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Microstructure, tribological performances, and wear
mechanisms of laser-cladded TiC-reinforced NiMo coatings

under grease-lubrication condition
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NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings were prepared on GCr15 steel by laser cladding (LC). The
microstructure and the phases of the obtained coatings were analyzed using ultra-depth-of-field microscopy (UDFM) and X-
ray diffraction (XRD), respectively. A ball-on-disk wear test was used to analyze the friction-wear performance of the substrate
and the NiMo-TiC coatings under grease-lubrication condition. The results show that the grain shape of NiMo-TiC coatings is
dendritic. The wear resistance of NiMo-TiC coatings is improved by the addition of TiC, and the depths of the worn tracks on
the substrate and on the NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings are 4.183 µm, 2.164 µm, 1.882 µm, and
1.246 µm, respectively, and the corresponding wear rates are 72.25 µm3/s/N, 32.00 µm3/s/N, 18.10 µm3/s/N, and 7.99 µm3/s/N,
respectively; this shows that the NiMo-25%TiC coating has the highest wear resistance among the three kinds of coatings. The
wear mechanism of NiMo-TiC coatings is abrasive wear, and the addition of TiC plays a role in resisting wear during the
friction process.
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1. Introduction
Rolling bearings occupy an important position

in machinery industry, in which GCr15 steel is one
of the main steel grades due to its distinguished
wear resistance. However, GCr15 steel still can-
not meet the high requirements of wear resistance
in the field of bearings [1], which is particularly
needed to improve its hardness and lubrication per-
formance [2, 3]. Previous researches have indi-
cated that the coating technology may effectively
increase the surface performance and extend the
service life of bearings [4].

At present, there are many studies on Ni-based
alloy coatings, which are applied to improve the
friction-wear performance of bearings. Zikin et al.
[4] revealed that the TiC-NiMo-reinforced hard-
facings exhibited higher wear resistance compared
with the WC/W2C-reinforced coatings. Tan et al.
[5] studied the tribological performance and wear
model of TiC-reinforced Ni-based alloy coatings.
Téllez-Villaseñor et al. [6] reported the effects
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of load and sliding velocity on the wear behav-
ior of infiltrated TiC/Cu-Ni composites. Further,
Wang et al. [7] investigated the in-situ TiC particle-
reinforced Ni-based composite by selective laser
melting and showed that it had excellent process-
ability and mechanical properties.

There are many surface modifications such as
carburizing, nitriding, and laser cladding (LC). Es-
pecially, LC is a new type of surface-strengthening
method, in which metal powders are melted using
high laser energy and solidified to form the coating
on the substrate. The fabricated coatings with fine
microstructure, low dilution rate, and small heat-
affected zone [8, 9] may combine closely with the
substrate, which can form a metallurgical bonding
at the coating interfaces [8, 9]. Usually, LC is per-
formed on metal composite coatings composed of
Ni or Fe, which are supplemented by the strength-
ening phases, and then achieves the purpose of
hardening the surface of the substrate [4, 10].

In order to further improve the wear perfor-
mance of the NiMo coating, addition of ceramic
carbides has become a developing trend. Compared

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.materialsscience.pwr.wroc.pl/


396 Zhu Weixin et al.

with other cemented carbides, TiC with low co-
efficient of friction (COF) and high oxidation re-
sistance [11, 12] can be added to the NiMo coat-
ing, which improves the hardness and wear resis-
tance of the coating [13]. However, there are few
related reports of TiC-reinforced NiMo coatings,
which hinders its application in the field of bear-
ings.

In this study, LC was used to prepare NiMo
coatings with TiC as the reinforcing phase on
GCr15 steel. The aim was to investigate the effect
of TiC addition on the tribological performance of
the NiMo coating. Moreover, the wear mechanism
was also analyzed, which formed the basis for a
new modification method for the bearings.

2. Experimental
2.1. Sample preparations

The substrate was commercial GCr15 bearing
steel, which was ground with SiC abrasive papers
of 400-1,000# in water and then cleaned with alco-
hol for the fabrication of the coating. The nominal
chemical composition of NiMo powder was Ni: 80
and Mo: 20 (mass %). The NiMo-5%TiC, NiMo-
15%TiC, and NiMo-25%TiC powders were used as
the LC materials, which were mixed on a planetary
ball miller. The technical parameters were shown
as follows: ball and powder ratio of 10:1; speed:
500 rev/min; and time: 60 min.

The LC test was carried out on a ZKSX-2000 W
type fiber-coupled laser processing system with lat-
eral powder feeding, and the coating was covered
by the multilayer overlapping method. Through
many pre-experiments, the technical parameters
were determined according to the bonding state be-
tween the coating and the substrate as follows: laser
power: 1,700 W; laser spot diameter: 4 mm; laser
power density: 135.28 W/mm2; scanning speed:
3 mm/s; power feeding speed: 10 mL/min; and
overlap ratio: 50%.

2.2. Characterization methods

After the LC test, the sample for tribological
tests was lapped to a mirror finish on a metallo-
graphic polishing machine. The surfaces and cross-

sections of the obtained coatings were polished
on a metallographic polishing machine, and their
microstructure and phases of the obtained coat-
ings were analyzed using ultra-depth-of-field mi-
croscopy (UDFM; VHX-700FC microscope) and
X-ray diffraction (XRD; D/max 2500PC diffract
meter), respectively. The metallographic image
analysis software Image-J with the threshold tech-
nology was used to measure the surface porosity. A
HXD-1000 micro-hardness tester was used to mea-
sure the hardness, and the test parameters were load
of 5 N and retention time of 10 s.

2.3. Friction-wear tests
The wear ways of bearings were divided into

scrolling and sliding [14]. In this case, the friction-
wear test was carried out using a CFT-I type
friction and wear tester with the sliding friction
method, and 30mL of lubricating grease was used
to simulate the working state of bearings, as shown
in Figure 1, in which the working mode adopted a
crank-slider mechanism. The coatings were placed
in the container, which were fixed together with
the slider. The tribo-pair was imposed on the coat-
ing surfaces under normal load. The test parameters
were shown as follows: tribo-pair of Si3N4 ball; di-
ameter of 3 mm; load of 8 N; speed of 400 rev/min;
reciprocating length of 4 mm; and duration time of
90 min. The above tests were repeated five times
for each coating, and the data were averaged as the
experimental results.

In this case, the wear rate was

φ =
v
I

(1)

where V was the wear volume (cubic micrometer;
µm3); and I was the impulse (newton-second; N·s).

The wear volume in Eq. (1) was

V = S×L (2)

where S was the cross-sectional area of the worn
track (square micrometer; µm2); and L was the total
length of the slide (micrometer; µm).

And the impulse in Eq. (1) was

I = T ×F (3)
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Fig. 1. Sketch of friction-wear test for NiMo-TiC coatings.

where T was the friction time (second; s); and F
was the normal load (newton; N).

After the wear test, the profiles, morpholo-
gies, and chemical elements of the worn tracks on
the TiC-reinforced NiMo coatings were analyzed
by using UDFM, scanning electron microscopy
(SEM), and energy dispersive X-ray spectrometry
(EDS), respectively. The wear models were estab-
lished to examine the effect of TiC on the friction-
wear performance of NiMo coatings.

3. Analysis and discussion
3.1. Microstructure and porosity of coat-
ing surfaces

Figure 2(a) shows the microstructure of NiMo-
5%TiC coating with the rod-shaped and petal-
shaped TiC, and the grain type of the coating was
dendrite. The shapes of the crystal grains were
mainly determined by the ratio (N/G) of the nu-
cleation rate (N) and the growth rate (G) [15],
which were formed under a fast cooling rate at high
temperature [16]. In the LC process, the coating
crystals were rapidly nucleated, which formed the
dendrites on the NiMo-TiC coatings [17]. Besides,
petal-shaped and rod-shaped particles were also
found on the coating surface. Figure 2(b) shows the
microstructure of the NiMo-15%TiC coating with

the rod-shaped and petal-shaped TiC particles [18].
Compared with the NiMo-5%TiC coating, the fine
particles were significantly reduced due to the in-
crease in TiC mass fraction. Figure 2(c) shows the
microstructure of the NiMo-25% coating. The in-
crease in TiC mass fraction changed the fine parti-
cles to petal-shaped particles [19]. There were also
some bulk-shaped grains, which were formed by
the aggregation of the undecomposed TiC [20]. The
nucleation rate of the coating increased due to the
increase of TiC mass fraction, which inhibited the
formation of rod-shaped particles [21].

Porosity is an important index of LCed coat-
ings. In this study, Image-J was used to calculate
the coating porosity. The porosity of the NiMo-
5%TiC, NiMo-15%TiC, and NiMo-25%TiC coat-
ings in Figure 1 was 1.53%, 0.9%, and 0.8%, re-
spectively, as shown in Figure 3, in which the
black area and white dots were the coating and
pores, respectively. The coating porosity decreased
as the mass fraction of TiC increased. And it can
be suggested that the TiC-reinforced phase reduced
the coating porosity, and the porosity of NiMo-
25%TiC coating was the lowest among the three
kinds of coatings.

Generally, the coating’s hardness decreased due
to high porosity [22], which was an important index
to estimate the wear resistance of coating. As a re-
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petal-shaped TiC, and the grain type of the coating was dendrite. The shapes of the crystal grains 

were mainly determined by the ratio (N/G) of the nucleation rate (N) and the growth rate (G) [15], 

which were formed under a fast cooling rate at high temperature [16]. In the LC process, the coating 

crystals were rapidly nucleated, which formed the dendrites on the NiMo-TiC coatings [17]. 

Besides, petal-shaped and rod-shaped particles were also found on the coating surface. Figure 2(b) 

shows the microstructure of the NiMo-15%TiC coating with the rod-shaped and petal-shaped TiC 

particles [18]. Compared with the NiMo-5%TiC coating, the fine particles were significantly 

reduced due to the increase in TiC mass fraction. Figure 2(c) shows the microstructure of the 

NiMo-25% coating. The increase in TiC mass fraction changed the fine particles to petal-shaped 

particles [19]. There were also some bulk-shaped grains, which were formed by the aggregation of 

the undecomposed TiC [20]. The nucleation rate of the coating increased due to the increase of TiC 

mass fraction, which inhibited the formation of rod-shaped particles [21]. 

   
(a)                         (b)                        (c) 

Figure 2. Microstructure of NiMo-TiC coating with different TiC mass fractions: (a) 

NiMo-5%TiC coating; (b) NiMo-15%TiC coating; (c) NiMo-25%TiC coating. 

Porosity is an important index of LCed coatings. In this study, Image-J was used to calculate the 

coating porosity. The porosity of the NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings in 

Figure 1 was 1.53%, 0.9%, and 0.8%, respectively, as shown in Figure 3, in which the black area 

and white dots were the coating and pores, respectively. The coating porosity decreased as the mass 

fraction of TiC increased. And it can be suggested that the TiC-reinforced phase reduced the coating 

porosity, and the porosity of NiMo-25%TiC coating was the lowest among the three kinds of 

coatings. 
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Fig. 2. Microstructure of NiMo-TiC coating with different TiC mass fractions: (a) NiMo-5%TiC coating; (b)
NiMo-15%TiC coating; (c) NiMo-25%TiC coating.
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Figure 3. Binary images of NiMo-TiC coatings with different TiC mass fractions: (a) 

NiMo-5%TiC coating; (b) NiMo-15%TiC coating; (c) NiMo-25%TiC coating. 

Generally, the coating’s hardness decreased due to high porosity [22], which was an important 

index to estimate the wear resistance of coating. As a result, the porosity was related to the wear 

resistance, and the porosity decreased with the TiC mass fraction, which was conducive to 

improving the wear resistance of the NiMo-TiC coating. 

3.2. XRD Patterns of Powder and Coating Surfaces 

Figure 4(a) shows the XRD patterns of the NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC 

powders. The mixed powder was composed of NiMo and TiC phases, where the peak intensity of 

TiC increased with the TiC mass fraction, while that of NiMo correspondingly decreased. Figure 

4(b) shows the XRD patterns of NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings. It 

could be seen that the C in the powder generated the carbides Ni3C and Fe2C at high temperatures, 

which had high hardness [23, 24]. Meanwhile, the Mo balanced the Ni3Mo to form NiMo and Mo2C 

through chemical reactions. 
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Fig. 3. Binary images of NiMo-TiC coatings with different TiC mass fractions: (a) NiMo-5%TiC coating; (b)
NiMo-15%TiC coating; (c) NiMo-25%TiC coating.
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Figure 3. Binary images of NiMo-TiC coatings with different TiC mass fractions: (a) 

NiMo-5%TiC coating; (b) NiMo-15%TiC coating; (c) NiMo-25%TiC coating. 

Generally, the coating’s hardness decreased due to high porosity [22], which was an important 

index to estimate the wear resistance of coating. As a result, the porosity was related to the wear 

resistance, and the porosity decreased with the TiC mass fraction, which was conducive to 

improving the wear resistance of the NiMo-TiC coating. 

3.2. XRD Patterns of Powder and Coating Surfaces 

Figure 4(a) shows the XRD patterns of the NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC 

powders. The mixed powder was composed of NiMo and TiC phases, where the peak intensity of 

TiC increased with the TiC mass fraction, while that of NiMo correspondingly decreased. Figure 

4(b) shows the XRD patterns of NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings. It 

could be seen that the C in the powder generated the carbides Ni3C and Fe2C at high temperatures, 

which had high hardness [23, 24]. Meanwhile, the Mo balanced the Ni3Mo to form NiMo and Mo2C 

through chemical reactions. 
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Fig. 4. XRD analysis of NiMo-TiC mixed powders and coatings with different TiC mass fractions: (a) NiMo-TiC
mixed powders; (b) NiMo-TiC coatings. XRD, X-ray diffraction.
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Figure 4. XRD analysis of NiMo-TiC mixed powders and coatings with different TiC mass 

fractions: (a) NiMo-TiC mixed powders; (b) NiMo-TiC coatings. XRD, X-ray diffraction. 

3.3. Microstructure of Coating Cross Sections 

The microstructures of the NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coating 

cross-sections are shown in Figure 5. There was no gap between the coatings and the substrate, 

which indicated that the coatings were tightly bonded with the substrate. In addition, the wavy 

profiles were found at the coating-substrate interfaces because the laser energy density had a 

Gaussian distribution and the energy at the center is higher than that at the edge [25]. It was 

concluded that the composition of NiMo-TiC had little effect on the bonding between the coatings 

and the substrate. 

   

  (a)                        (b)                       (c)  

Figure 5. Microstructure of the NiMo-TiC coating cross sections with different TiC mass 

fractions: (a) NiMo-5%TiC coating; (b) NiMo-15%TiC coating; (c) NiMo-25%TiC coating. 

3.4. Hardness Distributions 

Figure 6(a) shows the hardness of the substrate and the NiMo-TiC coating surfaces. The average 

hardness of the substrate, NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings was 

540HV0.5, 872HV0.5, 936HV0.5, and 1,015HV0.5 respectively, showing that the coating hardness was 

significantly higher than that of the substrate. The coating hardness increased with the increase of 

TiC mass fraction because the TiC had the effect of grain refinement, as shown in Figure 2, which 

can strengthen the coating hardness [26, 27]. 
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Fig. 5. Microstructure of the NiMo-TiC coating cross sections with different TiC mass fractions: (a) NiMo-5%TiC
coating; (b) NiMo-15%TiC coating; (c) NiMo-25%TiC coating.

sult, the porosity was related to the wear resistance,
and the porosity decreased with the TiC mass frac-
tion, which was conducive to improving the wear
resistance of the NiMo-TiC coating.

3.2. XRD patterns of powder and coating
surfaces

Figure 4(a) shows the XRD patterns of the
NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC
powders. The mixed powder was composed of
NiMo and TiC phases, where the peak inten-
sity of TiC increased with the TiC mass fraction,
while that of NiMo correspondingly decreased.
Figure 4(b) shows the XRD patterns of NiMo-
5%TiC, NiMo-15%TiC, and NiMo-25%TiC coat-
ings. It could be seen that the C in the powder gen-
erated the carbides Ni3C and Fe2C at high temper-
atures, which had high hardness [23, 24]. Mean-
while, the Mo balanced the Ni3Mo to form NiMo
and Mo2C through chemical reactions.

3.3. Microstructure of coating cross sec-
tions

The microstructures of the NiMo-5%TiC,
NiMo-15%TiC, and NiMo-25%TiC coating cross-
sections are shown in Figure 5. There was no gap
between the coatings and the substrate, which in-
dicated that the coatings were tightly bonded with
the substrate. In addition, the wavy profiles were
found at the coating-substrate interfaces because
the laser energy density had a Gaussian distribu-
tion and the energy at the center is higher than that
at the edge [25]. It was concluded that the compo-

sition of NiMo-TiC had little effect on the bonding
between the coatings and the substrate.

3.4. Hardness distributions

Figure 6(a) shows the hardness of the sub-
strate and the NiMo-TiC coating surfaces. The
average hardness of the substrate, NiMo-5%TiC,
NiMo-15%TiC, and NiMo-25%TiC coatings was
540HV0.5, 872HV0.5, 936HV0.5, and 1,015HV0.5
respectively, showing that the coating hardness was
significantly higher than that of the substrate. The
coating hardness increased with the increase of TiC
mass fraction because the TiC had the effect of
grain refinement, as shown in Figure 2, which can
strengthen the coating hardness [26, 27].

Figure 6(b) shows the hardness distributions of
NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC
coating cross-sections. The hardness of coating,
diffusion layer, heat-affected layer, and substrate
presented a downward trend. Among them, the
diffusion layer was a metallurgical bonding zone
formed by fusing the melting liquid phase of the
substrate and the coating, and its hardness was be-
tween that of the coating and the substrate [28].

3.5. COF analysis

COF was an important index to evaluate the
friction-wear performance of the coatings. Fig-
ure 7 shows the curves of COFs versus the wear
time of the substrate and the NiMo-TiC coatings,
and the wear process was divided into running-
in and stable wear periods [29, 30]. The aver-
age COFs of the substrate and the NiMo-5%TiC,
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Figure 6. Hardness of NiMo-TiC coating surfaces and cross sections with different TiC mass 

fractions: (a) surface hardness; (b) cross section hardness. 

Figure 6(b) shows the hardness distributions of NiMo-5%TiC, NiMo-15%TiC, and 

NiMo-25%TiC coating cross-sections. The hardness of coating, diffusion layer, heat-affected layer, 

and substrate presented a downward trend. Among them, the diffusion layer was a metallurgical 

bonding zone formed by fusing the melting liquid phase of the substrate and the coating, and its 

hardness was between that of the coating and the substrate [28]. 

3.5. COF analysis 

COF was an important index to evaluate the friction-wear performance of the coatings. Figure 7 

shows the curves of COFs versus the wear time of the substrate and the NiMo-TiC coatings, and the 

wear process was divided into running-in and stable wear periods [29, 30]. The average COFs of the 

substrate and the NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings under the 

grease-lubrication condition were 0.12, 0.116, 0.112, and 0.107, respectively, as shown in Figure 

7(a). The average COFs of the substrate and the NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC 

coatings under the dry-friction condition were 0.747, 0.727, 0.703, and 0.692, respectively, as 

shown in Figure 7(b). The grease in the friction process formed a layer of lubricating film between 

the coating and the tribo-pair [31], and the COFs under the grease-lubrication condition were lower 

than those under the dry-friction condition, which indicated that the lubricating film played a role in 
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Fig. 6. Hardness of NiMo-TiC coating surfaces and cross sections with different TiC mass fractions: (a) surface
hardness; (b) cross section hardness.
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3.6. Profiles, Wear Rates, and Widths of Worn Tracks 

Figure 8(a) shows the profiles of worn tracks on the substrate and the NiMo-TiC coatings. The 

depths of worn tracks on the substrate, NiMo-5%TiC, NiMo-15%TiC, and NiMo-25%TiC coatings 

were 4.183m, 2.164m, 1.882m, and 1.246m, respectively, and the corresponding wear rates 

from Eq. (1) were 72.25m
3
/s/N, 32.00m

3
/s/N, 18.10m

3
/s/N, and 7.99m

3
/s/N, respectively, as 

shown in Figure 8(b). When the NiMo-TiC coatings came in contact with the hard tribo-pair surface, 

the TiC particles were exposed on the worn tracks, which transferred a high percentage of the 

normal load. This automatically reduced the normal load on the worn track. Therefore, the TiC hard 

phase can reduce the wear rate of NiMo-TiC coatings [32]. 
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The widths of the worn tracks on the substrate and on the NiMo-5%TiC, NiMo-15%TiC, and 

NiMo-25%TiC coatings are shown in Figure 9(a-d), in which the widths of the worn tracks were the 
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Fig. 7. COFs versus wear time of the substrate and the NiMo-TiC coatings with different TiC mass fractions
under grease-lubrication and dry-friction conditions: (a) under grease-lubrication condition; (b) under dry-
friction condition.

NiMo-15%TiC, and NiMo-25%TiC coatings un-
der the grease-lubrication condition were 0.12,
0.116, 0.112, and 0.107, respectively, as shown in
Figure 7(a). The average COFs of the substrate
and the NiMo-5%TiC, NiMo-15%TiC, and NiMo-
25%TiC coatings under the dry-friction condition
were 0.747, 0.727, 0.703, and 0.692, respectively,
as shown in Figure 7(b). The grease in the friction
process formed a layer of lubricating film between
the coating and the tribo-pair [31], and the COFs
under the grease-lubrication condition were lower
than those under the dry-friction condition, which
indicated that the lubricating film played a role in
friction reduction.

3.6. Profiles, wear rates, and widths of
worn tracks

Figure 8(a) shows the profiles of worn tracks
on the substrate and the NiMo-TiC coatings. The
depths of worn tracks on the substrate, NiMo-
5%TiC, NiMo-15%TiC, and NiMo-25%TiC coat-
ings were 4.183 µm, 2.164 µm, 1.882 µm, and
1.246 µm, respectively, and the corresponding
wear rates from Eq. (1) were 72.25 µm3/s/N,
32.00 µm3/s/N, 18.10 µm3/s/N, and 7.99 µm3/s/N,
respectively, as shown in Figure 8(b). When the
NiMo-TiC coatings came in contact with the hard
tribo-pair surface, the TiC particles were exposed
on the worn tracks, which transferred a high per-
centage of the normal load. This automatically re-
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Figure 8. Profiles of worn tracks and the wear rates of substrate and NiMo-TiC coatings with 

different TiC mass fractions under grease-lubrication condition: (a) profiles of worn tracks; (b) wear 

rates. 

The widths of the worn tracks on the substrate and on the NiMo-5%TiC, NiMo-15%TiC, and 

NiMo-25%TiC coatings are shown in Figure 9(a-d), in which the widths of the worn tracks were the 

(a) (b)

Fig. 8. Profiles of worn tracks and the wear rates of substrate and NiMo-TiC coatings with different TiC mass
fractions under grease-lubrication condition: (a) profiles of worn tracks; (b) wear rates.

(a) (b)

(c) (d)

Fig. 9. Widths of the worn tracks on the substrate and on NiMo-TiC coating with different TiC mass fractions: (a)
on substrate; (b) on NiMo-5%TiC coating; (c) on NiMo-15%TiC coating; (d) on NiMo-25%TiC coating.

duced the normal load on the worn track. There-
fore, the TiC hard phase can reduce the wear rate
of NiMo-TiC coatings [32].

The widths of the worn tracks on the sub-
strate and on the NiMo-5%TiC, NiMo-15%TiC,
and NiMo-25%TiC coatings are shown in Fig-
ure 9(a-d), in which the widths of the worn tracks
were the average values of five observations. It
indicated that the depths and widths of the worn
tracks on the NiMo-TiC coatings were significantly

shallower and narrower than those on the substrate.
The wear resistance of the NiMo coatings was im-
proved with the increase of TiC mass fraction, and
the anti-wear performance of the NiMo-25%TiC
coating was the highest among the three kinds of
coatings.

The widths of the worn tracks on the tribo-pairs
against the substrate and the NiMo-5%TiC, NiMo-
15%TiC, and NiMo-25%TiC coatings are shown
in Figure 10(a-d). It could be seen that the worn
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(a) (b)

(c) (d)

Fig. 10. Images of the worn tracks on tribo-pairs against the substrate and the NiMo-TiC coatings with different
TiC mass fractions: (a) against substrate; (b) against NiMo-5%TiC coating; (c) against NiMo-15%TiC
coating; (d) against NiMo-25%TiC coating.

square on the tribo-pairs decreased with the in-
crease of TiC mass fraction. The worn tracks in
Figure 10(a) was the most significant, and the worn
tracks in Figure 10(b) was slightly better than that
in Figure 10(a). Worn tracks were not observed in
Figure 10(c) and 10(d) due to the shallow traces.

3.7. Morphologies of worn tracks
Figure 11(a) shows the morphology of the worn

tracks on the substrate. From the low-magnification
image, the profile of the worn tracks was obvious,
while in the high-magnification image, there were
obvious furrows on the worn track [30, 33]. As a
result, the wear mechanism was concluded to be
abrasive wear [34].

Figure 11(b) shows the morphology of the worn
tracks on the NiMo-5%TiC coating. Its morphol-
ogy under low magnification was vague; under
high magnification, there were apparent furrows
and small TiC particles. Compared with the sub-
strate, the furrows on the worn track became shal-
lower and thinner, and the wear mechanism was
also abrasive wear.

Figure 11(c) shows the morphology of worn
tracks on the the NiMo-15%TiC coating. Under

low magnification, the morphology of the worn
tracks was indistinct; under high magnification,
the number of furrows further decreased compared
with the worn tracks on the substrate and the NiMo-
5%TiC coating, and the TiC particles became big-
ger and more visible on the worn tracks. It was
concluded that the wear resistance was higher than
in the NiMo-5%TiC coating, and the main wear
mechanism was abrasive wear.

Figure 11(d) shows the morphology of the worn
tracks on the NiMo-25% coating. The morphology
of the worn tracks under low and high magnifica-
tions were similar to those of the NiMo-15%TiC
coating, and the wear mechanism of the coating
was also abrasive wear.

3.8. Line scan analysis of worn tracks
Figure 12(a) shows the line scan analysis of the

worn track on the substrate, whereby the Fe, C,
and Cr were detected on the worn track. The C
and Cr were distributed evenly on the worn tracks,
indicating that C and Cr were the anti-wear ele-
ments, while Fe was worn away in the friction pro-
cess [35].

Figure 12(b) shows the line scan analysis of
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Figure 11. Morphologies of the worn tracks on the substrate and on the NiMo-TiC coatings with 

different TiC mass fractions: (a) substrate; (b) NiMo-5%TiC coating; (c) NiMo-15%TiC coating; (d) 
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Fig. 11. Morphologies of the worn tracks on the substrate and on the NiMo-TiC coatings with different TiC mass
fractions: (a) substrate; (b) NiMo-5%TiC coating; (c) NiMo-15%TiC coating; (d) NiMo-25%TiC coating.
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Figure 12. EDS line scan analysis of the worn tracks on NiMo-TiC coating with different TiC 

mass fractions: (a) on substrate; (b) on NiMo-5%TiC coating; (c) on NiMo-15%TiC coating; (d) on 

NiMo-25%TiC coating. 

Figure 12(b) shows the line scan analysis of the worn track on the NiMo-5%TiC coating. The Mo, 
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Fig. 12. EDS line scan analysis of the worn tracks on NiMo-TiC coating with different TiC mass fractions: (a) on
substrate; (b) on NiMo-5%TiC coating; (c) on NiMo-15%TiC coating; (d) on NiMo-25%TiC coating.
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Figure 13. EDS analysis of the worn tracks on the substrate and the NiMo-TiC coatings with 

different TiC mass fractions: (a) substrate; (b) NiMo-5%TiC coating; (c) NiMo-15%TiC coating; (d) 

NiMo-25%TiC coating. 

3.9. Wear Mechanisms 

Under the action of normal load, the substrate easily produced plastic deformation due to its low 

hardness. The Fe in Figure 12(a) was worn away by the tribo-pair, and the furrows in Figure 11(a) 

occurred on the worn track. The furrows came from the micro-cutting by the tribo-pair, as shown in 

Figure 14(a). Therefore, the wear mechanism was abrasive wear [36]. 

 

 

 

 

 

Fig. 13. EDS analysis of the worn tracks on the substrate and the NiMo-TiC coatings with different TiC mass
fractions: (a) substrate; (b) NiMo-5%TiC coating; (c) NiMo-15%TiC coating; (d) NiMo-25%TiC coating.

the worn track on the NiMo-5%TiC coating. The
Mo, Ni, Fe, Ti, and C were detected on the worn
track, in which the Fe originated from the diluted
elements of the substrate. The counts of Mo, Ni,
and Fe on the worn track were lower than those on
the unworn coating, which were worn away in the
friction process. However, the Ti and C were lost
slightly, which played a role in the wear resistance.

Figure 12(c) shows the line scan analysis of the
worn track on NiMo-15%TiC coating. Ni, Mo, Ti,
Fe, and C were also detected on the worn track, and
the Fe came from the substrate due to the dilution
effect. The counts of Ni and Fe on the tracks de-
clined, and the loss in counts of Ni was the most
for the composition among the three kinds of coat-
ing. It also could be seen that Mo also acted as a
lubricant, and the Ti and C exerted wear resistance.

Figure 12(d) shows the line scan analysis of the
worn track on NiMo-25%TiC coating. Ni, Mo, Ti,
Fe, and C were detected on the worn track, in which
the Fe was derived from the substrate due to the

dilution effect. It could be seen that Ni, Mo, and Fe
were the main phases, which were worn away in
the friction process, while Ti and C were reserved
due to their high hardness.

From the above analysis, it was concluded that
the contents of the Ti and C on the worn tracks in-
creased with the mass fraction of TiC, and the wear
resistance of NiMo-TiC coatings was improved due
to the presence of the TiC with high hardness.

The result of the EDS analysis of the worn track
on the substrate in Figure 12(a) is shown in Fig-
ure 13(a). The mass fractions of Fe, C, and Cr were
77.04%, 21.49%, and 1.47%, respectively. Fig-
ure 13(b-d) shows the EDS analysis results of the
worn tracks on the NiMo-5%TiC, NiMo-15%TiC,
and NiMo-25%TiC coatings. The mass fractions of
Ni and Mo decreased with increase of TiC mass
fraction, and the mass fractions of Ti showed the
upward trend, indicating that TiC improved the
anti-wear performance of NiMo-TiC coatings [36].
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Figure 14. Wear models of substrate and NiMo-TiC coatings with different TiC mass fractions: 

(a) substrate; (b) NiMo-5%TiC coating; (c) NiMo-15%TiC and NiMo-25%TiC coatings. 

The NiMo-TiC coatings underwent a series of complex chemical reactions to form the hard 

carbides of Ni3C and Fe2C in Figure 4(b), which enhanced the coating hardness [34]. The worn 

tracks were prone to formation of furrows, as shown in Figure 11(b), which were plowed by the 

tribo-pair. And the tribo-pair produced micro-cutting which revealed that the wear mechanism of the 

NiMo-5%TiC coating was abrasive wear too, as shown in Figure 14(b). From Figure 12(b), it could 

be seen that the Mo, Ni, and Fe were worn away in the friction process, and the TiC did not exert 

the anti-wear performance due to its low mass friction. In this case, the furrows on the worn track 

were less and thinner than those on the substrate. 

Fig. 14. Wear models of substrate and NiMo-TiC coatings with different TiC mass fractions: (a) substrate; (b)
NiMo-5%TiC coating; (c) NiMo-15%TiC and NiMo-25%TiC coatings.

3.9. Wear mechanisms

Under the action of normal load, the substrate
easily produced plastic deformation due to its low
hardness. The Fe in Figure 12(a) was worn away by
the tribo-pair, and the furrows in Figure 11(a) oc-
curred on the worn track. The furrows came from
the micro-cutting by the tribo-pair, as shown in
Figure 14(a). Therefore, the wear mechanism was
abrasive wear [36].

The NiMo-TiC coatings underwent a series of
complex chemical reactions to form the hard car-
bides of Ni3C and Fe2C in Figure 4(b), which en-
hanced the coating hardness [34]. The worn tracks
were prone to formation of furrows, as shown in
Figure 11(b), which were plowed by the tribo-pair.
And the tribo-pair produced micro-cutting which
revealed that the wear mechanism of the NiMo-
5%TiC coating was abrasive wear too, as shown in
Figure 14(b). From Figure 12(b), it could be seen
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that the Mo, Ni, and Fe were worn away in the fric-
tion process, and the TiC did not exert the anti-wear
performance due to its low mass friction. In this
case, the furrows on the worn track were less and
thinner than those on the substrate.

There were furrows on the worn tracks of the
NiMo-15%TiC and NiMo-25%TiC coatings in Fig-
ure 11(c) and 11(d), as shown in Figure 14(c). The
furrows were plowed by the tribo-pair, which pro-
duced micro-cutting. And it indicated that the wear
mechanism was abrasive wear. From Figure 12(c)
and 12(d), it could be seen that the Ni and Fe partic-
ipated in the friction process and were worn away.
With the continuation of the test over a longer pe-
riod, the reinforced phase of TiC was gradually ex-
posed on the worn tracks in Figure 11(c) and 11(d),
indicating that its anti-wear capability was better
than those of Ni and Mo [18]. It was concluded that
the anti-wear performance of NiMo-TiC coatings
enhanced with the increase of TiC mass fraction,
and the wear resistance of NiMo-25%TiC coating
was the best among the three kinds of coatings.

4. Conclusions

1. The surface hardness of NiMo-5%TiC,
NiMo-15%TiC, and NiMo-25%TiC
coatings increases from 872HV0.5 to
1,015HV0.5 with the increase of TiC mass
fraction, which is because the TiC has
the effect of grain refinement, and this
effect can strengthen the coating hardness.
Moreover, the hardness of TiC-reinforced
NiMo coatings increases with the decrease
of coating porosity.

2. The average COFs of NiMo-5%TiC, NiMo-
15%TiC, and NiMo-25%TiC coatings under
the grease-lubrication condition are 0.116,
0.112, and 0.107, respectively, and the cor-
responding wear rates are 32.0 µm3/s/N,
18.10 µm3/s/N, and 7.99 µm3/s/N, re-
spectively, which indicates that the NiMo-
25%TiC coating has the best wear resis-
tance.

3. The wear mechanism of the NiMo-TiC coat-
ings is abrasive wear, which is contributed to

the friction reduction role of the TiC phase
with high hardness. TiC addition improves
the wear resistance of TiC-reinforced NiMo
coatings in the friction process, and their
anti-wear performance is enhanced with in-
crease of the TiC mass fraction.
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