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Abstract: Previous studies have focused on the laser cladding of high-entropy alloys (HEAs)
on untreated H13 steel, yielding promising results. However, there is limited research on
laser cladding HEAs on heat-treated H13 steel, which is more common in the automotive
mold industry. In this study, CoCrFeNiAl/WC high-entropy alloy composite coatings were
fabricated on heat-treated H13 steel using laser cladding, addressing the gap in applying
HEAs on heat-treated tool steels. The influence of the WC content on the phase composition,
microstructure, and mechanical properties of the composite coating was investigated. The
coating exhibits a dual-layer microstructure consisting of a working layer and a transition
layer with different compositions. The results indicate that the CoCrFeNiAl/WC working
layer primarily consists of FCC phases. As the WC content increases, metallurgical reactions
occur in the working layer, forming (Fe,Co)3W3C, CosW>C, and Cr7C3 carbide precipitates.
This significantly enhances the hardness and wear resistance of the coating, with the final
hardness being 1.23 times that of the substrate, the wear weight loss being only 0.21 times
that of the substrate, and the average friction coefficient being only 0.82 times that of
the substrate.

Keywords: laser cladding; gradient coating; microstructure; wear mechanism

1. Introduction

The performance of H13 tool steel in additive manufacturing is influenced by various
factors, including heat treatment processes, additive manufacturing methods, and surface
treatments [1]. During the additive manufacturing of H13 tool steel, heat treatment has
a decisive impact on both its thermal and mechanical properties [2]. Heat treatment can
enhance its thermal conductivity and thermal stability while also improving mechanical
properties such as strength, hardness, and ductility [3,4]. However, when H13 tool steel is
used as hot-work die steel, it is prone to wear, primarily due to a decrease in hardness at
elevated temperatures [5], which leads to reduced wear resistance [6]. Therefore, surface
hardening through heat treatment is often applied in practical production [7]. Nevertheless,
molds that have undergone only heat treatment tend to suffer from localized damage during
the production process [8]. Laser cladding, as a common coating preparation method, can
effectively bond the substrate with the coating material, making it an important approach
to enhance the surface properties of H13 steel [9]. Due to its low dilution rate and short
processing time, laser cladding technology is widely applied. In preliminary studies on the
laser cladding of the H13 surface, conventional materials have been shown to improve the
hardness and wear resistance of the coating to some extent. Furthermore, compared to other
processing methods, laser cladding can reduce dilution rates, achieve metallurgical bonding,
minimize the risk of workpiece deformation, and extend the service life of H13 steel [10,11].
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High-entropy alloys (HEAs) are a new class of alloy materials, consisting of five or
more metallic elements that are blended in nearly equal proportions, with the atomic
percentage of each element ranging from 5% to 35% [12]. This distinctive multi-elemental
composition, along with the highly disordered structure, imparts several remarkable
properties to HEAs, such as high strength, high hardness, and excellent wear resistance,
corrosion resistance, and stability at elevated temperatures [13]. The performance of HEAs
is primarily governed by their high mixing entropy, which encompasses thermodynamic
high-entropy effects, structural lattice distortions, slow diffusion kinetics, and the “cocktail”
effect [14]. These characteristics suggest that HEAs hold considerable promise for a wide
variety of applications in engineering fields. In recent years, research has increasingly
focused on the laser cladding of HEAs onto H13 steel. Shu et al. [15] used varying laser
powers to apply CoCrBFeNiSi HEA coatings on H13 steel. The results showed that as the
amorphous content decreased, the composite coatings developed deeper grooves, exhibited
more severe adhesive and oxidative wear, and experienced an increase in the width of
wear track cross-sections and weight loss, which, in turn, compromised the wear resistance
of the coatings. Cai et al. [16] investigated how heat treatment influenced the phase
transformation, microstructure, and mechanical properties of the laser-cladded FeCoCrNiAl
alloy. Their findings revealed that the cladding layer exhibited a lower activation energy
for phase transformation and a higher proportion of iron, resulting from the dilution of the
matrix metal, which aided in the formation of the face-centered cubic (FCC) phase. After
heat treatment, a greater amount of the FCC phase was precipitated in the cladding layer.
The combination of an optimal FCC fixed phase, fine grain strengthening, and dislocation
strengthening improved the mechanical properties of the FeCoCrNiAl HEA.

WC is a hard ceramic material commonly utilized as a reinforcement phase in laser
cladding technology, owing to its significant ability to enhance the wear and corrosion
resistance of composite coatings, thereby improving their overall performance [17]. Akash
et al. [18] synthesized AlFeCuCrCoNi-WCx high-entropy alloy (x = 5, 10, and 15 wt.%)
coatings via multi-principal-element laser-assisted cladding. The clad zone is predomi-
nantly composed of fine, non-oriented, equiaxed grains located away from the substrate,
with columnar grains located near the substrate. Microstructural analysis also revealed that
an increase in the WC content leads to the refinement of grain size. Peng et al. [19] prepared
CoCrFeNi high-entropy alloy coatings reinforced with WC particles using laser cladding.
Their findings showed that the laser-cladded coatings exhibited better retention of WC
particles within the substrate and demonstrated improved wear resistance. Furthermore,
the distribution and morphology of WC particles within high-entropy alloy coatings play
a crucial role in influencing the microstructure and overall performance of the coatings,
highlighting an important area of research in surface engineering. While the addition
of WC particles can improve the mechanical properties of HEAs [20,21], the underlying
mechanisms for this improvement are not yet fully understood.

The objective of this study is to enhance the high-temperature wear resistance of H13
steel, which is vital for extending its service life. To achieve this, we have developed a novel
strategy that involves designing coatings with alternating soft and hard phases, addressing
an oversight in traditional fabrication methods. These coatings are intended to resist
deformation through the hard phase and alleviate stress through the soft phase, thereby
effectively preventing crack initiation and propagation. In our experimental approach, we
utilized CoCrFeNiAl/WCx (x = 0, 10, 20, 30, and 40 wt.%) as the working coating material,
using nickel-based 718 powder as a transition layer to fabricate the coatings on H13 steel
surfaces. This design yields coatings with a balanced alternating hardness and softness,
free from crack-related metallurgical defects.
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2. Materials and Methods
2.1. Coating Preparation

This study utilized heat-treated H13 steel samples measuring 30 mm x 18 mm X 18 mm.
The surfaces of the samples were polished using a grinder to remove the oxide layer and
then cleaned with an alcohol-acetone solution to eliminate oil and other impurities. The
chemical composition of H13 is shown in Table 1. The working coating consisted of a
CoCrFeNiAl high-entropy alloy in equimolar ratios. The CoCrFeNiAl powder was mixed
with WC at the mass ratios specified in Table 2. The powders were mixed for 24 h. The
transition layer was made of Inconel 718 powder. The powder morphology used in the
experiment is shown in Figure la—-d, which also show the microstructure of H13 steel,
which is mainly composed of martensite, tempered carbides, and retained austenite.

Table 1. Chemical compositions of laser cladding substrate (wt.%) [22].

Element

C

Si Mn Cr Mo \Y% S P Fe

Mass ratio

0.32~0.45 0.80~1.20 0.20~0.50 4.75~5.50 1.10~1.75 0.80~1.20 <0.03 <0.03 Bal.

7

Table 2. The mass ratio of CoCrFeNiAl high-entropy alloy and WC powders.

Powders Mass Ratio of HEA Mass Ratio of WC
CoCrFeNiAl + 10%WC 90 10
CoCrFeNiAl + 20%WC 80 20
CoCrFeNiAl + 30%WC 70 30
CoCrFeNiAl + 40%WC 60 40

& ()

4

Laser beam

Shielding gas

powder

molten pool

transition layer

Figure 1. (a) AICoCrFeNi HEA powders; (b) Inconel 718 powders; (c) spherical WC powders; (d) the
microstructure of H13 steel; (e) process of laser cladding multi-layer composite coating.

The cladding layer was prepared on the surfaces of the H13 samples using laser
cladding technology, consisting of a working layer (thickness of 2 mm) and a transition
layer (thickness of 1.5 mm). The laser cladding robot used was the LCM6000-2000A high-
power laser cladding system developed by the China Academy of Machinery Science and
Technology (Beijing, China), featuring an LDF 6000-100 VGP laser head with a laser spot
size of 4 mm. The laser power was set to 1.5 kW, with a scanning speed of 6 mm/s and a
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powder feed rate of 8.4 g/min for the transition layer. A schematic diagram of the cladding
process is shown in Figure 1d. For the working layer, a laser power of 2.4 kW, scanning
speed of 12 mm/s, and powder feed rates of 9.6 g/min (0 wt.%), 10.44 g/min (10 wt.%),
11.2 g/min (20 wt.%), 12.03 g/min (30 wt.%), and 12.7 g/min (40 wt.%) were employed.
The overlap rate between the working layer and the transition layer was 60%. Argon gas
at a flow rate of 11 L/min was used to protect the molten pool from oxidation, with a
distance of 20 mm between the laser nozzle and the substrate, utilizing a coaxial powder
feeding method.

2.2. Microstructural Characterization and Wear Testing

After the experiment, metallographic samples measuring 10 mm x 10 mm x 10 mm
were cut using a wire-cutting machine (Zhongxin, Taizhou, China) and etched with freshly
prepared aqua regia for 15 s. The coating structure was observed, and the elemental
composition was characterized using a Zeiss scanning electron microscope equipped with
an energy-dispersive spectrometer. Hardness testing was conducted using an HVS-1000
Z-type hardness tester (Lidun, Shanghai, China), with a load of 1000 g applied for 14 s.
Phase identification was performed using an X-ray diffractometer (D/max-rA) from Rigaku
(Tokyo, Japan) under Cu K-« radiation (A = 1.54 A, 40 kV, 40 mA). The XRD spectrum was
collected in the range of 20° to 110° with a scanning speed of 4° /min. The sample size was
10 mm x 10 mm x 10 mm.

Friction and wear experiments were conducted using an MPX-3G wear testing machine
(Hengxu, Jinan, China). GCr15 was chosen as the friction pair, with an external load of
100 N applied for a duration of 30 min at a temperature of 600 °C. Four samples were
prepared for each WC concentration and subjected to high-temperature friction and wear
tests at 600 °C. Multiple tests were conducted on each sample to ensure the reliability and
repeatability of the results. Through these experiments, the effect of varying the WC content
on the material’s frictional performance and wear behavior was comprehensively assessed.

3. Analysis of Results and Discussion
3.1. Microstructure Composition

Figure 2 illustrates the overall morphology of the coating observed under optical
microscopy. The coating surface is free of cracks and porosity, and the interface between
the substrate and the transition layer remains intact, without any cracks or pores.

(a) Illlworking layer(b)

|| transition layer

| substrate

500um

Figure 2. Cross-section topography with different WC additions: (a) 0 wt.%; (b) 10 wt.%; (c) 20 wt.%;
(d) 30 wt.%; and (e) 40 wt.%. The morphology and scale of the microstructure are influenced by
the G/R ratio.
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Figure 3a shows the X-ray diffraction patterns of CoCrFeNiAl alloys with varying WC
weight fractions. When no WC is added, the HEA exhibits a disordered BCC phase, with
the strongest characteristic peaks located at 26 = 44.5°, 65°, 82°, and 98.7°, corresponding
to the (110), (200), (211) and (220) crystal planes, respectively [23]. Figure 3b presents an
enlarged view of the main diffraction peak of the coating. The figure indicates a distinct
shift in the diffraction peak upon the incorporation of WC, suggesting the occurrence of

lattice distortion within the coating.
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Figure 3. The composite coatings” X-ray diffraction results: (a) 20-110° and (b) 42-45°.

The main phases of the composite high-entropy alloy coating differ significantly
from those of the initial high-entropy alloy coating. This is due to the following reasons:
(1) In the composite high-entropy alloy coating, the precipitation of Al is related to the
crystal structure of CoCrFeNiAlx and its Al content [23]; as the Al content decreases,
the BCC phase transitions into the FCC phase [24,25]. (2) The precipitation of Fe and
Cr also promotes the transformation of the disordered BCC phase into the FCC phase.
As the WC content increases, the intensity of the FCC phase diffraction peaks gradually
decreases, indicating a reduction in the FCC phase content within the composite coating.
The strongest characteristic peaks of the FCC phase are located at 26 = 43.6°, 51.5°, 75°,
and 90°, corresponding to the (111), (200), (220), and (311) crystal planes, respectively [23].
Figure 3b presents an enlarged view of the main diffraction peak of the coating. The data
indicate a distinct shift in the diffraction peak upon the incorporation of WC, suggesting
the occurrence of lattice distortion within the coating. In the composite high-entropy alloy
coating, WC reacts metallurgically with CoCrFeNiAl to form CoyW,C, Cr;C3, (Fe,Co)sW3C,
and AlNi3, with AlNis serving as a trace phase of the FCC structure.

Figure 4 presents the EDS line scan results, showing the elemental distribution in the
coating. The distribution of elements in the transition coating is observed to be relatively
uniform. As illustrated in Figure 5a,b, the 718 alloy demonstrates strong metallurgical
bonding between the substrate and the working coating. Figure 5c,d reveal that the
transition coating mainly consists of equiaxed and columnar grains, with a layer of planar
crystals located in the transition region. Figure 5e highlights the effect of the temperature
gradient and solidification rate on the morphology of the microstructure. An excessively
high temperature gradient-to-solidification rate ratio (G/R) encourages the formation of
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planar crystals. Initially, planar crystals dominate the area near the substrate interface. As
crystallization progresses, the temperature gradient (G) decreases, while the solidification
rate (R) increases, resulting in a mixed microstructure composed of dendritic and polygonal
grains, which align with the heat flow direction. As solidification continues, G continues to
decline, while R increases from the base of the molten pool, causing a gradual reduction in
the G/R ratio. This reduction destabilizes the planar crystal interface, thereby promoting
the growth of a mixed structure of dendritic and polygonal grains along the heat flow
direction. As the distance from the bonding interface to the surface of the coating increases,
the G/R ratio continues to decrease during solidification. This leads to the development
of a hypoeutectic microstructure, with the G/R parameter progressively decreasing from
the bottom to the top. In the final stages of solidification, a low G/R ratio facilitates the
nucleation and growth of new grains, which expand in all directions and inhibit the growth
of columnar dendrites, ultimately forming fine equiaxed grains. Additionally, when a new
working layer is applied to the surface of the transition coating, the upper section undergoes
remelting and recasting, resulting in the formation of additional fine equiaxed crystals.

(b) 200

Ni
Al
Cr
400 \in
Fe
> Co
2300F Mo
(%)) W
5
2200t A bt Asn Il
[wn)
— A
100
SN NSAANADA_AA 2SSl
0L,

0 100 200 300 400 500
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Figure 4. EDS line scan of coatings’ microstructure section. (a) EDS line scan results; (b) Elemental
distribution map from the line scan.

Finer
structure

High G'R

Columnar
Dendrite

—~
Temperature Gradient, G @

Solidification Rate, R

Figure 5. (a) The interface between the 718 alloy and the substrate; (b) the interface between the
718 alloy and the working coating; (c) equiaxed grains in the center of the 718 alloy; (d) columnar
grains at the bottom of the 718 alloy; (e) the influence of G/R on the morphology and scale of
the microstructure.
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SEM images of the middle part of CoCrFeNiAl alloy cladding layers with varying WC
content are shown in Figure 6. It can be observed that when the WC mass fraction is 0, the
structure features a periodic alternation of bright and dark phases, predominantly governed
by a spinodal decomposition mechanism throughout the material. After the addition of
WC particles, as the WC content increases, the grains in the cladding layer are gradually
refined, resulting in strong grain interlocking. Grain refinement, which means a reduction
in grain size, leads to an increase in yield strength and significantly enhances the boundary
density of the cladding layer. This improvement can also enhance the surface strength while
slightly increasing its plasticity. The equiaxed grain structure becomes more prevalent,
with the grain morphology transitioning from dendritic to a mix of cellular dendrites and
columnar dendrites. This change occurs due to the uneven heat diffusion in the molten
pool during the laser cladding of WC-containing coatings, leading to the formation of new
nucleation points on the columnar dendrites, which gradually grow into cellular dendrites.
As the WC content increases, the elongated columnar dendrites transform into smaller
cellular dendrites, indicating that the increase in WC content contributes to the refinement

of the grains.

Figure 6. Microstructure of the middle part of CoCrFeNiAl/WC composite coatings (SEM). (a—e) rep-
resent 0~40 wt.% WC, where the subscript 1 corresponds to a magnification of 1000x, and the
subscript 2 corresponds to a magnification of 5000 x.

Figure 7 illustrates the morphology of WC particles and their surrounding structures
in composite coatings with varying WC contents. It can be observed that the WC particles
in the coating remain relatively intact, although some surfaces show a few black voids
due to laser burning. Additionally, significant amounts of white precipitated phases form
around the WC particles, and as the WC content increases, the quantity of these white
phases also increases. This indicates metallurgical reactions between WC and CoCrFeNiAl,
leading to the formation of gradient interfaces [17]. However, not all WC particles react
with CoCrFeNiAl, as shown in Figure 7b. This is because, in this study, higher scanning
speeds were used to ensure a uniform distribution of WC in the working layer and to
minimize settling phenomena, resulting in reduced rates and extents of in situ reactions
due to lower laser heat input.

Figure 8a—d show the morphology of individual WC particles with WC mass fractions
ranging from 10% to 40%. Taking a composite coating reinforced with 40% WC as an
example, a magnified image of the WC particles and their surrounding morphology can be
observed. Figure 8b—d present high-magnification SEM images of the WC particles and
their surrounding structures in this coating. From Figure 8, it can be seen that a ring of a
gray gradient layer forms around the WC particles, which then expands outward to form a
bulk structure. The outer part of the bulk structure consists of a dark high-entropy alloy
FCC phase and a fish-like structure. EDS point scanning analysis was conducted at selected
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locations, as shown in Figure 8e, where point 1 represents the fish-like structure and point
2 represents the bulk structure; specific data can be found in Table 3. The EDS analysis
reveals that both types of structures contain certain proportions of W and C, confirming
that they are both precipitation phases of WC particles. However, there are differences in
the ratios of W and C among the different precipitation phases. The contents of W and
C in the bulk precipitate vary significantly, while in the fish-like precipitate, the content
differences are minor. This indicates that, in addition to morphological differences, there
are also compositional differences. Specifically, the content of W in the fish-like structure is
lower than that in the bulk structure, which may be due to the fact that the bulk structure is
formed directly through the diffusion of WC particles, while the fish-like structure results
from a eutectic reaction between WC particles and the high-entropy alloy matrix. However,
not all WC particles react with CoCrFeNiAl, as shown in Figure 8a. This is because, in this
study, higher scanning speeds were used to ensure a uniform distribution of WC in the
working layer and to minimize settling phenomena, resulting in reduced rates and extents
of in situ reactions due to lower laser heat input.

Figure 7. Microstructure of WC particles and their surrounding structures in composite coatings with
varying WC contents: (a) 10 wt.%; (b) 20 wt.%; (c) 30 wt.%; and (d) 40 wt.%.

Figure 8. WC particles in WC-reinforced composite coatings with different WC content: (a) 10 wt.%;
(b) 20 wt.%; (c) 30 wt.%; and (d) 40 wt.%. (e) EDS point scanning.
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Table 3. The results of point energy spectrum analysis for the cladding layer in different areas (wt.%).

Location

Co

Cr Fe Ni Al W C Nb

1
2

04
0.1

12.03 24.99 15.01 1.10 42.13 4.30 0.03
8.3 14.14 6.97 0.03 65.38 3.26 1.81

Using a WC content of 40% as an example, EDS point scan analysis was conducted on
the different microstructures, as shown in Figure 9, to investigate the elemental distribution
in each region. The scanning results are shown in Table 4. Some regions exhibit a biphasic
spinodal decomposition structure, where equiaxed dendrites experience coarsening. The
gray regions at the dendrite edges are the A2 phase enriched with Al and Ni alloys.
Significant segregation of W and C elements was observed, while Fe and Ni exhibited
segregation within the FCC phase, with Cr and Co elements being relatively uniformly
distributed. Due to the large atomic size of W, its solubility is limited, leading to its
predominant distribution in the inter-dendritic regions. The tendency toward elemental
segregation can also be inferred from the enthalpy of mixing values, with smaller values
indicating a greater likelihood of element enrichment. Specific values can be found in
Table 5. The analysis indicates that the enthalpy of mixing of C and W is the highest,
suggesting that C is most likely to be concentrated with W in the inter-dendritic regions.
The enrichment of W and C in these areas facilitates metallurgical reactions with Fe,
resulting in the formation of MgC-type carbides; hence, Fe tends to be distributed in the
inter-dendritic regions. Due to the higher concentrations of Ni and Cr in the transition
coating, their distributions are relatively uniform, where they react with W and C to form
compounds such as (Fe,Co);W3C, CosW,C, and CryCs.

Figure 9. The SEM image of the central region of the working coating. Point 1 is at the grain boundary,
and point 2 is inside the grain boundary.

Table 4. Point energy spectrum analysis results of the cladding layer in different areas (wt.%).

Location

Co

Cr Fe Ni Al \4 C Mo Nb

1
2

1.56
3.29

13.61 14.49 7.81 0.17 49.61 3.97 443 4.34
11.45 35.39 24.98 3.35 18.86 1.78 0.87 0.02
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Table 5. Mixing enthalpy between elements [26].
Mixing Enthalpy Fe Al C Co Ni \4 Cr

Fe /

Al —11 /

C -50 —36 /

Co -1 —19 —42 /

Ni -2 —-22 -39 0 /

\W 0 26 —60 -1 -3 /

Cr -1 -10 —61 —4 -7 1 /

3.2. Hardness Analysis

Figure 10 shows the Vickers hardness of CoCrFeNiAl high-entropy alloy composite
coatings with varying WC mass fractions. It is evident that as the WC content increases,
the hardness of the coating also increases consistently. The average hardness values for
the WC00, WC10, WC20, WC30, and WC40 coatings are 508.01 HV, 530.67 HV, 558.34 HYV,
589.67 HV, and 617.08 HV, respectively. The hardness exhibits a U-shaped distribution
from the working layer to the substrate, with average hardness values of 279.47 HV for the
transition layer and 498.71 HV for the substrate. The working layer, transition layer, and
substrate together form a sandwich structure of soft and hard combinations.

900
i —u— Owt. 20WC
800 F ¢ 4 o 10wt. %WC
S —a— 20wt. %WC
.. 700 F B B v— 30wt. %WC
SO A0wt. %WC
2600 ® ¢ ° e
;cg 500F = ®* *—a| =8
o i \\\
S 400
E I \\‘
300 ——p ¢
200 L 1 L 1 " 1 L 1 L 1
0 500 1000 1500 2000 2500

Distance from surface (um)

Figure 10. Hardness map of CoCrFeNiAl high-entropy alloy composite coatings with different
mass fractions of WC. The color on the left represents the working coating, the color in the middle
represents the transition coating, and the color on the right represents the substrate.

Figure 10 shows the hardness contributions from different strengthening mechanisms.
The strengthening mechanisms of laser-cladded CoCrFeNiAl/WC composite coatings can
be categorized into four main aspects: (1) Solid solution strengthening: during the laser
cladding process, some WC particles decompose, allowing W and C atoms to enter the FCC
phase, which enhances solid solution strengthening, as shown in Figure 11. (2) Dislocation
strengthening: Rapid solidification during laser cladding generates high thermal stresses,
leading to a high density of dislocations [27]. The FCC phase, lacking the BCC phase’s
semi-coherent phase boundaries, facilitates dislocation storage [20]. The incorporation of



Coatings 2025, 15, 52

11 of 14

W and C atoms into the FCC phase causes lattice distortion, hindering dislocation slip
deformation. (3) Precipitation strengthening: the decomposition of WC particles results
in metallurgical reactions with CoCrFeNiAl, forming MC3 and Cr;C3 precipitates that
significantly improve material hardness by obstructing dislocation movement. (4) Grain
refinement: the presence of WC particles and newly formed carbides increases the number
of heterogeneous nucleation points, leading to grain refinement.

Figure 11. EDS scanning map of different microstructures. Point 1 is blocky structure, and point 2 is

fishbone-like structure.

3.3. Wear Behavior

As shown in Figure 12, the weight loss, friction coefficient, and average friction
coefficient of CoCrFeNiAl/WC coatings with different WC contents are presented. The
friction coefficient curve initially exhibits significant fluctuations, stabilizing after a break-in
period. Influenced by grain size and compositional segregation, the friction coefficient curve
shows a serrated characteristic. The fluctuation of the friction coefficient in the early stages
of wear is attributed to the contact between the micro-convex surface and the grinding ball,
where the surface protrusions are cut into abrasive particles during friction, resulting in a
“plowing” effect on the specimen’s surface. As the friction process continues, the roughness
of the sample surface decreases, leading the friction coefficient to enter a stable phase. The
average friction coefficients for coatings with different WC contents (wt. = 0%, 10%, 20%,
30%, and 40%) are 0.250, 0.243, 0.234, 0.220, and 0.208, respectively. With the increasing WC
content, the wear resistance of the coatings significantly improves, resulting in reduced
weight loss, attributed to the combined effects of solid solution strengthening, dislocation
strengthening, grain refinement, and precipitation strengthening.

As shown in Figure 13, the microstructural surface morphology of the experimental
alloy after friction and wear testing is presented. The high-temperature friction and
wear test induces severe plowing effects on the specimens. As shown in Figure 13a—c,
with the increasing WC content, the number of deep grooves progressively decreases,
while the friction surface maintains a relatively high roughness.However, due to the
high-temperature stability of CoCrFeNiAl, no adhesive layer is observed. As shown in
Figure 13d,e, the plowing effect is significantly reduced, with the best resistance to plastic
deformation achieved at 40% WC content. Throughout the wear process, oxidative wear is
consistently present. The dot-like protrusions on the specimens are wear debris fragments.
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Figure 12. (a) Weight loss of CoCrFeNiAl/WC composite coatings; (b) friction coefficient; (c) average
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Figure 13. Worn surface morphologies of CoCrFeNiAl/WC composite coatings. (a) 0 wt.% WC;
(b) 10 wt.% WC; (c) 20 wt.% WC; (d) 30 wt.% WC; and (e) 40 wt.% WC.
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4. Conclusions

In this study, alternating soft and hard coatings were applied to the surface of an H13
substrate using laser cladding technology to enhance the high-temperature wear resistance
of hot-work tool steels. The effects of different WC contents on the phase composition,
microstructure, and mechanical properties of the coatings were investigated. The following
key conclusions can be drawn:

(1) The laser-cladded CoCrFeNiAl coating predominantly exhibits a body-centered cubic
(BCC) phase, whereas the CoCrFeNiAl/WC composite coating shows a transition
from the BCC phase to the face-centered cubic (FCC) phase. As the WC content
increases, the volume fraction of precipitates (such as (Fe,Co);W3C, CosW,C, CryCs,
etc.) gradually increases. When the WC content reaches 40%, the volume fraction of
the precipitates is maximized.

(2) An increase in WC content significantly enhances the hardness of the coating. At
40% WC, the coating hardness reaches 617 HV. This hardness improvement can be
attributed to the following mechanisms: (a) Solid solution strengthening: W and C
atoms enter the FCC phase, causing lattice distortion and producing solid solution
strengthening effects. (b) Dislocation strengthening: the high thermal stresses induced
during the laser cladding process increase the dislocation density, and the lattice
distortion impedes dislocation motion during slip deformation. (c) Precipitation
strengthening: W and C atoms react with the CoCrFeNiAl alloy to form precipitates
such as MgC3 and Cr;Cs, significantly improving hardness and inhibiting dislocation
motion. (d) Grain refinement strengthening: the WC particles and newly formed car-
bide precipitates provide heterogeneous nucleation sites, promoting grain refinement.

(8) As the WC content increases, the high-temperature wear resistance of the CoCrFe-
NiAl/WC composite coating becomes significantly improved. At40% WC, the coating
exhibits the best wear resistance, characterized by an average friction coefficient of
0.208 and a mass loss of 0.04 g.
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