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Abstract: While the addition of WC increases the hardness and wear resistance of coatings, an exces-
sive WC content can also induce crack initiation and propagation, increasing brittleness and leading
to premature failure. Therefore, in this study, WC particles were incorporated into nickel-based
coatings by plasma-arc surfacing to optimize their content and distribution, balancing their tensile
properties and wear resistance. The coatings were comprehensively evaluated through microstruc-
tural analysis, hardness testing, wear resistance assessment, and tensile testing. The results show that
as the mass fraction of WC increased from 45% to 65%, the increase in carbon significantly promoted
the formation of M;C3, MgC, and M3Cg carbides and suppressed the formation of the y-phase. The
microstructural analysis showed that the content of massive carbides increased significantly with the
increasing WC content, and the XPS analysis further confirmed that the changes in the WC and Cr;C3
phases were particularly pronounced in the high-WC coating. The 65% WC coating showed higher
hardness (a 232 increase in HV ), a lower and more stable coefficient of friction (0.42), and better
wear resistance than the 45% WC coating, with a wear rate of 3.329 x 107 mm3/ (N-m)*l, which was
3.709 x 107 mm?3/(N-m)~! lower than that of the 45% WC coating. The conventional tensile test
results show that the maximum stress and strain of the 45% WC coating were 71% and 36% higher
than those of the 65% WC coating, respectively. In addition, the 45% WC coating exhibited better
ductility and quasi-cleavage characteristics, whereas the 65% WC coating showed typical brittle
cracking behavior. The results of the field tensile tests also showed that the fracture time of the 65%
WC coating was 27 s shorter than that of the 45% WC coating. Overall, the 45% WC coating had a
good combination of strength and toughness.

Keywords: plasma-arc surfacing; WC particles; wear resistance; tensile properties

1. Introduction

As critical components of the hot-rolling line, both rolls and descaling rolls endure se-
vere surface degradation, shortened service life, and diminished reliability due to prolonged
exposure to high temperatures, heavy loads, and abrasive environments. The reduced ser-
vice life and accelerated wear of these components have critically hindered the high-quality
development of the industry. To address these challenges, surface-engineering technology
has emerged as a pivotal driver for the evolution of the metallurgical industry [1,2].

Nickel-based alloys are widely used in the metallurgical, aerospace, and petrochemical
industries due to their superior corrosion resistance, self-lubricating properties, and excep-
tional high-temperature oxidation stability [3]. However, the use of nickel-based alloys in
high-temperature, high-stress environments is often limited by their suboptimal wear resis-
tance and tensile strength, making a single material inadequate for practical applications [4].
Consequently, researchers have begun to improve the performance of nickel-based alloy
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coatings by introducing strengthening phases. Among these, WC stands out as a ceramic
material with high hardness, a high melting point, and exceptional corrosion resistance,
making it a popular choice in various composite coatings [5,6].

Numerous studies have shown that the incorporation of WC particles results in signifi-
cant improvements in the hardness and wear resistance of coatings. For example, increasing
the WC content from 5% to 10% resulted in a significant improvement in both hardness and
wear resistance, with a 10% WC content providing optimum wear resistance [7]. When the
WC content was further increased to 20%, the coating showed superior wear resistance and
achieved the lowest wear rate [8-11]. When the WC content was increased from 5% to 30%,
the hardness increased significantly and continued to increase at 35%. However, at this
point, the microhardness began to show fluctuations with the increasing content [12,13].
Li et al. [14] reported that at a 40% WC content, the hardness of coatings reached 474.8 HV,
while the coefficient of friction was minimized. This was attributed to the solid solution
strengthening of the WC particles and the grain refinement effect. Further investigations
showed that both the wear resistance and hardness were optimized within the WC content
range of 40-50% [15,16]. Overall, the hardness and wear resistance of the coatings showed
a consistent improvement when the WC content remained below 50%.

However, although increasing the WC content enhances the hardness and wear resis-
tance of coatings, it is also accompanied by a significant rise in brittleness, which induces
cracks and, ultimately, compromises overall performance. For example, when the WC
content was elevated from 10% to 30%, both the hardness and wear resistance improved sub-
stantially, particularly within the 20-30% range, where the performance peaked. However,
once the WC content exceeded 30%, the brittleness of the coating increased significantly,
leading to crack formation and a plateau in performance [17]. Similar phenomena have
been observed in other studies. When the WC content reached 30 wt.%, the hardness and
microstructural homogeneity of the coating attained a high level, but beyond this point,
some WC particles dissolved and formed brittle phases, resulting in crack initiation and
reduced coating performance [18-20]. For coatings with high WC contents, it was shown
that the hardness and wear resistance of the coatings increased steadily as the WC content
was increased from 5% to 50%, and the best was achieved at 40-45 wt.%. However, when
the WC content exceeded 45%, cracks began to form, resulting in a deterioration of the me-
chanical properties [21,22]. In particular, when the WC content exceeded 50%, the increased
brittleness led to cracking, which had a negative effect on the wear resistance despite
further increases in hardness [23,24]. The occurrence of cracks often leads to premature
coating failure, which underscores the need for in-depth studies of the tensile properties of
these coatings. Current studies on the tensile properties of coatings are relatively limited
and have mostly focused on coatings with low WC contents. For example, Huang et al. [16]
found that the tensile strength and ductility of coatings were optimal at a WC content of 2%,
but as the WC content increased, the coatings exhibited increased brittleness, leading to the
formation of fatigue cracks and oxidized wear. In addition, the studies by He et al. [25] and
Bao et al. [26] showed that under optimum process conditions, coatings with WC contents
of 15-17% could achieve a maximum tensile strength of 242 MPa.

In summary, minimizing cracking while maintaining excellent tensile properties and
improving the hardness and wear resistance of WC coatings remains a key challenge in the
current research. To address this issue, two high-WC coatings, 45% WC and 65% WC, were
selected in this study to investigate the optimum distribution of WC particles. The aim was
to achieve a balance between abrasion resistance and tensile properties, thereby improving
the overall performance and extending the life of the coatings.

2. Materials and Methods

Utilizing plasma-arc surfacing, nickel-based WC coatings were successfully applied to
a 42CrMo roll surface. The comprehensive results of the chemical composition analysis for
the substrate are presented in Table 1.
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Table 1. Chemical composition of 42CrMo substrate (wt.%).
C Mn Si Cr Mo P S Fe
0.39 0.56 0.19 0.11 0.15 <0.015 <0.015 Base

The coatings were composed of a transition layer and a hard surface layer, the latter
characterized by its exceptional hardness. The hard surface layer was predominantly
reinforced with spherical tungsten carbide particles, which were bonded with the nickel-
based alloy Ni45. In contrast, the transition layer was composed solely of Ni45 powder.
The chemical compositions of the nickel matrix composites with WC mass fractions of
45% (S1) and 65% (S2), along with detailed information regarding the transition layer,
are presented in Table 2. Figure 1a,b illustrate the powder morphology and particle size
distribution of the coatings for S1 and S2, respectively. As shown in the figures, both
powders exhibited smooth, defect-free, spherical surfaces with an average particle size of
approximately 70 pm.

Table 2. Chemical compositions of powders (wt.%).

Label W C Si Cr Fe B Ni
45% WC 43.14 2.16 2.22 8.44 1.84 1.67 Bal
65% WC 62.32 2.8 1.42 5.37 1.23 1.06 Bal

45%WC D=70.84+18.95um 15} 65%WC D=63.58+12.90ym
101 D,a=112.22um D, =92.224m
D,i,=38.13um Din=40.47pm
N / 12}

. |
20 40 60 80 100 120 30 40 50 60 70 80 90 100 110

Size (pm) Size (um)

Figure 1. SEM images and particle sizes: (a) S1; (b) S2.

The DML-V03BD (Shanghai Duomu Industrial Co., Ltd., Shanghai, China) plasma-arc
surfacing equipment was employed to apply coatings onto the surfaces of 42CrMo rolls.
The specific operational parameters were configured as follows: a plasma current of 130 A,
maintaining a consistent scanning speed of 120 mm/min, adjusting the rate of ionized gas
flow to 3 L/min, controlling the powder feeding speed at 44 g/min, adjusting the powder
gas flow rate to approximately 5 L/min, and finally sustaining a protective gas flow rate
of 13 L/min. Prior to commencing plasma-arc surfacing, the 42CrMo rolls underwent
meticulous grinding and preheating to 550 °C. This preheating phase was essential for
reducing thermal gradients during the surfacing process, thereby minimizing induced
stresses and preventing defects such as distortion and cracking. Moreover, preheating



Metals 2024, 14, 1097

4of 16

markedly enhanced the adhesion of the subsequent coatings. The entire preparation process
took place within a specially designed furnace and gradually cooled until it reached room
temperature. The microstructures of the coatings were analyzed using aqua regia solution.
The microstructural and fracture morphology of the samples was examined using a Carl
Zeiss Sigma 500 scanning electron microscope (Jena, Germany). The elemental compositions
were analyzed using a combined Bruker X’ Flash and energy-dispersive X-ray spectroscopy
(EDX) analyzer (Billerica, MA, USA). In order to conduct a thorough assessment of the
phase compositions of the coatings, a Bruker D8 Advance X-ray diffractometer (Bruker,
Karlsruhe, Germany) measured the diffraction angle within the range of 20° to 100°. X-ray
photoelectron spectroscopy (XPS) spectra were carefully recorded using a Thermo Scientific
K-Alpha spectrometer equipped (Waltham, MA, USA) with a monochromatic Al K« X-
ray source (with a spot size of 450 um and a filament current of 6 mA). The survey XPS
spectrum scan was performed at 150 eV with a step size of 1 eV, while the high-resolution
XPS spectrum scan was performed at 50 eV with a finer step size of 0.1 eV. To ensure the
accuracy of the binding energy measurements, all spectral data were carefully calibrated
using the surface-contaminated C 1 s peak at 284.8 eV as a reference. Microhardness
measurements were performed on sample cross-sections using an HV-1000 microhardness
tester (Shanghai Materials Tester Machine Co., Shanghai, China) at intervals of 0.2 mm.
The experimental load was 9.8 Newtons (equivalent to 1000 g; HV 1.0), and the loading
time was 10 s. The hardness values were measured on three lines on the surface of each
cross-sectional sample to determine the hardness at each point, and the average value was
calculated. The tensile tests in this study were carried out using two different machines.
Conventional tensile tests were performed with an ETM105D universal testing machine
(Shenzhen Wance Testing Machine Co., Ltd., Shenzhen, China). The specimen thickness
was 3 mm, with the exact dimensions and specimen directions shown in Figure 2a,b.
To capture the microstructural evolution during strain, in situ tensile experiments were
performed with a scanning electron microscope (SEM) equipped with a Kammrath & Weiss
loading stage (Schwerte, Germany). The strain rate was precisely set to 1 um/s, with a
thickness of 1 mm, as shown in Figure 2a,c. In addition, the wear resistance of the S1 and
52 coatings was systematically evaluated using an MFI-5000 tribometer (Rtec Instruments,
San Jose, CA, USA). Considering the operating conditions of the descaling rolls, GCr15
steel balls with a diameter of 9.525 mm were selected as the wear-resistant material, with
an experimental load of 15 N, a frequency of 17 Hz, and a wear mark length of 6 mm.
The 3D wear morphologies were acquired utilizing a white light interferometer (ZYGO
Corporation, Middlefield, CT, USA). The specific specimen dimensions and sampling
direction are shown in Figure 2a,c. The wear and tensile data represent the average of three
replicates performed at room temperature.

(b) 7 254 (d)
o ;
@ p 15
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Figure 2. Sample size: (a) roll diagram; (b) tensile specimen size; (c) in situ tensile sample size; and
(d) friction wear sample size.

3. Results and Discussion
3.1. Microstructures of the Coatings
Figure 3a,b show the microstructures of the S1 and S2 alloy coatings, respectively. The

final coating thicknesses, averaged over 10 measurements, were found to be 5.74 mm for S1
and 5.19 mm for S2. These thicknesses exceeded the current standards for high-WC hard-
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phase coatings. Figure 3(a2) shows that the S1 coating had a thin interlayer surrounding
the WC particles, indicating metallurgical interactions between the WC particles and the
matrix. The increased solubility of WC in the S2 coating resulted in a wider metallurgical
interface, as shown in Figure 3(b2). Figure 3(b1) shows that the higher concentration of
WC precipitation increased the proportion of carbon elements, which promoted carbide
formation in the microstructure. As a result, W atoms tended to combine with Cr to form
complex carbides with lower melting points (e.g., MgC, M7C3, and M,3Cs), thereby altering
the surface microstructure. In addition, Table 3 shows that the nickel-based zone F of the
52 coating had a carbon concentration of 19.78%, which was a significant increase of 9.71%
compared with zone C in the S1 coating. This suggests that the increased WC particles
in the S2 coating increased the likelihood of thermal decomposition, resulting in higher
carbon release. The high WC content reduced the inter-atomic distance, thereby promoting
atomic diffusion. As a result, the metallurgical bonding interface expanded [27,28]. The
chemical compositions of regions A, B, D, and E in Figure 3(a3,b3) are detailed in Table 3.
The grey phases in regions A and D were mainly composed of various forms of W,C, while
the eutectic in region B was mainly composed of the y-phase. The bright white region E
consisted mainly of M;C3 carbide. The carbide concentration on the surface of the S2
coating was significantly higher than that of the S1 coating. This can be attributed to the
fact that at elevated temperatures, a higher concentration of WC particles enhances the
diffusion interactions between carbon and tungsten, thereby facilitating the formation of
complex carbide structures [29].

Figure 3. Cross-sectional SEM images of the coatings: (a) S1 coating; (b) S2 coating; (al) Bottom of
the S1 coating; (a2) WC particles in the red box of (al); (a3) Top of the S1 coating in the red box of (a);
(b1) Bottom of the S2 coating; (b2) WC particles in the red box of (b1); (b3) Top of the S2 coating in
the red box of (b).

Table 3. Chemical composition of each designated area (at. %).

Area w Cr C Fe Ni
A 35.85 15.79 17.85 5.20 25.31
B 0.57 4.45 9.63 50.38 34.97
C - 4.74 9.97 22.53 62.76
D 49.02 14.64 10.02 4.09 20.23
E 43.52 10.84 20.32 8.98 16.34
F - 6.60 19.78 10.00 63.62

3.2. Phases of the Coatings

Figure 4 shows the XRD patterns of the S1 and S2 coatings. In the S1 coating with a
45% WC content, fewer diffraction peaks were observed, but the peak intensities of the
Y-phase were significantly higher at 44.05° and 51.16°, indicating the strong stability of the
v-phase within the crystal structure. This stability is critical for improving the mechanical
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properties and durability of coatings, as the presence of the y-phase is typically associated
with improved toughness and fatigue resistance [30,31]. In contrast, the peak intensity of
the y-phase in the S2 coating with a 65% WC content was significantly reduced, indicating
that the formation of the y-phase was inhibited with the increase in the WC content,
while more carbide phases (e.g., MyC3, MgC, and M»3Cg) were generated, appearing
at the diffraction angles of 35.57°, 43.11°, and 48.17°, respectively [32]. The formation
of carbides increased the hardness of the coating to some extent, particularly due to
the cubic crystal structure of these carbides (e.g., MyCs and M3»3Cg), which imparted
significant hardness and wear resistance to the material [33,34]. However, excessive carbide
formation also increases the brittleness of coatings, making them more susceptible to
cracking. Ma et al. [35] demonstrated that an increase in the carbide phase typically results
in a greater susceptibility to crack initiation in coatings with higher WC contents.
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Figure 4. XRD patterns of S1 and S2.

In addition, the peak intensity of the undecomposed WC phase was higher in the 52
coating, indicating a greater presence of undecomposed WC particles within the coating.
This can be attributed to the high melting point of WC, which is 2785 °C, significantly higher
than the 900-1400 °C melting range of nickel-based alloys. As a result, WC particles are less
likely to fully decompose during the metallurgical process. As the WC content increases,
the particle spacing decreases, promoting an ordered arrangement of WC particles, which,
in turn, increases the crystallinity of the coating, improving both its hardness and wear
resistance [36,37]. However, Ka¢maz et al. [38] pointed out that while undecomposed WC
particles can improve hardness, an excessive amount of WC particles can increase the
brittleness of the coating, thereby reducing its toughness and impact resistance.

3.3. XPS Analyses of the Coatings

The chemical state evolution of the elements in the S1 and S2 coatings was carefully
studied via X-ray photoelectron spectroscopy. The grey line in Figure 5 represents the raw
data, while the black line corresponds to the fitted data. Figure 5a displays the survey
spectra, revealing the presence of Cr, Fe, Ni, W, C, and O in the coatings. Notably, the
Ni 2p and Fe 2p spectral intensities were significantly higher in the S1 coating, indicating
an enrichment of Ni and Fe on the surface. The O 1s spectral line likely arose from minor
surface oxidation during cooling, air exposure, or post-deposition processing. In the Fe 2p
spectral line, three distinct binding energy states were identified in both the S1 and 52
coatings. These were identified as Fe-C bonds, corroborated by the literature [39,40], and
further supported by the presence of the C-Fe bond in the C 1s spectral line in Figure 5f [41].
The Cr 2p spectral line exhibited spin—orbit coupling, resulting in two peaks corresponding
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to Cr 2p3/, and Cr 2pq /5. These peaks were observed within the ranges of 574.3-583.9 eV
and 577.0-587.1 eV, respectively, reflecting the characteristic energy separation between
the two spin—orbit components [42,43]. In the S2 coating, the Cr-C binding energy was
measured at 574.5 eV, which was 0.2 eV higher than that of the S1 coating, by 0.2 eV. The
binding energy of 283.0 eV observed in the C 1s spectral line corresponded to Cr;Cs-type
carbide [39], indicating that Cr existed in a partially stabilized Cr;C3 phase within the 52
coating. The observed increase in the binding energy suggested significant alterations in the
chemical environment of the Fe and Cr atoms as the WC content increased. The interaction
between Fe, Cr, and WC likely led to a reduction in the electron density, thus increasing the
binding energy [42]. In the Ni 2p spectral line (Figure 5e), the satellite peak at 879.0 eV in
the S2 coating was 0.6 eV lower compared with that of the S1 coating. Figure 5f illustrates
that the W 4f peaks in the S1 coating were at 31.8 eV and 33.8 eV, closely corresponding to
the W 4f energy level of WC [44,45]. Conversely, in the S2 coating, the W-C bond binding
energy increased by 0.2-0.3 eV, signifying that the Ni 2p and W 4f peaks shifted negatively
and positively, respectively, as the WC content rose. This phenomenon implies that charge
transfer from the WC to Ni occurred in the S2 coating, resulting in opposite shifts in the
nuclear energy levels of Ni and WC [46]. The C 1s spectra in Figure 5f show that the C-W
bond in the S2 coating was at 283.8 eV [45], representing an increase of 0.3 eV relative to the
S1 coating. This increase indicated that the higher WC content strengthened the W-C bond,
suggesting more pronounced interactions between tungsten and carbon atoms, thereby
further elevating the binding energy of the C-W bond.
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Figure 5. XPS spectra of S1 and S2 coatings: (a) survey spectra; (b) Fe 2p spectra; (c) Cr2p spectra;
(d) W4f spectra; (e) Ni2p spectra; and (f) C1 s spectra.

3.4. Hardness of the Coatings

Figure 6a,b show the hardness measurements in different regions of the coatings,
highlighting significant differences between the S1 and S2 coatings. Specifically, the blue
boxes in Figure 6a show the average hardness values, with S1 exhibiting a hardness of
506 HV o, while S2 reached 738 HV g. Figure 6b further shows that the hardness of the S2
coating was significantly higher than that of S1 in the areas of WC particles, particle edges,
and the nickel alloy substrate. These results are consistent with the existing literature on
WC-reinforced coatings, which has consistently shown that the inclusion of WC significantly
increases the hardness of coatings [47-50]. In the S2 coating, the WC secondary phase
was uniformly distributed, which not only enhanced the strengthening effect of the matrix
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but also improved the hardness by hindering dislocation movement. The large-scale
dissolution of WC particles allowed the C and W elements to enter the matrix and form a
solid solution, which, in turn, induced lattice distortion that increased the stress required for
dislocation slippage, in accordance with the classical theory of solid solution strengthening.
This theory states that lattice strain induced by solute atoms increases the strength and
hardness of a material [51]. In addition to solid solution strengthening, the hardness and
strength of the S2 coating also benefited from particle strengthening. WC particles were
uniformly distributed throughout the matrix, creating a composite strengthening effect.
The synergistic interaction between these mechanisms significantly increased the hardness
and strength of the coating while improving its thermal stability [52]. The XRD data and
microstructural analysis show that the S2 coating contained a significant amount of Cr;Cs
and W,C phases, which not only contributed to the overall strength and hardness of the
coating but also improved its wear resistance.
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Figure 6. (a) Cross-sectional hardness distribution of the coatings; (b) surface hardness of distinct
phases in the coatings.

3.5. Wear Resistance of the Coatings
3.5.1. Wear Behavior and 3D Morphological Analysis

The friction coefficient curves in Figure 7a show that the S1 coating initially exhibited
a low friction coefficient during the early stages of sliding. However, as the sliding time
progressed, particularly after the 3 min mark, the friction coefficient of S1 rapidly escalated
to 0.52 and then stabilized. This sharp escalation in the friction coefficient was primarily
attributed to the increase in the surface temperature during sliding, which led to the
softening of the coating material or the gradual accumulation of wear debris on the surface.
In contrast, the S2 coating showed a markedly different friction behavior. The friction
coefficient of the S2 coating only increased to 0.42 for the same sliding time and remained
stable throughout the process. These results suggest that the S2 coating is capable of
providing more stable frictional performance over longer periods of time. This improved
stability was primarily attributed to the significant increase in the WC content and the
precipitation of larger carbides on the surface of the S2 coating. These carbides, known
for their high hardness and abrasion resistance, significantly enhanced the wear resistance
of the coating by forming extensive regions, thereby reducing plastic deformation and
wear depth, minimizing fluctuations in the friction coefficient, and ensuring stability under
dynamic friction conditions [53].
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Figure 7. Wear data of S1 and S2 coatings: (a) friction coefficient; (b) wear profile; (c) wear rate; (d) 3D
morphology of the S1 coating; and (e) 3D morphology of the S2 coating.

In Figure 7c, the wear rate measurements show that the S2 coating outperformed, with
an impressive wear rate of 3.329 x 10~ mm?3 (N-m) !, which was 3.709 x 107¢ mm3 (N-m)~!
lower than that of the S1 coating. This significant difference underscores the superior
wear resistance of the S2 coating, which effectively minimized the material volume loss
during friction. In addition, as shown in Figure 7b, the wear depth of the S2 coating was
significantly shallower, further confirming its improved durability and stability under
prolonged sliding friction conditions.

Figure 7d,e show the 3D morphologies of the S1 and S2 coatings, visualizing the wear
characteristics of both coatings. The surface of the S1 coating shows a larger area of blue
color, indicating a greater depth of wear, suggesting that the surface material of the S1
coating was significantly removed during long-term friction. In contrast, the surface of the
52 coating shows a predominantly green color and an uneven distribution, consistent with
the distribution of carbides in the coating. As wear progresses, hard particles in the coating
may detach or flake from the surface, forming bumps or pits. However, the overall wear of
the 52 coating was flatter and more uniform, giving it better durability and stability.

3.5.2. Wear Morphological Analysis

The analysis of the wear morphology further elucidated the wear mechanisms of the
51 and S2 coatings. As depicted in Figure 8a—d, the wear width of the S1 coating was
significantly greater, approximately 16 um wider than that of the 52 coating. Additionally,
the S1 coating exhibited pronounced deep groove structures on its surface. The EDS analysis
in Figure 8(b1) reveals the presence of significant amounts of nickel, oxygen, and iron on
the worn surface. The S1 coating also showed clear signs of surface degradation, such as
spalling and distinct regions of nickel accumulation. Figure 8(b1) clearly demonstrates that
wear led to the substantial migration of iron from the GCr15 ball to the coating surface,
contributing to its degradation. In contrast, the worn surface of the S2 coating displayed
the presence of WC particles and hard particles, alongside evidence of adhesive wear. The
spectral analysis in Figure 8(d1) shows only trace amounts of Ni, O, and Fe elements on
the surface. The incorporation of WC particles significantly enhanced the durability of the
nickel-based coating. The primary wear mechanisms for the S1 coating included adhesive
wear, abrasive wear, and oxidative wear, whereas the S2 coating predominantly exhibited
adhesive wear with minor oxidative wear [54].
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Figure 8. Wear morphologies of the coatings: (a-b1) S1; (c-d1) S2.

3.6. Mechanical Properties of the Coatings
3.6.1. Tensile Curve Analysis

According to the results in Figure 9, the stresses and strains gradually decreased as
the WC content increased, indicating a significant negative correlation between the WC
content and the internal stresses and strains in plasma-arc surfacing. This was attributed
to the higher concentration of WC particles in the base material, which led to a more
pronounced aggregation effect. Particle agglomeration occurred as the matrix material
decreased, making it difficult to uniformly disperse the cemented carbide particles, a
phenomenon also discussed in the literature [55]. As particle agglomeration increased,
the effective dispersion of the WC phase became limited, further affecting the mechanical
properties of the material.

350 —$S1
82

Stress (MPa)

100

1.0 1.5 2.0 25
Strain (%)

Figure 9. Stress—strain curves of S1 and S2 coatings.

Compared with the S2 coating, the maximum stress and strain of the S1 coating
increased significantly to 333 MPa and 2.5%, respectively, indicating that the strength
of the S1 coating was increased by 71%, while its ductility was increased by 36%. This
strengthening effect was mainly attributed to the complex eutectic arrangement and the
remaining transition layer. The eutectic structure typically plays a strengthening role in a
multiphase material by hindering dislocation motion, thereby increasing the resistance of
the material to deformation under stress—strain conditions [56]. In addition, the remaining
transition layer improves the interfacial bonding, thereby increasing the toughness and
crack resistance of the material under load. These microstructural features, combined
with the distribution of WC particles, work synergistically to improve both the mechanical
properties and thermal stability of the material.
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3.6.2. Fracture Morphological Analysis

Figure 10 shows significant differences in the fracture morphologies and EDS analysis
between the S1 and S2 coatings. The S1 coating exhibited deep dimples, indicating sub-
stable plastic deformation prior to fracture, a characteristic of ductile fracture [57]. The
deep dimples were mainly composed of y-(Ni, Fe), as confirmed by EDS analysis (point
A in Table 4). The S1 coating was composed of columnar crystals and tungsten carbide
particles with an irregular fracture surface showing an inhomogeneous river-like structure,
indicating quasi-cleavage characteristics [58]. There were large gaps between the WC
particles (Figure 10(a2)).

Figure 10. SEM fracture morphologies of the coatings: (a-a3) S1; (b-b3) S2; (b4) Red box in (b1) show-
ing satellite-like structures and chemical composition.

Table 4. Chemical composition of each marker area (at. %).

Area W C Cr Fe Ni
A - 4.23 20.40 22.64 52.73
B 74.70 23.88 0.10 0.24 1.08
C 69.16 25.20 1.16 0.95 3.53
D 53.65 7.36 13.31 4.23 21.45

Conversely, the fracture surface of the S2 coating was smoother, with a higher concen-
tration of WC particles and the absence of a river-like structure (Figure 10b), which was
primarily indicative of brittle fracture. In addition, point D in Table 4 shows the forma-
tion of cracks propagating along the W,C phase surrounding the WC and Ni substrates
(Figure 10(b3)). The increase in the WC content escalated the crack formation, while the
rapid thermal cycling exacerbated the brittleness of the WC particles [59,60]. Figure 10(b4)
shows that the edge decomposition products of the WC particles were densely packed
and formed a satellite-kind structure composed of Cr, W, and C elements. These elements
exhibited high diffusion rates at elevated temperatures, particularly in the high-energy
regions at the particle edges [61]. The satellite-kind structure, composed mainly of carbides,
easily became a crack initiation point under stress concentration, leading to early fracture.
Figure 10(b3) shows that the fracture of the S2 coating was mainly along the hard phase
fracture inside the particles or at the edges of the particles [62]. The results show that the
fracture mechanism of the S1 coating combined quasi-cleavage fracture and ductile fracture,
whereas brittle fracture predominated in the 52 coating. Excessive WC particles reduce the
tensile properties of nickel-based coatings.

3.6.3. In Situ Tensile Surface Structure Analysis

In order to better understand the fracture mechanism and crack propagation process,
the process of crack initiation and propagation was observed in real time by the combination
of an SEM and in situ tensile testing system. Figure 11 is a typical picture of the in-situ
stretching process. The surface condition of the S1 coating sample prior to stretching is
illustrated in Figure 11a, indicating no presence of internal cracks. Conversely, Figure 11(al)
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showcases the microstructure of the sample after undergoing a stretching duration of 72 s.
At this stage, it can be observed that minute cracks started to emerge, with their propagation
direction forming an angle close to 90 degrees relative to the axial stretching direction.
Cracks mainly appeared in the area where WC aggregates were serious and propagated
along WC particles and decomposed hard phases. The findings of this research indicate
that there was a higher level of residual stress in the area where WC particles aggregated
within the soft nickel-based alloy. When exposed to macroscopic tensile stress, compression
occurred among the WC particles, leading to the development of microcracks either inside
the coating or near the edges of these particles. Ultimately, fracture occurred due to crack
initiation and the combined tensile load, as depicted in Figure 11(a2). The red region in
Figure 11(a2) corresponds to Figure 11(a3), as depicted in Figure 11. It becomes apparent
that multiple bifurcations occurred near the main crack, with crack propagation primarily
initiated from WC particles situated at the outer edge of the main crack. Eventually, the
crack extended along the decomposition products of WC particles and ceramic hard phases.
As a result of the severe thermal damage experienced by the WC particles, distinct blocky
brittle phases precipitated within the coating, leading to decreased toughness and increased
susceptibility to cracking. However, no crack initiation was found in the stretching process
of the S2 coating, and the entire fracture process took a relatively short time, only 52 s,
as shown in Figure 11(b1-b3). The internal binding force was small mainly because the
WC particles in the coating were relatively dense. Figure 12 shows the tensile fracture
mechanism diagram. Under a constant external load, there was residual stress inside the
WC particles, which promoted the formation of micro-cracks at or near the edge of the
coating. As the load time increased, these microcracks spread in the WC particles and
expanded through the hard phase, eventually causing the coating to fracture.

Time:0's 400Um I Time72 s

Time:93 s

°® 3 ol
<« ® m |

) [ 4 ,...
< .. | .'.? '~
0 WC
—> Load
== Crack

Figure 12. Tensile fracture mechanism diagram.
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4. Conclusions

1.  With the increase in the WC content from 45% to 65%, the formation of carbides such
as M;C3, M¢C, and Mj3Cq increased significantly, while the formation of the y-phase
was inhibited significantly. XPS analysis further revealed that the changes in the
WC and Cr;Cs phases were particularly prominent in the high-WC content coating,
with the binding energies of Fe-C and Cr-C bonds increasing by 0.3 eV and 0.2 eV,
respectively. Additionally, the charge transfer between WC and Ni substantially
enhanced the bonding strength of the W-C bonds. This finding further confirmed
that the stability of the Fe-C, Cr-C, and W-C bonds was significantly improved. These
structural changes, together with particle and solid solution strengthening, resulted
in an increase in hardness of 232 HV1 o for the 65% WC coating compared with the
45% WC coating.

2. The friction coefficient for the 65% WC coating was remarkably stable and
remained low at 0.42, with a wear rate of 3.329 x 107 mm?> (N-m)~!, a reduction of
3.709 x 107® mm?3 (N-m) ! compared with the 45% WC coating. The 45% WC coating
exhibited a greater wear width (an increase of approximately 16 um), together with
pronounced deep grooves and surface degradation, with the wear mechanisms being
predominantly adhesive wear, abrasive wear, and oxidative wear. In contrast, the
65% WC coating exhibited less wear due to the presence of WC particles and hard
particles, with the wear mechanism primarily driven by adhesive wear and minor
oxidative wear.

3. Conventional tensile tests showed a negative correlation between the WC content and
the internal stress and strain of the coatings. Due to the complex eutectic structure
and abundant transitional layers, the 45% WC coating exhibited a maximum stress of
333 MPa and strain of 2.5%, which were 71% and 36% higher, respectively, than those
of the 65% WC coating. The fracture morphology of the 45% WC coating showed a
river-like structure and deep dimples, indicating a fracture mechanism combining
ductile and quasi-cleavage properties. In contrast, the fracture of the 65% WC coating
was relatively smooth with cracks extending along the W,C phase, indicating a typical
brittle fracture mechanism.

4.  In situ tensile tests coupled with SEM observations revealed that in the 65% WC
coating, the WC particles were denser, with weaker internal bonding, leading to a
shorter fracture process of only 52 s. Conversely, the fracture time for the 45% WC
coating extended to 72 s, with cracks originating in the WC aggregation area and
propagating along the WC particles and decomposed hard phases.
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