresponding cross-section profiles experienced wear
under a normal load of 50 uN. The wear loss was
counted by estimating the volume loss in the worn area.
It was determined that volume losses of the TiNi ma-
trices with 0%, 5%, and 30% are 3.7 x 10° nm?, 2.9 x
10° nm? and 1.4 x 10® nm?, respectively. It was demon-
strated that 5% nano-TiN powder effectively enhanced
the wear resistance of the NiTi matrix. This increase
in wear resistance mainly resulted from the increase
in hardness by the nano-TiN powder. 30%nano-TiN
powder resulted in a more significant increase in wear
resistance of the matrix. However, although the TiNi
matrix containing 30%nano-TiN powder had the high-
est local wear resistance, the corresponding composite
performed the worst (see Fig. 3), i.e. its integral wear
resistance was the lowest. The reason for this contra-
diction has been discussed in the following section.

3.5. Further discussion

Wear resistance of a composite is an integral prop-
erty not only dependent on mechanical and tribological
properties of each individual phase and the interfacial
bond but also dependent on the coordination between
the phases. In general, the matrix plays arole as a binder
to hold the reinforcing phase as well as to accommodate
large-scale deformation and to absorb impact energy.
While the reinforcing phase (e.g., hard particles) mainly
withstands the external force. It is often found that ma-
trices of many conventional composites are weaker and
worn first followed by the removal of the reinforcing
particles. Many attempts have been made to improve the
wear resistance of a matrix by modifying its composi-
tion for higher hardness. However, the degree of such
improvement is rather limited, since this modification
is somewhat contradictory. If hardness of the matrix is
increased, its ductility will decrease, thus reducing its
function as a binder to hold the reinforcing phase, to ab-
sorb the impact energy and to accommodate large-scale
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Figure 8 Micro-scale wear tracks and the cross-section profiles.

deformation. However, if the hardness of the matrix re-
mains low, it will become the weak region and quick
wearing of the matrix will result in rapid removal of
the reinforcing particles. Recent work has demonstrated
that pseudoelastic TiNi alloy could be an ideal binder
material because of its high wear resistance and rubber-
like behavior. However, although the pseudoelasticity
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greatly benefits the wear resistance, TiNi alloy can still
be damaged under high stress when the strain exceeds a
critical level and results in plastic deformation. There-
fore, the wear resistance could be enhanced if the hard-
ness of TiNi alloy can be enhanced without loosing suf-
ficient pseudoelasticity. In this work, the TiNi matrix
of TiC/TiNi composite was modified with nano-TiN
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Figure 9 Three models of TiC particle-removal from the composites.
(a) Large debris removal, (b) particle drop-out, and (c) gradual worn-out.

powder for a better balance between the pseudoelastic-
ity and hardness. Expected results were obtained.

3.5.1. 60%TiC/TiNi composite

The TiNi matrix of this composite has high pseudoe-
lasticity but low hardness. As a result, the matrix of the
composite has relatively low wear resistance in con-
trast with the matrix containing nano-TiN powder, as
demonstrated by the micro-scale wear test (see Fig. 8).
Since the matrix was not strong enough, the reinforc-
ing particles could be torn off along with the matrix
as wear debris under high loads, as schematically il-
lustrated in Fig. 9a. This may also be seen from the
worn surface of the composite under high loads (see
Fig. 4D). In such a case, the reinforcing hard particles
may play no role in resisting wear. Therefore, this com-
posite has relatively lower integral wear resistance than
the composite containing a small amount of nano-TiN
powder.

3.5.2. 30%nano-TiN/30%TiC/TiNi composite
By adding 30%nano-TiN powder to replace 30%TiC
particles, the matrix was significantly strengthened.
However, although such a matrix has the highest wear
resistance because of its high hardness, its role as
a binder to hold the TiC particles was considerably
reduced because of low flexibility. Under external
load, the hard matrix has low capability to accom-
modate large-scale deformation and absorb impact en-
ergy. The integral wear resistance of this composite is
therefore low, especially under high-stress wear con-
dition as shown in Fig. 4B, where many craters on
the worn surface are visible. One may consider that
in this case the wear occurred with a particle-drop-
out mechanism involved as schematically illustrated in
Fig. 9b. As mentioned earlier, we also tested 30%nano-
TiN/60%TiC/TiNi and found that this composite was

very brittle. The high brittleness of this composite is
another evidence to support the above-addressed point.

3.5.3. 5%nano-TiN/55%TiC/TiNi composite
The wear test demonstrated that 5%nano-TiN/
55%TiC/TiNi composite performed the best. The de-
gree of pseudoelasticity of the TiNi matrix contain-
ing 5%nano-TiN powder was relatively lower than that
of pure TiNi matrix but superior to that of the TiNi
matrix containing 30%nano-TiN powder. On the other
hand, this matrix was harder than the TiNi matrix
but softer than that containing 30%nano-TiN powder.
Obviously, a good balance between the pseudoelasti-
city and hardness can result in significantly improved
integral wear resistance. Such a balance could be ob-
tained by adding an adequate amount of hard nano-
powder and 5% nano-TiN powder appeared to be the
optimal. Although the wear resistance of this matrix is
lower than that of the matrix containing 30%nano-TiN
powder, 5%nano-TiN powder makes the TiNi matrix
in good coordination with the reinforcing phase (TiC).
Such a matrix possesses enhanced hardness without
loosing substantial pseudoelasticity and it is therefore
a flexible binder and resistant to wear. Under wear at-
tack, the matrix was gradually worn away and so were
the reinforcing particles, as schematically illustrated in
Fig. 9c. As a result, the TiC particles are effective as
a reinforcing phase and this composite has shown op-
timal performance. As illustrated in Fig. 4F, the worn
surface of 5%nano-TiN/55%TiC/TiNi composite was
smooth and few craters appeared on the worn surface.
In this case, both the matrix and the reinforcing phase
acted effectively, resulting in a significantly improved
wear resistance.

In summary, it is clear that the integral wear resis-
tance of TiC/TiNi composite is strongly affected by
properties of the matrix and the reinforcing phase as
well as the coordination between the phases. A good
balance between the pseudoelasticity and hardness of
the TiNi matrix may considerably improve the inte-
gral wear resistance of the composite. It has turned out
that a small amount of nano-TiN powder benefits the
TiC/TiNi composite and makes it remarkably superior
to WC/NiCrBSi hardfacing overlay, a widely used in-
dustrial wear-resistant material.

4. Conclusion

An attempt was made to improve the wear resistance of
a newly developed TiC/TiNi tribo composite by mod-
ifying the TiNi matrix with nano-TiN powder. Results
of this research is summarized as follows:

1. 5%nano-TiN powder apparently improved the in-
tegral wear resistance of the TiC/TiNi composite. How-
ever, 30%nano-TiN powder is detrimental to the inte-
gral wear resistance.

2. The nano-TiN powder increased the hardness of
the TiNi matrix at the expense of its pseudoelasticity.
The hardness and wear resistance of TiNi matrix con-
taining TiN nano-particles increased with an increase in
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the amount of the nano-TiN powder, while its pseudo-
elasticity decreased as the amount of nano-TiN powder
increased.

3. The integral wear resistance of TiNi-matrix com-
posite is strongly influenced by both hardness and pseu-
doelasticity of the matrix. A good balance between
hardness and pseudoelasticity of the TiNi matrix may
significantly improve the integral wear resistance of the
composite.
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