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Microstructure and High-Temperature Tribological
Properties of Laser-Cladded WC10Co4Cr–xTi2AlC
Coatings

XI HUI and KONG DEJUN

To enhance the tribological performance of ceramic coatings, the Ti2AlC phase was used as
reinforcement to WC10Co4Cr coating by laser cladding. The microstructure and phases of
obtained coatings were analyzed using a super-depth field microscope and X-ray diffraction,
respectively. The effects of Ti2AlC mass fraction on the tribological properties of
WC10Co4Cr-xTi2AlC coatings at 500 �C were investigated using a high-temperature wear
tester, and the wear mechanism was also discussed in detail. The results demonstrate that the
hardness of WC10Co4Cr-0, � 5, � 10 and � 15 pct Ti2AlC coatings is 1156 ± 57, 1514 ± 75,
1423 ± 71, and 1354 ± 67 HV0.5, respectively, showing that the WC10Co4Cr–5 pct Ti2AlC
coating have the highest hardness among the four kinds of coatings. The average coefficients of
friction of WC10Co4Cr-0, � 5, � 10, and � 15 pct Ti2AlC coatings is 0.828, 0.419, 0.591, and
0.738, respectively, and the corresponding wear rates are 55.85, 22.71, 34.05, and 39.33
lm3 N�1 mm�1, respectively. The wear mechanism of WC10Co4Cr–xTi2AlC coatings is
abrasive wear, fatigue wear, adhesive wear, and oxidative wear, in which the appropriate Ti2AlC
mass fraction plays the role of wear resistance in the friction process.
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I. INTRODUCTION

IN recent years, surface coatings have been used to
improve the wear resistance of H13 steel, mainly
including physical vapor deposition (PVD), plasma
spraying, laser cladding (LC), etc.[1–5] In particular,
LC may deposit ceramic coatings on the metal sub-
strate[6] with many advantages such as high forming
efficiency, controllable quality, and low dilution rate.[7,8]

Among numerous coatings, tungsten carbide (WC)
with high hardness[9,10] has great potential in the coating
field. Ma et al.[11] found that the WC–12Co had
favorable characteristics with the low porosity and high
bonding strength of 44 MPa, which was a promising
candidate for the improvement of wear resistance on the
coatings at high-temperature conditions. Liu et al.[12]

fabricated the WC to reinforce CuNiMn coatings and
found that the uniform distribution of WC was
attributed to the increase in wear resistance. Wang
et al.[13] investigated the size of WC particles on the
influence on the wear resistance of WC–Co coating and

revealed that the reduction of WC particle size led to a
decrease in wear rate. Moreover, Wang et al. also
elucidated that the WC particles were easily deposited
on the coating bottom, where existed some pores and
cracks.[14]

Currently, MAX ceramic phases are used to improve
the microstructure of ceramic coatings, and their basic
chemical formula is represented as Mn+1AXn, where M,
A, and X represent the transition metal element, main
group element, and carbon or nitrogen, respectively.[15,16]

Most of the discoveredMAXphases areH-phase, such as
Ti2AlC and Cr2AlC, which have unique nanolayered
structures and both metallic and ceramic characteris-
tics.[17] Especially, the Ti2AlC has a ternary layered
structure, where TiC and AlC are served as interlayer
fillers. Its hexagonal close-packing (HCP) crystal struc-
ture is similar to that of diamond, butAl atoms replace the
Ti atoms partially, resulting in the alternative arrange-
ment of Ti and Al atoms. The special layered and
hierarchical structures impart Ti2AlC series of unique
properties, mainly including self-lubrication, high tough-
ness, and high-temperature stability.[15,18] Moreover,
Ti2AlC also has a unique layered structure to enhance
coating crack-healing ability,[19,20] which has the potential
to decompose and synthesize the hard phase.[21]

In this study, Ti2AlC particles were added to the
WC10Co4Cr coating to reduce the coating cracks and
improve its wear resistance. The objective was to
investigate the influence of Ti2AlC mass fraction on

XI HUI and KONG DEJUN are with the School of Mechanical
Engineering, Changzhou University, Changzhou 213164, P.R. China.
Contact e-mail: kong-dejun@163.com
Manuscript submitted September 28, 2023; accepted March 10, 2024.

Article published online March 24, 2024

1976—VOLUME 55A, JUNE 2024 METALLURGICAL AND MATERIALS TRANSACTIONS A

http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-024-07373-0&amp;domain=pdf


the tribological properties of WC10Co4Cr–xTi2AlC
coatings at high-temperature, and the wear mechanism
of WC10Co4Cr–xTi2AlC coatings was also discussed,
which provided an approach for the modification
treatment of WC10Co4Cr coating.

II. EXPERIMENTAL PROCEDURES

A. Coating Preparations

The substrate was H13 steel for the LC, and the
WC10Co4Cr powder with the size of 15 to 45 lm was
used as the LC main material. The respective mass
fraction of 5, 10, and 15 pct Ti2AlC powder was added
to WC10Co4Cr powder, which was mixed in a
QM-3SP04L planetary ball miller. The process param-
eters were shown as follows: rotational speed of
500 rpm; ZrO2 ball diameter of 6 mm; and operation
time of 120 minutes. The morphologies of WC10Co4Cr
and Ti2AlC powders were observed using a JSM-6510
type scanning electron microscope (SEM), as shown in
Figures 1(a) and (b), respectively. The WC10Co4Cr and
Ti2AlC powder were mainly spherical and regular
polygons, respectively, which were suitable for the LC
process. The XRD analysis of WC10Co4Cr–xTi2AlC
powders were analyzed using a D/max 2500PC X-ray
diffraction (XRD) with the Cu–Ka radiation (k
1.5406 Å), as shown in Figure 1(c). All the
WC10Co4Cr–xTi2AlC coatings were composed of
WC, TiC, Ti2AlC, and eutectic carbide phase of g-Co
(Co3W3C).

[22]

The LC process was carried out on an RFL-C3300W
type fiber machine with the transverse powder feeding
method. The LC parameters were shown as follows:
spot diameter of 4 mm; laser power of 1700 W; scanning
speed of 7 mm/s; powder feeding speed of 12 g/s; argon
flow of 5 L/min; and overlap rate of 50 pct.

B. Characterization Methods

After the LC experiment, the obtained coatings were
cut into the dimensions of 15 9 15 9 5 mm3 and their
surfaces and cross-sections were ground with #80-2000
SiC sandpaper and polished with 0.5 lm diamond
polishing compound. Subsequently, the coatings were
corroded with 5 pct FeC13 solution to observe the
optical microscope (OM) images on a VHX-700F type
super-depth field microscope (SDFM), and the phase
was analyzed using a D/max2500PC type XRD. The
porosity of the obtained coating surfaces was measured
with the Image-J software. The hardness of coating
surfaces and cross-sections was measured using an
HVS-1000 M type Vickers microhardness tester, and
the test parameters were shown as follows: load of 5 N;
and holding time of 10 seconds.

C. Frictional Wear Test

The high-temperature friction test was conducted on
an HT-1000 type high-temperature friction tester, as
shown in Figure 1(d), in which the coefficients of friction
(COFs) were recorded real-time by the computer
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Heating incubator

Load

Friction-pair

Sample
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Fig. 1—Morphologies of WC10Co4Cr (a) and Ti2AlC powders (b), XRD analysis of WC10Co4Cr–xTi2AlC powders (c) and diagram of friction
test (d).
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system.[23] The test parameters were shown as follows:
friction-pair of Si3N4 ball with a diameter of 5 mm;
normal load of 5 N; motor frequency of 8.93 Hz;
rotational speed of 500 rpm; rotation radius of 2 mm;
and wear time of 30 minutes. After the friction test, the
profiles of wear tracks were measured on SDFM, and
the profile areas were calculated using the Origine-2018
software.

In this case, the wear rate was[24]

W ¼ V

F� S
½1�

where V was the wear volume (lm3); F was the normal
load (N); and S was the total sliding length (mm).

The wear volume in Eq. [2] was[23]

V ¼ 2pr� A ½2�

where r was the rotation radius (mm); and A was the
profile area of the wear track measured by the SDFM
and calculated by the original software (mm2).

III. ANALYSIS AND DISCUSSION

A. Characteristics of Coatings

1. OM images and porosity of coating surfaces
Figure 2(a) displays the OM image and porosity of

WC10Co4Cr–0 pct Ti2AlC coating. The coating surface
mainly consisted of WC particles, which exhibited
triangular and polygonal shapes.[25] In the enlarged
image, it could be seen that there were black pores on
the WC10Co4Cr–0 pct Ti2AlC coating surface.

Figures 2(b) through (d) displays the OM images and
porosities of WC10Co4Cr–5 pct Ti2AlC, –10 pct Ti2AlC
and –15 pct Ti2AlC coatings. All the WC10Co4Cr–x-
Ti2AlC coating surfaces were smooth, and the Ti2AlC
suppressed the grain growth of the CoCr binder,
resulting in a decrease in grain sizes. Therefore, the
coating grains became fined compared with the
WC10Co4Cr–0 pct Ti2AlC coating and the sharp edges
of hard phases became smooth. The grain sizes of
WC10Co4Cr–xTi2AlC coatings increased with the
Ti2AlC mass fraction, and some special structures
became visible, which presented as dendritic form as
the Ti2AlC mass fraction increased. Moreover, the
addition of Ti2AlC presented the ability to reduce the
formation of cracks, which was closely linked to the
self-healing properties at high temperatures.[26]

Figure 2(e) shows the grain sizes of WC10Co4Cr–x-
Ti2AlC coatings. The average grain diameters of
WC10Co4Cr–5 pct Ti2AlC, –10 pct Ti2AlC, and –15
pct Ti2AlC coatings were 7.7, 11.8, and 15.2 lm,
respectively, which were lower than 23.4 lm of
WC10Co4Cr coating. As a result, the grains of
WC10Co4Cr–xTi2AlC coatings were refined by the
addition of Ti2AlC, and the WC10Co4Cr–5 pct Ti2AlC
had the smallest grain size, which benefited from
improving the coating hardness.

Figures 2(a) through (d) also shows the porosity of
WC10Co4Cr–xTi2AlC coating surfaces, in which the

porosity was defined as the ratio of pore volume and
total volume.[27,28] In this case, the porosity of
WC10Co4Cr–xTi2AlC coating surfaces was calculated
from the OM images. The white spots represented pores
in the images. The results showed that the porosity of
WC10Co4Cr–5, –10, and –15 pct Ti2AlC coating
surfaces was 0.70, 1.10, and 1.81 pct, respectively, which
was lower than 2.31 pct of WC10Co4Cr–0 pct Ti2AlC
coating.

2. OM images of coating cross-sections
Figure 3(a) shows the OM images of WC10Co4Cr–0

pct Ti2AlC coating cross-sections, which exhibited
semi-circular and multi-pass metallurgical bonding with
the substrate at the fusion boundary.[29] This was
because the energy density at the center of the laser
spot was higher and produced a higher heat in the
middle region compared with the sides, which caused the
substrate to melt faster and deeper.[30] In this case, the
cross-section showed crack defects, and there were some
pores, which was because the residual gas in the coatings
led to the pore formation.
Figures 3(b) through (d) shows the OM images of

WC10Co4Cr–5, –10 and –15 pct Ti2AlC coating
cross-sections. The thicknesses of WC10Co4Cr–5, –10,
and –15 pct Ti2AlC coatings were 1061, 1121, and
1138 lm, respectively, which had a smooth interface
with the fusion boundary of a substrate. However, the
white defects appeared on the cross-sections as the
Ti2AlC mass fraction increased, which was the dissolu-
tion of excessive Ti2AlC. In this case, the
WC10Co4Cr–xTi2AlC coatings showed better metallur-
gical bonding compared with the WC10Co4Cr–0 pct
Ti2AlC coating,[31,32] and there was no evident cracking
on the coating cross-sections.

B. XRD Analysis

Figure 4 shows the XRD analysis of WC10Co4Cr–x-
Ti2AlC coatings. The WC10Co4Cr–0 pct Ti2AlC coat-
ing was composed of WC, W2C, g-Co (Co3W3C),
Fe3W3C, and Co Cr phases, in which the sharp peak
indicated the crystal structure.[33] The appearances of
peaks on the WC10Co4Cr–xTi2AlC coatings were
attributed to the formations of phases such as W2C,
Fe3W3C, Ti2AlC, and CoO, in which the intensity of
WC was decreased. All the WC10Co4Cr–xTi2AlC
coatings were composed of multiple phases, which led
to the structural evolution. The W2C content increased
with the Ti2AlC mass fraction, where the W2C was the
product of WC decarburization.[34,35] However, the
intensity of W2C peak decreased as the Ti2AlC mass
fraction increased, showing an inverse relationship. This
was because the ordering of crystal structure decreased,
which caused the peak intensity decrease. Furthermore,
the W2C peak at 36.4 deg became wide, indicating that
the addition of Ti2AlC affected grain refinement. During
the LC process, the Co also reacted with the O to form
CoO, which further enhanced the oxidation resistance of
WC10Co4Cr–xTi2AlC coatings. The formations of
W2C and CoO in the LC process were shown as follows:
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Fig. 2—OM images and porosity of WC10Co4Cr–0 pct Ti2AlC (a) –5 pct Ti2AlC (b), –10 pct Ti2AlC (c) and –15 pct Ti2AlC (d) coating surfaces
and average grain diameters (e).
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2WC ¼ W2Cþ C ½3�

2CoþO2 ¼ 2CoO ½4�

C. Hardness Distributions

Figure 5(a) shows the hardness distributions of
WC10Co4Cr–xTi2AlC coating surfaces. The hardness
of WC10Co4Cr–0 pct Ti2AlC coating was 1156 ± 57
HV0.5, showing that the coating exhibited higher

hardness than that of a substrate (~ 435 HV0.5). The
hardness of WC10Co4Cr–5, –10, and –15 pct Ti2AlC
coatings was 1514 ± 75, 1423 ± 71, and
1354 ± 67 HV0.5, respectively, which was increased
compared with the WC10Co4Cr–0 pct Ti2AlC coating
surface by 30.6, 23.1, and 17.1 pct, respectively, showing
that the addition of Ti2AlC had the positive effect on the
hardness improvement.
Figure 5(b) shows the hardness distributions of

WC10Co4Cr–xTi2AlC coating cross-sections. The hard-
ness of WC10Co4Cr–xTi2AlC coating cross-sections
was greater compared with the WC10Co4Cr–0 pct
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Fig. 3—OM images of WC–10Co4Cr–0 pct Ti2AlC (a), –5 pct Ti2AlC (b), –10 pct Ti2AlC (c), and –15 pct Ti2AlC (d) coating cross-sections.

Fig. 4—XRD analysis of WC10Co4Cr–xTi2AlC coatings.
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Ti2AlC coating cross-section, and the hardness from the
coating surface to the substrate was slowly decreased,
indicating that the metallurgical bonding was formed on
heat affected zone.[30,32] Moreover, the grain sizes of
WC10Co4Cr–xTi2AlC coating were refined by the
addition of Ti2AlC, which further enhanced the coating
hardness.[36]

D. Friction-Wear Properties

1. COFs and wear rates
Figure 6(a) shows the COFs of WC10Co4Cr–xTi2AlC

coatings vs. sliding time, in which the wear process
consisted of running-in (RI) and steady-wear (SW)
periods. All the COF curves exhibited intense fluctua-
tion in the RI period, and the limited contact points
between the coatings and the friction-pairs and surface
roughness led to changes in COF curves [37,38]. After the
wear entered the SW period, the prominent contact
points on the coating surfaces were worn away, and the
COFs became stable. The average COFs of
WC10Co4Cr–5, –10, and –15 pct Ti2AlC coatings were
0.419, 0.591, and 0.738, respectively, which were lower
than that of WC10Co4Cr–0 pct Ti2AlC coating (0.828).
In this case, the appropriate Ti2AlC mass fraction
played the role of friction reduction, and the wear

resistance of WC10Co4Cr–xTi2AlC coatings was also
enhanced by the addition of Ti2AlC. This was because
the increased hardness led to improved wear resistance,
which was analyzed by the following wear rate.
Figure 6(b) shows the profile curves of wear tracks on

the WC10Co4Cr–xTi2AlC coatings. The depths of wear
tracks on the WC10Co4Cr–5 pct Ti2AlC, –10 pct
Ti2AlC, and –15 pct Ti2AlC coatings were 6.113,
8.065, and 9.924 lm, respectively, which was lower than
11.969 lm of WC10Co4Cr–0 pct Ti2AlC coating. In this
case, the hardness had a contribution to the improve-
ment of wear resistance. The WC10Co4Cr–5 pct Ti2AlC
coating had the smallest depth and width of wear track
compared with the other coating, exhibiting the best
wear resistance among the four kinds of coatings.
Figure 6(c) shows the wear rates of WC10Co4Cr–x-

Ti2AlC coatings. The wear rates of WC10Co4Cr–5 pct
Ti2AlC, –10 pct Ti2AlC, and –15 pct Ti2AlC coatings
calculated from Eq. [1] were 22.71, 34.05, and
39.33 lm3 N�1 mm�1, respectively, which were lower
than 55.85 lm3 N�1 mm�1 of WC10Co4Cr–0 pct
Ti2AlC coating. In this case, the wear rates of
WC10Co4Cr–5 pct Ti2AlC, –10 pct Ti2AlC, and –15
pct Ti2AlC reduced compared with the WC10Co4Cr–0
pct Ti2AlC coating by 59.34, 39.03, and 29.60 pct,
respectively, showing that the wear resistance of

(a) (b)

Fig. 5—Hardness distributions of WC10Co4Cr–xTi2AlC coating surfaces (a) and cross-sections (b).

(a) (b) (c)

Fig. 6—COFs vs sliding time (a), profiles of wear tracks (b) and wear rates (c) of WC10Co4Cr–xTi2AlC coatings.
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WC10Co4Cr–5 pct Ti2AlC coating was the most
obvious.

2. 3D images of wear tracks
Figures 7(a) through (d) shows the 3D profiles of wear

tracks on the WC10Co4Cr–xTi2AlC coatings. The
widths of wear tracks on the WC10Co4Cr–0 pct Ti2AlC,
–5 pct Ti2AlC, –10 pct Ti2AlC, and –15 pct Ti2AlC
coatings were 630.3, 585.0, 621.1, and 634.8 lm, respec-
tively, indicating that the width of wear track on the
WC10Co4Cr–5 pct Ti2AlC coating was the smallest.
Moreover, the wear track on the WC10Co4Cr–0 pct
Ti2AlC coating had a large color variation, in which the
pores and cracks were caused by the worn chips
(Figure 7(a)). The widths of wear tracks on the
WC10Co4Cr–xTi2AlC coatings were increased with
the Ti2AlC mass fraction (Figures 7(b) through (d)),
which was because the excessive Ti2AlC had little
strengthening effort for the WC10Co4Cr–xTi2AlC
coatings.

3. Morphologies of wear tracks
Figure 8(a) shows the morphologies of the wear track

on the WC10Co4Cr–0 pct Ti2AlC coating. Under the
action of normal load, the wear track exhibited bad
wear resistance, and slight ploughs were observed on the

wear track; while other regions were cut, which resulted
in the formation of pores.[39] The continuously normal
load produced some defects such as debris and cracks,
which were adhered on the wear track to participate in
the wear process. The hard phases on the wear track
suffered excessive stress to form cracks and further
developed into voids and large delamination.[40] This
was attributed to the high brittleness of WC, which
caused the wear resistances of WC10Co4Cr–0 pct
Ti2AlC coating to deteriorate.
Figure 8(b) shows the morphologies of the wear track

on the WC10Co4Cr–5 pct Ti2AlC coating. Compared
with the WC10Co4Cr–0 pct Ti2AlC coating, the pres-
ence of debris, pores and scratches were significantly
reduced, showing better wear resistance. The hard
phases became more round and smooth by the addition
of Ti2AlC, which was because the sharp edges of hard
phases became smooth to achieve a more uniform
distribution by the addition of Ti2AlC.
Figures 8(c) and (d) shows the morphologies of wear

tracks on the WC10Co4Cr–10 pct Ti2AlC and –15 pct
Ti2AlC coatings. The wear resistance deteriorated with
the increase of Ti2AlC mass fraction, and the presence of
pores on the wear tracks also increased and some flakey
debris were attached to the wear tracks. With the
continuation of the wear process, the wear debris

(a) (b)

(c) (d)

Fig. 7—3D images of wear tracks on WC10Co4Cr–0 pct Ti2AlC (a), –5 pct Ti2AlC (b), –10 pct Ti2AlC (c), and –15 pct Ti2AlC (d) coatings.
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Fig. 8—SEM images of wear tracks on WC10Co4Cr–0 pct Ti2AlC (a), –5 pct Ti2AlC (b), –10 pct Ti2AlC (c), and –15 pct Ti2AlC (d) coatings.
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accumulated on the wear tracks and formed the special
tribofilm,[41] which had a certain effect of wear resistance
in the friction process.

In this case, compared with the WC10Co4Cr–0 pct
Ti2AlC coating, the WC10Co4Cr–xTi2AlC coatings
exhibited better wear resistance. However, as the Ti2AlC
mass fraction increased, the wear resistance of
WC10Co4Cr–xTi2AlC coatings decreased, indicating
that the appropriate Ti2AlC mass fraction improved
their wear resistance.

4. Mapping analysis of wear tracks
Figure 9(a) shows the mapping analysis of the wear

track on the WC10Co4Cr–0 pct Ti2AlC coating, in
which the W, C, Co, Cr, Ti, Al, Fe, Si, and O were
detected on the wear track. The debris was observed on
the wear track, and there were lower W and Si mass
fractions on the debris region. The uneven distributions

of C and Co on the wear track indicated that the
element segregations occurred during the LC pro-
cess[39,42]; while the appearance of Si originated from
the material transfer of friction-pair.
Figure 9(b) shows the mapping analysis of the wear

track on the WC10Co4Cr–5 pct Ti2AlC coating. The
wear track exhibited the uniform distributions of ele-
ments, and there were no obvious atom-rich or -poor
regions except for the C element. The black spots
indicated that the regions were enriched on the carbon
atoms, which were highlighted in the brighter color. The
debris revealed a high content of O, which was
attributed to the formation of oxides.[43]

Figure 9(c) shows the mapping analysis of the wear
track on the WC10Co4Cr–10 pct Ti2AlC coating. As the
Ti2AlC mass fraction increased, the distribution of other
elements remained uniform except for the Ti and Al.
This was the result that the excessive Ti2AlC caused
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Fig. 9—Mapping analysis of wear tracks on WC10Co4Cr–0 pct Ti2AlC (a), –5 pct Ti2AlC (b), –10 pct Ti2AlC (c), and –15 pct Ti2AlC (d)
coatings.

1984—VOLUME 55A, JUNE 2024 METALLURGICAL AND MATERIALS TRANSACTIONS A



inadequate decomposition during the LC process. The
distributions of W, Fe and Si were unchanged, which
were not reacted with the Ti2AlC.

Figure 9(d) shows the mapping analysis of the wear
track on the WC10Co4Cr–15 pct Ti2AlC coating. The
distributions of W, Ti, and Si were similar on the
WC10Co4Cr–15 pct Ti2AlC coating; while the Fe was
noticeably decreased on the regions. The oxide layer was
worn away by the friction-pair, and the O was reduced
on the wear track. Moreover, the oxide layer played a
protective role during the wear process, and the rest
elements exhibited a uniform distribution, which was
similar to the other two kinds of coatings.

The results of the mapping analysis (Figure 9) are
listed in Table I. The O mass fraction on the wear track
of WC10Co4Cr–0 pct Ti2AlC coating counted for 16.22
pct; while those on the WC10Co4Cr–5 pct Ti2AlC, –10
pct Ti2AlC, –15 pct Ti2AlC coatings accounted for
13.27, 13.31, and 13.56 pct, respectively. As a result, the
mass of Ti2AlC had little impact on the oxidative wear.

E. Wear Mechanism

Figure 10(a) shows the wear model of WC10Co4Cr–0
pct Ti2AlC coating. The SEM and mapping images
(Figures 8, 9) and EDS results (Table I) indicated that
oxidative wear was presented on the wear track, and the
oxide layer was removed by the friction-pair, which
played a certain protection for the coating.[44] The
normal load acted on the wear track, which produced
microcracks and pores. With the continuation of the

wear process, the contact area of the friction-pair led to
the generation of abrasion particles and scratches. The
wear debris and abrasion particles broke away from the
wear track, and the plastic deformation zone and pits
occurred (Figures 8(a)), which caused a substantial loss
of wear volume.[45] Therefore, the wear mechanism of
WC10Co4Cr–0 pct Ti2AlC coating was abrasive wear,
fatigue wear, and oxidative wear.
Figure 10(b) shows the wear model of

WC10Co4Cr–xTi2AlC coatings. The plastic deforma-
tion of the wear track was reduced by the addition of
Ti2AlC, and the wear defects were mainly slight
scratches and shallow spalling.[40] Furthermore, the
COFs and wear rates of WC10Co4Cr–xTi2AlC coatings
were lower than the WC10Co4Cr–0 pct Ti2AlC coating
(Figure 6), indicating that the wear resistance of
WC10Co4Cr–5 pct Ti2AlC coatings was improved by
the addition of Ti2AlC, in which the Ti2AlC was
dispersed in the grain boundaries and eutectic regions.
Moreover, the CoCr binder was refined by the addition
of Ti2AlC, and the wear rates were decreased by the
grain refinement effect (Figure 2(e)). In this case, the
Ti2AlC hindered the elastic deformation by the improve-
ment of hardness, which weakened the cutting effect of
WC10Co4Cr–xTi2AlC coating by the friction-pair,
showing that the wear resistance was increased by the
addition of Ti2AlC. Therefore, the wear mechanism of
WC10Co4Cr–xTi2AlC coating was abrasive wear,
oxidative wear and slight adhesive wear, which was
attributed to the lubrication effect and hardness
improvement by the addition of Ti2AlC.

Table I. Mass Fractions of Chemical Elements on Wear Tracks of WC10Co4Cr–xTi2AlC Coatings /Pct

Sample C W Co Cr Ti Al Fe Si O

WC10Co4Cr–0 pct Ti2AlC 11.03 50.08 6.12 0.84 –– –– 10.73 4.98 16.22
WC10Co4Cr–5 pct Ti2AlC 8.09 53.12 7.99 0.07 1.52 0.55 13.28 2.11 13.27
WC10Co4Cr–10 pct Ti2AlC 6.01 50.38 7.57 0.04 2.45 1.25 16.61 2.38 13.31
WC10Co4Cr–15 pct Ti2AlC 4.59 47.39 7.30 0.14 4.57 0.99 17.51 3.95 13.56

Crack

Substrate Substrate

WC10Co4Cr–0%Ti2AlC coating WC10Co4Cr–x%Ti2AlC coating

Si3N4

Pore Pore 

Si3N4

Wear debris
Wear debris

Oxide layer 

Oxide layer 

(a) (b)

-5%Ti2AlC coating 

-10%Ti2AlC coating

-15%Ti2AlC coating

-0%Ti2AlC coating

100 µm

100 µm

100 µm

100 µm

Fig. 10—Wear models of WC10Co4Cr–0 pct Ti2AlC (a) and –5 pct Ti2AlC, –10 pct Ti2AlC and –15 pct Ti2AlC coatings (b).
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IV. CONCLUSIONS

(1) The WC10Co4Cr–xTi2AlC coatings are com-
posed of WC, W2C, Co3W3C, Fe3W3C, Co–Cr,
Ti2AlC and CoO phases, and the grains are
refined by the addition of Ti2AlC, which further
reduce the coating porosity. Moreover, the appro-
priate Ti2AlC mass fraction improves the coatings
hardness.

(2) The average COFs of WC10Co4Cr–5 pct Ti2AlC,
–10 pct Ti2AlC and –15 pct Ti2AlC coatings are
0.419, 0.591, and 0.738, respectively, and the
corresponding wear rates are 22.71, 34.05, and
39.33 lm3 N�1 mm�1, respectively, showing that
the WC10Co4Cr–5 pct Ti2AlC coating exhibits
the best friction reduction and wear resistance.

(3) The wear mechanism of WC10Co4Cr–xTi2AlC
coating is abrasive wear, oxidative wear and slight
adhesive wear, which is attributed to the lubrica-
tion and refinement strengthening effects of
Ti2AlC phase.
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