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Abstract

CoNiV medium-entropy alloy (MEA) composite coatings reinforced with 40 wt.% tungsten
carbide (WC/W2C) particles were fabricated on carbon steel via laser cladding under nom-
inal heat inputs ranging from 75 to 150 J/mm. The phase constituents and microstructural
evolution were investigated, revealing that the coatings were primarily composed of an
FCC matrix, retained WC/W2C particles, and in situ formed V-rich and VWC2 carbides.
While the phase compositions remained generally consistent, the features of the reinforce-
ment architecture varied with the extent of WC/W2C dissolution governed by laser heat
inputs. At low heat inputs, limited particle dissolution yielded sparsely distributed in situ
carbides, whereas excessive dissolution at high heat inputs promoted the agglomeration
of dense and coarse carbides, driving the microhardness to peak at 570.5 HV0.5. However,
the coating deposited at 150 J/mm exhibited compromised wear resistance due to the
fragmentation and detachment of these coarse carbides, which intensified abrasive wear.
In contrast, moderate dissolution at intermediate heat input (100 J/mm) facilitated the
formation of fine in situ carbides in interparticle regions. This resulted in a homogeneous
multiscale synergistic reinforcement microstructure that endowed the coating with optimal
wear performance. By precisely controlling heat input to regulate in-situ precipitation,
this study established a solid foundation for tailoring wear resistance and expanding the
application of composite coatings.

Keywords: laser cladding; composite coatings; tungsten carbide particles; microstructure
evolution; wear resistance

1. Introduction
Carbon steels are indispensable in modern industrial applications. They are widely

used in pipelines, mining equipment, and large-scale building structures owing to their
excellent cost-effectiveness and balanced mechanical properties [1–4]. Despite these advan-
tages, the relatively low surface hardness of carbon steels frequently leads to severe surface
wear, which constitutes the primary failure mode in harsh service environments and thus
compromises both economic efficiency and operational safety [5–7]. Consequently, the
development of effective surface strengthening strategies is of paramount importance for
prolonging the service life of these critical structural components [8].
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Medium-entropy alloys (MEAs), which typically contain three to four principal ele-
ments in roughly equal atomic ratios [9], have emerged as promising candidates for high
performance coatings owing to their special multi-element compositions and excellent
mechanical properties [10]. To fabricate MEA coatings, various deposition techniques
have been employed, such as cold spray, plasma spraying, and laser cladding [9,11–13].
Among these techniques, laser cladding has been widely adopted for component repair
and surface enhancement owing to its low dilution rate, dense microstructure, and minimal
heat-affected zone [14–16]. By precisely optimizing the laser process parameters (such as
laser power and scanning speed), this method enables the in situ formation of reinforc-
ing phases in the molten pool, offering a robust route for microstructure tailoring [17,18].
Among the MEAs, face-centered cubic (FCC) alloys, such as the CoNiV MEA, have been
identified as attractive matrix materials owing to their inherent high ductility and out-
standing plasticity [19]. These attributes provide a compliant matrix that can accommodate
internal stresses. However, their relatively modest hardness often necessitates the addition
of hard reinforcements to meet the demands of severe wear applications [20–22]. Common
hard reinforcements in surface engineering include ceramic particles such as TiC, SiC, B4C,
and Al2O3 [23–25]. Among these, tungsten carbide (WC/W2C) particles have been widely
used owing to their superior hardness, high melting point, and excellent metallurgical com-
patibility with metallic matrices [26–29]. However, WC particles have certain limitations
under high-temperature wear conditions [30]. In the context of medium- and high-entropy
alloy (M/HEA) coatings, the incorporation of particles not only reduces the consumption
of expensive principal elements but also markedly improves the tribological performance.
This improvement is primarily attributed to the combined effects of dispersion strengthen-
ing, load sharing by retained particles, and second-phase hardening [31]. Moreover, the
intense interaction between particles and the matrix during cladding promotes complex
interfacial reactions that markedly influence the type and distribution of in situ synthe-
sized carbides. Although the content and morphology of these in situ precipitates depend
strongly on the dissolution degree of the particle, which is governed primarily by the
heat input, the evolution of particle dissolution and the resulting characteristics of in situ
precipitates in the CoNiV matrix remain unclear. This lack of understanding limits the
ability to precisely regulate the microstructure and achieve an optimal balance between
hardness and wear resistance.

In this study, CoNiV medium-entropy alloy composite coatings reinforced with
40 wt.% WC/W2C were fabricated. During the cladding process, the laser heat input
was systematically varied to regulate the dissolution degree of particles and the resulting in
situ precipitates. The effects of these precipitates on the microhardness and wear resistance
of the coatings were evaluated. The present work aims to provide a strategic approach
for tailoring the wear resistance of medium-entropy alloy coatings through the controlled
regulation of in situ precipitates.

2. Materials and Methods
The feedstock materials for laser cladding consisted of spherical CoNiV medium-

entropy alloy (MEA) powder with an average particle size of 60 µm and sintered spherical
tungsten carbide (WC/W2C) particles ranging from 50 to 80 µm. The two powders were
blended at a 60:40 weight ratio using a planetary ball mill (Deco, Changsha, China) at
400 rpm for 90 min. The blended powders were subsequently vacuum-dried at 80 ◦C for
8 h to remove residual moisture adsorbed from the ambient environment during powder
handling and mixing. The morphology, elemental distribution, and particle size of the
composite powders were characterized by scanning electron microscopy (SEM, Tescan Mira,
Brno, Czech Republic). To ensure statistical reliability, the particle size distribution was
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determined by analyzing multiple representative SEM micrographs using ImageJ software
(version 1.54r). The average particle sizes obtained from ImageJ analysis were found to
be consistent with the results measured by a laser particle size analyzer (Mastersizer 3000,
Malvern Panalytical, Malvern, UK). The typical morphology, elemental maps, and particle
size distribution of the composite powders are shown in Figure 1. Q345 low-carbon steel
plates with dimensions of 50 mm × 80 mm × 10 mm were used as the substrate material.
Prior to the cladding process, the substrate surfaces were ground with sandpaper up to
800 grit, polished, and subsequently cleaned with alcohol. As schematically illustrated in
Figure 2, the mixed powders were uniformly deposited onto the substrate by a pre-placed
powder method with a thickness of approximately 0.5 mm. The pre-placed areas were
40 mm × 8 mm for single-track cladding and 40 mm × 40 mm for multi-track cladding.

 

Figure 1. Characterization of the mixed CoNiV-WC composite powders: (a) SEM morphology; (b–e)
EDS elemental mapping of Ni, W, V, and Co; (f) particle size distribution of CoNiV MEA powder;
(g) particle size distribution of WC powder.

All experiments were conducted at room temperature (approximately 25 ◦C), without
substrate preheating, using a high-power fiber laser system with a spot diameter of 4 mm
under an argon shielding gas flow of 20 L/min. The same substrate geometry and clamping
conditions were maintained throughout the study to ensure experimental repeatability.
To investigate the effects of laser heat input on particle dissolution and microstructural
evolution, the laser power (P) was kept constant at 1500 W, while the scanning speed (v)
was adjusted to 20, 15, and 10 mm/s. The linear heat input (E) is defined as the energy
input per unit length of the scan track. It is defined by E = P/v. In this study, E is used as
a nominal process parameter rather than the effective heat input to the material system.
Based on this formula, the E values for the three experimental groups were calculated as 75,
100, and 150 J/mm, respectively. For the multi-track coatings, an overlap rate of 60% was
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applied. The multi-track cladding was performed using a continuous zigzag scanning path,
as schematically illustrated in Figure 2. Following the cladding process, the specimens
were sectioned into specific dimensions for metallographic observation, XRD analysis, and
wear testing, as shown schematically in Figure 2.

 

Figure 2. Schematic of single-/multi-track cladding.

The cross-sections of the single-track coatings were ground with sandpaper (240#,
400#, 800#, and 1500#) and polished to a mirror finish. After etching with aqua regia for
30–50 s, the macro-morphology and internal microstructure of the coatings were examined
using optical microscopy (OM, Olympus, Tokyo, Japan) and scanning electron microscopy
(SEM, Tescan Mira, Brno, Czech Republic), and the elemental distribution was analyzed
via energy-dispersive spectroscopy (EDS). The longitudinal sections of the multi-track
composite coatings were ground and polished for phase identification and mechanical
characterization. Phase constituents were identified by X-ray diffraction (D8 Advance,
Bruker, Karlsruhe, Germany). To evaluate the mechanical properties, Vickers microhardness
measurements were conducted on the polished sections using a microhardness tester
(HV-1000, Sinowon, Dongguan, China) under a load of 500 gf and a dwell time of 15 s. The
indentations deliberately avoided the ex situ WC/W2C particles to focus on the reinforced
matrix. For each sample, the hardness was measured at six different locations, and the
average values were calculated to ensure statistical reliability. To evaluate the tribological
performance, dry sliding wear tests were conducted at room temperature using a tribometer
(UMT-TriboLab, Bruker, Karlsruhe, Germany). The tests were performed under a normal
load of 5 N, a reciprocating frequency of 4 Hz, and a test duration of 10 min, using a silicon
nitride (Si3N4) ceramic ball of 6 mm diameter as the counterpart. The specific wear rates
were quantified using the following formula of W = V/(F·L), where V is the wear volume,
F is the applied normal load, and L is the total sliding distance.

3. Results and Discussion
3.1. Macro-Morphology and Phase Composition

Figure 3 displays the cross-sections of single-track coatings and the longitudinal
sections of multi-track composite coatings. Specifically, Figure 3(a1,a2), (b1,b2), and (c1,c2)
corresponds to the coatings fabricated at linear heat inputs (E) of 75, 100, and 150 J/mm,
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respectively. As observed from the single-track morphologies, all coatings exhibit sound
metallurgical bonding with the substrate. It can be observed that the linear heat input
significantly influences the bead wettability and metallurgical interaction. At the lowest
heat input of 75 J/mm (Figure 3(a1)), the coating exhibits a relatively low aspect ratio
and a large wetting angle, with a measured dilution rate of only 1.02%, indicating limited
melting of the substrate. As the heat input increases to 100 and 150 J/mm, the dilution
rate rises markedly to 4.84% and 10.20%, respectively, resulting in improved wettability
and a more robust metallurgical bond. Regarding the reinforcement phase, the WC/W2C
particles are uniformly distributed throughout the matrix without noticeable gravitational
settling. In the multi-track coating prepared at the lowest heat input (75 J/mm), no severe
particle agglomeration occurs despite the limited molten pool fluidity caused by the lower
energy density. In contrast, the WC/W2C particles are uniformly distributed in the other
two coatings. Moreover, at the highest heat input (150 J/mm), the residual WC/W2C
particles are markedly smaller than those in the other groups, indicating a greater degree
of particle dissolution.

 

Figure 3. Macro-morphology of the composite coatings: (a1–c1) cross-sections of the single-track
coatings, (a2–c2) longitudinal sections of the multi-track coatings.

Figure 4 shows the X-ray diffraction (XRD) patterns of the mixed powders and the
three CoNiV medium-entropy alloy composite coatings. The patterns labeled 1#, 2#, and
3# correspond to increasing linear heat input, respectively. The addition of WC/W2C
particles has no significant influence on the crystal structure of the CoNiV matrix, the
face-centered cubic (FCC) solid solution remaining the dominant phase in all three coatings.
Additionally, these particles are not completely dissolved and are largely retained in the
matrix, as evidenced by the presence of distinct WC and W2C diffraction peaks. These W2C
peaks arise from two sources; the spherical sintered tungsten carbide particles inherently
contain a WC/W2C eutectic structure, and partial decarburization of WC (2WC → W2C
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+ C) occurs within the molten pool during the laser cladding process. Moreover, several
peaks attributable to in situ carbide precipitates are observed, specifically V-rich carbides
(denoted as VxC) and (V,W)-rich carbides.

Figure 4. XRD patterns of the mixed powders and the WC/W2C-reinforced CoNiV medium-entropy
alloy composite coatings fabricated at different linear heat inputs (E).

3.2. Microstructure Analysis

Figure 5 presents backscattered electron (BSE) and secondary electron (SE) images of
the CoNiV medium-entropy alloy composite coatings fabricated at different heat inputs.
Images (a1–c1) and (a2–c2) show the regions adjacent to residual WC/W2C particles, while
images (a3–c3) reveal the matrix far from particles. In BSE mode, contrast arises primarily
from differences in atomic number, resulting in dark granular features (corresponding to
lower-average-atomic-number precipitates) and bright quasi-continuous phases (higher-
average-atomic-number precipitates). In the vicinity of particles (Figure 5(a1–c1,a2–c2)),
blocky, rod-shaped, and acicular precipitates preferentially form adjacent to the WC parti-
cles. Further into the matrix, homogeneously distributed submicron granular precipitates
are observed alongside quasi-continuous phases. At the highest heat input (Figure 5(c2)),
precipitate pull-out cavities are clearly visible, indicating weak interfacial bonding between
the coarse precipitates and the matrix. In the matrix regions (Figure 5(a3–c3)), the coating
prepared at low heat input (Figure 5(a3)) exhibits sparsely distributed submicron granular
precipitates and quasi-continuous phases. At medium heat input (Figure 5(b3)), the density
of these precipitates increases significantly. However, at high heat input (Figure 5(c3)), the
matrix is predominantly occupied by densely distributed coarse acicular and rod-shaped
precipitates. These variations in the morphology and distribution of in situ carbide precipi-
tates across the coatings fabricated at different heat inputs are primarily attributed to the
varying degrees of WC/W2C particle dissolution in the molten pool.

To further determine the composition of the in situ precipitates, EDS and TEM analyses
were performed on the coating microstructure. Specifically, Figure 6 presents the secondary
electron (SE) image together with the corresponding elemental mapping and point analysis
at the dissolution boundary of WC particles and in the surrounding matrix. The quantitative
EDS point analysis data are summarized in Table 1. The elemental mapping and point
analysis indicate that the precipitates formed at the WC dissolution boundary (P2) are
rich in both V and W, confirming the formation of (V,W)-rich carbides. In the matrix, the
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rod-shaped and acicular precipitates (P4) also exhibit high V and W contents, indicating
that they are likewise (V,W)-rich carbides. In contrast, the granular precipitates (P3) are
predominantly V-rich carbides. These EDS mapping and point analysis results are in
excellent agreement with the VxC and VWC2 phases identified in the XRD patterns.

 

Figure 5. BSE and SE images of the regions adjacent to WC/W2C particles and the matrix at different
heat inputs: (a1–a3) E = 75 J/mm, (b1–b3) E = 100 J/mm, (c1–c3) E = 150 J/mm.

 

Figure 6. EDS mapping and point analysis of the residual WC/W2C particle and the surrounding
matrix in the composite coating.
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Table 1. Chemical compositions (at%) of the points (P1–P4) marked in Figure 6.

Element (At%) P1 P2 P3 P4

C 50.8 41.4 44.7 41.9
W 49.2 20.5 6.2 13.9
V / 36.6 49.1 35.9

Co / 1.6 / 4.1
Ni / / / 4.2

Figure 7 shows the secondary electron (SE) image and the corresponding EDS ele-
mental mapping of the quasi-continuous carbides in the matrix. These quasi-continuous
precipitates are distributed along the grain boundaries in a cellular morphology. Elemental
mapping further indicates that these precipitates are enriched in V and W. The TEM anal-
ysis of the grain-boundary quasi-continuous precipitates is presented in Figure 8. These
fine quasi-continuous precipitates are identified as the VWC2 phase. As shown in Figure 8f,
the interplanar spacing (d) of the (002) plane was measured to be 0.2090 nm for the VWC2

precipitate and 0.1807 nm for the FCC matrix. The corresponding lattice misfit (δ) between
the two phases is calculated to be 13.54%, indicating that the VWC2 precipitates form a semi-
coherent interface with the FCC matrix. Similarly, the TEM examination of the granular
precipitates (Figure 9) reveals that the selected granular precipitate in this observed region
is the VC phase. The interplanar spacing of the (111) plane was determined to be 0.2370 nm
for VC and 0.2070 nm for the FCC matrix, yielding a lattice misfit of approximately 12.66%,
which also suggests a semi-coherent interface relationship.

The dissolution of WC/W2C particles, elemental diffusion, and subsequent in situ
precipitation within the molten pool can be summarized as follows. In the W-rich regions
adjacent to WC dissolution boundaries, V from the matrix reacts with dissolved W and
C to form blocky, acicular, and rod-shaped precipitates. Simultaneously, driven by the
stronger chemical affinity between V and C, the rapid outward diffusion of C triggers the
homogeneous nucleation of submicron granular V-rich carbides throughout the matrix. In
addition, the interaction between trace W and the V and C atoms leads to the precipitation
of quasi-continuous VWC2 at the grain boundaries. At high heat inputs, the extensive
dissolution of WC significantly enriches the molten pool with solute atoms, promoting
the growth of coarse acicular/rod-shaped phases, while suppressing the formation of fine
precipitates. This evolution is consistent with the backscattered electron (BSE) images
observed in Figure 5.

 
Figure 7. Secondary electron (SE) image and corresponding EDS elemental mapping of the quasi-
continuous carbides in the matrix.
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Figure 8. TEM analysis of the grain boundary quasi-continuous precipitates: (a) TEM image;
(b) HRTEM image of region A; (c–e) FFT patterns corresponding to areas A1, A2, andA3, respectively;
(f) IFFT analysis of the (002) lattice planes.

 

Figure 9. TEM analysis of the granular precipitate: (a) TEM image; (b) HRTEM image of region A;
(c–e) FFT patterns corresponding to areas A1, A2, and A3, respectively; (f) IFFT analysis of the (111)
lattice planes.
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3.3. Mechanical and Wear Properties

Figure 10 shows the microhardness values of the substrate and the three composite
coatings (1#, 2#, and 3#), with heat input increasing from Coating 1# to Coating 3#. The
average microhardness values were 187.4 HV0.5 for the substrate, 516.5 HV0.5 for Coating
1#, 521.1 HV0.5 for Coating 2#, and 570.5 HV0.5 for Coating 3#. All three composite coatings
exhibit significantly higher microhardness than the substrate, and the hardness increases
progressively with increasing heat input. This trend demonstrates that regulating the
dissolution degree of WC particles via heat input effectively controls the formation and
morphology of in situ carbide precipitates, which in turn influences the hardness of the
coatings. Notably, Coating 3# exhibits markedly higher microhardness than Coatings
1# and 2#, which can be primarily attributed to the densely distributed coarse acicular
and rod-shaped precipitates formed due to the enhanced WC/W2C dissolution at high
heat input.

Figure 10. Microhardness and specific wear rate of the substrate and the composite coatings.

The specific wear rates of the substrate and the three composite coatings were calcu-
lated according to the formula described in Section 2. The measured specific wear rates
were 3.171 × 10−5 mm3·N−1·m−1 for the substrate, 8.439 × 10−6 mm3·N−1·m−1 for Coat-
ing 1#, 2.656 × 10−6 mm3·N−1·m−1 for Coating 2#, and 9.687 × 10−6 mm3·N−1·m−1 for
Coating 3#. As shown in Figure 10, the wear resistance does not increase monotonically
with microhardness. Coating 2# exhibits the lowest specific wear rate (best wear resistance),
while Coating 3# shows a higher wear rate despite possessing the highest hardness. This
non-linear relationship highlights that the morphology and interfacial bonding strength of
the in situ carbide precipitates, which are regulated by the degree of WC dissolution under
different heat inputs, play a critical role in determining the overall tribological performance
of the coatings.

The wear morphology of the substrate (Figure 11(a1–a3)) exhibits pronounced plastic
deformation under the action of the harder Si3N4 counterpart, accompanied by flaky
delaminated oxide layers indicative of severe adhesive wear [32]. EDS point analysis at
point A reveals a composition of Fe35.25-O54.16-Si10.59, signifying oxidative wear debris
incorporating delaminated Si3N4 fragments from the counterpart [33]. Therefore, the
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dominant wear mechanism of the substrate is a combination of oxidative wear, adhesive
wear, and abrasive wear.

Figure 11. (a1–a3) 3D wear track and SEM micrographs of substrate wear morphology, the label “A”
in (a3) indicates the location of the EDS point analysis; (b1–b3) 3D wear track and SEM micrographs
of the coating fabricated at E = 75 J/mm, where the W/O/Co maps represent the EDS mapping
of (b2), and (b3) is the magnified view of the selected area in (b2); (c1–c3) and (d1–d3) are the
3D wear tracks and SEM micrographs of the coatings fabricated at E = 100 J/mm and 150 J/mm,
respectively. (b1–b3,c1–c3,d1–d3) 3D wear tracks and SEM micrographs of wear morphologies for
the three composite coatings fabricated at different heat inputs.

The coating fabricated at low heat input (75 J/mm, Figure 11(b1–b3)) exhibits severe
adhesive delamination and fractured WC particles on the worn surface. EDS elemental
mapping confirms the accumulation of oxide debris in the upper-right region of the wear
track. Due to the relatively low heat input, the distribution of WC particles is less uniform,
resulting in non-uniform wear tracks, as clearly shown in the 3D wear profile (Figure 11(b1)).
Moreover, although the microhardness of this coating is close to that of the coating prepared
at medium heat input (E = 100 J/mm), the sparse distribution of in situ V-rich granular
carbides and grain-boundary quasi-continuous precipitates provides insufficient support
to the soft FCC matrix under sliding wear conditions. Consequently, this coating shows a
relatively high specific wear rate compared to the medium-heat-input coating.

The coating fabricated at medium heat input (100 J/mm, Figure 11(c1–c3)) exhibits the
optimal wear resistance. The worn surface maintains relatively good integrity, with only
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minor debris, shallow grooves, and trace oxides observed. High-magnification secondary
electron imaging (Figure 11(c3)) clearly reveals that the in situ precipitates remain visible
beneath the wear track, providing effective structural support to the soft FCC matrix.
At this moderate heat input, the controlled dissolution of WC particles promotes the
formation of uniformly distributed and densely dispersed fine in situ carbides within the
matrix. During sliding, the retained WC particles first bear the compressive and shear
stresses from the counterpart, offering a “shadow protection” effect [34], while the fine
in situ precipitates reinforce the surrounding FCC matrix. This multi-scale synergistic
strengthening between ex situ WC and in situ carbides results in the best overall wear
morphology and tribological performance.

The coating fabricated at high heat input (150 J/mm, Figure 11(d1–d3)) displays
distinct oxide layers and extensive abrasive grooves on the worn surface, indicating that
abrasive wear and oxidative wear are the dominant mechanisms. Crucially, precipitate
pull-out cavities observed in Figure 11(c3) and their fracture morphology at the wear track
peripheries (Figure 11(d3)) demonstrate weak interfacial cohesion. At high heat input,
severe dissolution of WC/W2C particles leads to the formation of densely distributed
coarse acicular and rod-shaped carbides. Due to their sharp edges, angular morphology,
and brittle nature, these precipitates are prone to fracture and detachment during sliding.
The resulting fragmented debris further exacerbates three-body abrasive wear, significantly
deteriorating the tribological environment [35]. This explains the apparent paradox that
the coating prepared at the high heat input possesses the highest hardness but exhibits the
highest specific wear rate among the three coatings. The wear mechanisms of the three
composite coatings are schematically illustrated in Figure 12.

Figure 12. Schematic illustrations of the wear mechanisms for the three composite coatings:
(a) E = 75 J/mm, (b) E = 100 J/mm, and (c) E = 150 J/mm.

4. Conclusions
This study fabricated CoNiV medium-entropy alloy composite coatings reinforced

with 40 wt.% WC/W2C particles on carbon steel by laser cladding under different linear
heat inputs (75, 100, and 150 J/mm). The influence of heat input on WC dissolution behav-
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ior, in situ carbide precipitation, microhardness, and wear resistance was systematically
investigated. The main conclusions are as follows:

1. The coatings are primarily composed of FCC matrix with retained WC/W2C particles
and in situ formed V-rich and VWC2 carbides. The morphology, size, and distribution
of these in situ precipitates are strongly dependent on the laser heat input, which
controls the dissolution degree of WC/W2C particles.

2. The microhardness of the composite coatings increases progressively with the increase
in linear heat input, which is attributed to the higher degree of WC dissolution at
elevated energy levels, reaching a peak hardness of 570.5 HV0.5 at 150 J/mm. The
coarse in situ precipitates formed within these coatings play a significant role in
enhancing the microhardness of the matrix.

3. The optimal wear resistance is achieved at the intermediate heat input of 100 J/mm,
yielding the lowest specific wear rate of 2.656 × 10−6 mm3·N−1·m−1. This superior
performance is attributed to the homogeneous distribution of fine in situ carbides
within the matrix, which work synergistically with the retained WC/W2C particles
to provide effective multi-scale reinforcement of the FCC matrix. In contrast, the
coating deposited at high heat input (150 J/mm) exhibits compromised wear resis-
tance despite possessing the highest hardness, stemming from the fragmentation
and detachment of coarse brittle carbides during sliding, which in turn intensifies
three-body abrasive wear.
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