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Abstract: The Ni6035WC/WC-10Co-4Cr wear- and scour-resistant composite coating was fabricated
using supersonic flame spraying technology. To further enhance the wear and scour resistance of
the HVAF-sprayed Ni6035WC/WC-10Co-4Cr composite coatings, a post-treatment was conducted
via vacuum remelting. This involved placing the coatings in a vacuum sintering process at 1120 °C
for 10 min. Scanning electron microscopy (SEM), X-ray diffraction (XRD), and hardness testing were
employed to characterize the structure and morphology of the Ni6035WC/WC-10Co-4Cr coating, as
well as to assess its wear and scour resistance. The results indicate that vacuum sintering significantly
enhances the wear and scour resistance of the coating, while also improving its hardness, density, and
bonding strength. The hardness of each coating after vacuum sintering, 1019 HV, 920 HV, and 897 HY,
was improved by 6% compared to 966 HV, 906 HV, and 845 HV before sintering. The average wear
rate of each coating after sintering was 13% lower than before vacuum sintering. Furthermore, the
impact of varying WC-10Co-4Cr content on the coating’s properties was examined under identical
test conditions. It was found that the optimal overall performance was achieved with a WC-10Co-4Cr
content of 20%, resulting in an average wear rate that was 19% lower than that of other coatings.

Keywords: HVAF; vacuum sintering; abrasion resistance; scour resistance

1. Introduction

HVAF is a novel deposition technology developed in recent years [1,2]; the HVAF
spraying method typically generates higher particle velocities, leading to higher kinetic
energy and, due to the lower flame temperature, the particle temperatures are also lower
compared to other spraying techniques like high-velocity oxy-fuel (HVOF) [3-5]. With
the latest generation of torches, HVAF has become an alternative to other spraying for
commercial use [1,6]. High particle velocities are often favored due to its positive effect on
coating denseness and cohesion, whereas high particle temperatures are generally avoided
due to increased decarburization and the formation of brittle structures in the coating [7,8],
such that the deposited coatings by HVAF can keep the excellent wear resistance of the
ceramic. The coating material is heated to a molten or semi-molten state by the combustion-
supporting gas in the combustion chamber. Then, it is rapidly cooled and solidified on the
metal substrate with a high-speed jet flame flow to form a dense coating. The mechanical
bonding between the coating and the substrate does not damage the substrate, which is
convenient for coating repair and refurbishments [9]. (Therefore, no oxidation atmosphere
exists in the spraying environment, and the oxidation of the sprayed powders are avoided
as far as possible.) In HVAF spraying, the absence of an oxidizing atmosphere minimizes the
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oxidation of the sprayed powder. These advantages are particularly suitable for spraying
WC-based powder [10]. A potential disadvantage of using HVOF or HVAF to deposit
hard coatings is the inherent defects that include porosity, oxidation and decomposition
of particles, and residual stresses, etc., [11-13]. These microstructural defects within the
coating can weaken cohesion and adhesion, lead to fracture and spalling, and adversely
affect wear resistance [14].

Due to the chemical inhomogeneity in the coating during the spraying process, the
coating does not metallurgically bond with the substrate. However, vacuum sintering
technology, a modern surface metallurgy technique, can effectively alter the microstruc-
ture, composition, and properties of the substrate’s working surface [15]. Heat treatment
conducted in a vacuum or controlled atmosphere can minimize decarburization, thereby
enhancing the wear resistance of WC-based coatings [16].

Mishra et al. [17] studied the effects of heat treatment on WC-12Co coatings at various
temperatures, demonstrating that heat treatment significantly improves both mechanical
properties and microstructural characteristics. Similarly, Chen et al. [18] investigated
the effect of post-heat treatment (PHT) on laser-deposited WxC + Ni-based composite
thin walls and found that heat treatment enhances the coating quality. Furthermore,
M. Giacomantonio et al. [19] discovered that heat treatment can successfully eliminate
defects, provide a more uniform microstructure, and improve the microhardness, adhesive
strength, and tribological properties of composite coatings. Matikainen et al. [20] sprayed
two coatings, Cr3C2-50NiCrMoNb and Cr3C2-37WC-18NiCoCr, using WC-10Co4Cr as
a reference material. The results showed that Cr3C2-37WC-18NiCoCr improved both
the abrasion resistance and the resistance of the coating to the erosion of dry particles.
Torkashvand et al. [21] evaluated the wear performance of HVAF-sprayed WC-based
composite coatings with co-lean or co-free binders as alternatives to conventional WC-CoCr
wear-resistant layers. The coatings exhibited good high-temperature friction and wear
properties. Zhang et al. [14] investigated the effect of different heat treatment temperatures
on the hardness and wear resistance of HVAF-sprayed WC-Cr3C2-Ni coatings. They
derived a wear equation, W = 6 x10~7 x p/H, describing the relationship between the
wear rate, coefficient of friction, and hardness of the WC-Cr3C2-Ni coatings heat-treated at
550-1000 °C.

Mishra, T. K. et al. [22] prepared Ni-10WC coatings using HVOF (high-velocity oxy-
fuel) and subsequently heat-treated the coatings in an electric muffle furnace at various
temperatures for 30 min to enhance wear resistance. The study found that the coatings
exhibited optimal wear resistance at 600 °C, although the hardness and porosity were only
average. This outcome is attributed to the following two factors: first, the Ni-10WC coatings
prepared by HVOF are prone to decarburization; second, the coatings are susceptible
to high-temperature oxidation during heat treatment without atmospheric protection.
Zhang et al. [23] demonstrated that the WC-Cr3C2-Ni coatings applied to copper substrates
significantly improved the substrates” wear resistance. However, the porosity of these
coatings was twice as high as that of the coatings in the present study, which could
negatively impact the coatings’ stability and service life. Tian et al. [24] attempted to
enhance the performance of the HVOF-sprayed WC-10Co4Cr coatings by post-sealing them
with epoxy resin using vacuum impregnation. While this surface sealing method improved
the external surface, it failed to enhance the internal bonding of the coatings. Consequently,
the bonding strength of the WC-10C04Cr metal-ceramic coatings was generally weaker
compared to the composite coatings in this study, leading to reduced resistance to erosion.

In this work, we focused on the changes in the comprehensive properties of the
coatings, such as wear resistance and scour resistance, following vacuum remelting at
1120 °C. It was found that the coatings produced by vacuum remelting exhibited superior
properties compared to those obtained through vacuum heat treatment at lower tempera-
tures [19,25,26]. Additionally, the effects of incorporating different ratios of WC-10Co-4Cr
on the overall performance of the coatings were investigated. The microstructure of the
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coatings was analyzed, Vickers hardness was measured, and the tribological behavior was
evaluated under rotational frictional wear at room temperature.

2. Materials and Methods
2.1. Materials

The substrate material used in this experiment is 316 stainless steel, and the specimen
specifications are ®40 x 8 mm friction wear samples, ®25 mm long 330 mm round bar sam-
ples, and 40 x 80 x 3 mm metallographic samples, respectively. The spraying materials are
Ni6035WC, WC-10Co-4Cr and Ni35A powders prepared by Chengdu Daguang, Chengdu,
China, with particle sizes of 140/325 pum, 5/30 pm, and 150/300 um, respectively, and the
main chemical compositions of the materials are shown in Table 1.

Table 1. Chemical composition of Ni35A, Ni6035WC, and WC-10Co-4C powder.

Element

Type (Wt.%) C B Si Cr Fe Cu Ni w Co o

Ni35A Content 0.23 1.26 2.56 7.25 5.05 14.58 Bal. - - -

Ni6035WC Content 1.49 2.01 2.74 12.55 4.86 - Bal. 34.36 - -
WC-10Co-4Cr Content 5.46 - - 3.88 0.27 - - Bal. 10.28 0.15
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2.2. Coating Fabrication

To investigate the effect of varying WC-10Co-4Cr content on the structure and prop-
erties of the coating, the following three different compositions were tested: 20% WC-
10C0-4Cr, 30% WC-10Co0-4Cr, and 40% WC-10Co-4Cr. The compositions of the different
WC-10Co-4Cr/Ni6035WC composite powders are detailed in Table 2. As shown in Figure 1,
the powder particles exhibit a spherical morphology. This spherical shape significantly
enhances the fluidity of the coating and reduces resistance during the deposition process.

Table 2. Composition of different WC-10Co-4Cr/Ni6035WC composite powders.

Specimen Number WC-10Co-4Cr Ni6035WC
1# 40% 60%
2# 30% 70%
3# 20% 80%
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Figure 1. (a) 40%WC-10Co-4Cr + 60% Ni6035WC mixed powder particle size morphology;
(b) 30%WC-10Co-4Cr + 70% Ni6035WC mixed powder particle size morphology; (c) 20%WC-10Co-
4Cr +002080% Ni6035WC mixed powder particle size morphology.

The coating preparation followed the procedures described in references [27-29]. The
mixed powder, combined with a set of stirred steel balls (each with a diameter of 15 mm),
was placed in a sealed iron drum and mixed using a drum mixer for 1.5 h. Subsequently,
the powder was baked at 70 °C for 1.5 h. The substrate specimen was roughened by
sandblasting and, following the sandblasting, any surface residues were removed using
an air gun. The powder was then immediately sprayed onto the substrate within 2 h of
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the cleaning process. The prepared substrate was thoroughly cleaned, and any oil or oxide
layers on the surface were removed with alcohol.

The spraying process was conducted by a Kermetico/C-01 HVAF (Benicia, CA, USA)
system, with the process parameters outlined in Table 3. During the spraying process, an
external air duct was employed for cooling, with the air supply being cooled once per
spraying cycle according to the established spraying path.

Table 3. The parameters of HVAF spraying.

A
. Powder Feeding . . 4 H2 N2 spray Walking
Coating . . Air/L-min 1 P Distance Speed
Capacity (g/min) /L-min /L-min
/mm (mm/s)
Bonding
layer 35 84 35 23 175 800
Ni35A
Coating1#,
24 34 60-65 84 235 23 175 800
B
Spray Parameter Unit Value
Higher temperatures °C 120
Fuel 1 (propane) flow psi 78
Fuel 2 (propane) flow psi 78
Coating Ni35A thickness pum 110
Coating 1#, 2#, 3# thickness pm 230

The vacuum sintering coating remelting process was carried out using a vacuum
furnace on the round bar samples and friction wear samples after spraying. The samples
were heat-treated to 1120 °C at the rate of 5 °C/min in vacuum furnace (GSL-1400X),
(Hefei Crystal Material Technology Co., Ltd., Hefei, China), which was connected to a
molecular vacuum pump to maintain 10°> Pa. Then, the samples were kept under the
vacuum atmosphere at the target temperature for 10 min. Subsequently, the samples were
naturally cooled to room temperature in the vacuum furnace, As shown in Figure 2. Finally,
the samples were taken out for the analysis of microstructure and properties. Figure 3
shows the placement of the samples during the sintering process.
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Figure 2. Sintering process curves of three samples in a vacuum furnace. (T1: Heat up to 1120 °C
with the highest heating rate of the vacuum furnace; T2: Holding time 10 min; T3: Reduce to room
temperature with the furnace, remove the sample).
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Figure 3. Placement of samples during the sintering process ((a) 1# Powder Coating Sample; (b) 2#
Powder Coating Sample; (c) 3# Powder Coating Sample).

2.3. Material Characterization and Performance Testing

First, 5 mm x 10 mm x 3 mm metallographic samples were cut and polished step
by step with metallographic sandpaper, before being mechanically polished to a mirror
surface with a polishing solution. After blow-drying, the microstructure was observed
with a LEICA DM4M Leica metallographic microscope (Weztlar, Germany). An MH-500D
microhardness tester (Shanghai, China) was used for hardness testing of the coating (load
300 g, loading time of 15 s).

The coating was subjected to a friction and wear test according to the G99-05 Standard
Test Method for Wear Testing with a Pin-on-Disk Apparatus. Friction and wear experiments
were carried out using MS-9000 multifunctional friction tester (Lanzhou, China), and a
silicon nitride ball with a radius of 2 mm was selected for the wear vice, with a radius of
rotation of 5 mm, a load of 10 N, a test time of 720 min, a rotational speed of 382 rpm, a
skidding distance of 8636.3 m.

During the flushing experiment, the sample was assembled onto a small rotary table,
rotated at the maximum speed of the small rotary table; the sandblasting nozzle was fixed,
the spray distance was set at 100 mm, the angle of sandblasting was set at 90°, the pressure
of sandblasting was set at 3 kg, the time of sandblasting was set at 3 min, and the weight
loss of the sample before and after sandblasting was recorded. The samples before and after
sintering were sliced, and the coated and cut surfaces were flushed, respectively. The spray
distance was set at 100 mm, the angle of sandblasting was 90°, the pressure of sandblasting
was 3 kg, and the time of sandblasting was 3 min, and the coating shedding of the coated
section and the cut surface after flushing were observed.

3. Results and Discussion
3.1. Microstructural Characterization

The microstructures of the cross-sections of the HVAF-sprayed and vacuum-remelted
WC-10Co0-4Cr/Ni6035WC composite powder coatings are illustrated in Figure 4. Observa-
tions of the microstructures in the samples without vacuum remelting reveal several issues.
Specifically, the 3# coatings exhibit prominent voids at the coating junctions, along with
transverse and longitudinal cracks, uneven coating surfaces, and non-uniform thicknesses.
The interfacial bonding strength of the 1# coatings is notably weak, while the 2# coatings,
although slightly better, still display relatively low bonding strength despite having a
generally uniform thickness.
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Figure 4. Metallographic structure diagram ((a—c) 1#, 2#, 3# powder coatings before sintering
respectively; (d—f) 1#, 2#, 3# powder coatings after sintering respectively).

Figure 5 shows SEM images of the HVAF-sprayed and vacuum-remelted WC-10Co-
4Cr/Ni6035WC composite powder coatings. Before sintering, the total coating thickness
was approximately 300 um, including a 100 um bonding layer of Ni35A. Comparing coat-
ings without vacuum heat treatment reveals a distinct demarcation between the coatings
and the substrate, indicating poor bonding. Additionally, there are interconnected pores
around the WC in the coatings. The WC agglomeration in the unfired 1# coating, as seen in
Figure 6, is more pronounced than in the 2# and 3# coatings due to the higher WC content
in the 1# coating. This higher WC content, coupled with lower Ni-based alloy content,
leads to inferior coating performance [30-34].

When comparing the porosity of each coating in Figure 6, it is noted that the porosity
of the 1# coating increased from 2.86% to 4.89% after vacuum sintering. Additionally,
surface roughness increased, and uneven thickness became more evident. However, after
vacuum sintering, the porosity issue in the 2# coating significantly improved, reducing to
3.41%. The demarcation at the interface disappeared, and bonding strength was enhanced.
In the 3# coating, large pores, cracks, and other defects were notably reduced after vacuum
sintering, leaving only small round pores. The porosity was decreased to 1.43%, and issues
like uneven thickness and surface roughness were largely resolved. Overall, the coating
thickness was maintained at around 280 pm post-sintering without significant shrinkage,
and a matrix penetration zone of approximately 150 um thick was formed between the
coating and the substrate due to the mutual diffusion of alloying elements from the powder
and the surface of the 316 stainless-steel substrate. Defects such as holes and cracks in the
2# and 3# coatings were significantly improved, and the WC particles were more effectively
wetted, transforming connected pores into closed pores. This improvement is attributed to
the low melting point of elements like B and Si in the powder. During the sintering process,
these elements melted and reformed the deformed particles into a liquid alloy, eliminating
gases and impurities from the sprayed layer.
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before sintering

Figure 5. SEM images of HVAF sprayed and vacuum remelted WC-10Co-4Cr/Ni6035WC composite
powder coated cross-section.
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Figure 6. Change in coating porosity before and after sintering.
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3.2. Microhardness Observations

As illustrated in Figure 7, the hardness of each coating increased by 5.49% after
vacuum remelting compared to their hardness before sintering, indicating that the vacuum
sintering process at 1120 °C significantly enhances the coatings” hardness. Specifically, the
hardness of the unsintered 1# coating is 966 HV, which is notably higher than the 906 HV
and 845 HV measured for the 2# and 3# coatings, respectively. This difference is attributed
to the higher WC-10Co-4Cr content in the 1# coating, along with its lower porosity and the
absence of cracks. The improvement in hardness is further supported by the precipitation of
chromium carbide and borides during sintering, which, coupled with the uniform heating
provided by vacuum sintering, leads to a uniform microstructure, the elimination of cracks,
and enhanced densification [35].

1200 [ |HVAF
1019.2 | After sintering
966.34 |
10004 T 7] 906.06 920.58 897.34
— {t / 1 I 845.42
- 1 I %
= 800
S 600
=]
St
~
= 400-
200
0

1# 24 3#
Coating number

Figure 7. Variation in hardness of each coating before and after sintering.

Despite the increase in porosity after sintering, the 1# coating’s hardness remains the
highest among all the coatings due to its elevated WC content [36,37]. Additionally, it was
observed that the average microhardness of the substrate penetration zone formed after
sintering reached 354 HV, representing a 77% increase compared to the substrate’s original
hardness of 208 HV.

3.3. Friction Wear Performance Analysis

Figure 8 presents the 2D wear images of coatings with varying WC-10Co-4Cr contents
before and after sintering. It is evident from these images that the 1# coating exhibits the
deepest wear marks and the highest wear volume, both before and after sintering, whereas
the 3# coating shows the shallowest wear marks and the least wear. Figure 9 further
illustrates the changes in average wear rates for these coatings before and after vacuum
sintering. Post-vacuum remelting, the average wear rate of the 1# coating decreases by 6%,
while the wear rates for the 2# and 3# coatings decrease by 13%, indicating that vacuum
sintering significantly enhances the abrasion resistance of the coatings. Notably, coating
3# consistently demonstrates the lowest average wear rate, both before and after sintering.
This suggests that an increase in WC-10Co-4Cr content correlates with a higher wear rate
and reduced wear resistance, implying that an excessively high WC-10Co-4Cr content does
not positively influence the coatings” wear resistance.



Coatings 2024, 14, 1148

9 of 15

:(a)l ) (b)-10 (C) 1.0 .
! ’ 1% HVAF 154 0.5 : 1
I 0.0 2# HVAF]| 001 3# HVAF| 1
15 0 220 28] :
127 2,5 2 0] !
1220 P Pl '
1 5 = 304 =154 1
| 230 £ 30 £ 20l !

—_ — 1 = 1
: ! 4.0 8 35 £.25 1
'E 50 F 404 =30 !
1 5. 1
60 LV 454 Depth:4.2 pm 35 Depth:3.1 pm| 1
: Depth:5.9 pm -4.0 F T :

7.0 — 5.0 - : ; : ' - ;
! 12 14 1.6 18 2.0 1.2 14 1.6 18 20 12 14 16 18 201
X Lateral (mm) Lateral (mm) Lateral (mm) !
(d)1o (e)™ (f) 1o ]
! interi 0.5+ !
1# After sinterin -1.5 PP .5

: 0.0 £ 2# After sintering " 34 After sintering :
g g g5 !
1 2 EY E 1
;220 T2 S-10 '

g & &
L2 8 = 1
L E-0 g0 215 !
I 340 Z s & 2.0 '
- - Zas ]
: =50 =40 E 30l :
60 L 45 Depthid.2 pm 35 Depth:2.1 un| |
1 Depth:5.8 pm = — w0 pth:2.1 1
0 - - - - 50 2 1
X 12 14 L6 18 20 12 14 1.6 18 2.0 12 14 s 18 20,
: Lateral (mm) Lateral (mm) Lateral (mm) 1

Figure 8. Two-dimensional abrasion marks of coatings with different WC-10Co-4C contents before
and after sintering ((a—c), samples before sintering; (d—f) samples after sintering).
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Figure 9. Change in average wear rate of each coating before and after sintering.

The underlying causes of these observations were analyzed based on the wear patterns
of the coatings with different WC-10Co-4Cr contents before and after sintering, as depicted
in Figure 10. It is apparent that the wear modes of the composite coatings predominantly
involve adhesive and oxidative wear, along with fatigue and abrasive wear. Before vacuum
remelting, the samples mainly exhibited fatigue and abrasive wear, which is attributed to
WC agglomeration and the presence of interconnected pores in the coatings. These factors
contribute to poor densification, causing WC particles to be crushed and dislodged during
frictional wear, thereby increasing the average wear rate of the coatings [38,39].

The vacuum remelting process led to a more uniform distribution of the coating
microstructure, improved densification, increased recrystallization, enhanced bonding
strength, and significantly improved the coating’s wear resistance. These findings are
consistent with the results reported by Rong Hu et al. [18] and are further corroborated
by the SEM and friction wear images observed in this study. Comparing Figure 10c
with Figure 10a,b reveals more rough pits in the latter two. This phenomenon is likely
due to the higher tungsten carbide content in the 1# and 2# coatings and the reduced
bonding of nickel to the tungsten carbide particles. Under higher cyclic rolling loads, the
tungsten carbide particles in the coatings are dislodged, acting as abrasive particles and



Coatings 2024, 14, 1148 10 of 15

exacerbating the wear [35,40]. The SEM images in Figure 11, showing the wear morphology
of coatings with different WC-10Co-4C contents before and after sintering, also support this
view. As seen in Figure 11a,b, the excessive WC content leads to a significant aggregation
of WC particles within the coating, which hinders the effective encapsulation by metal
elements. This results in the fracture and spalling of the WC particles, which can even act
as abrasive particles, further exacerbating the wear of the coating. However, this issue is
somewhat alleviated after vacuum remelting. The uniformity of the coating improves, and
the problem of WC particle aggregation is reduced. By comparing Figure 11cf, it is evident
that after vacuum remelting, the previously aggregated small WC particles are more evenly
distributed. Encased in the Ni-based alloy, the bonding strength is enhanced, reducing the
likelihood of detachment and better utilizing the wear resistance of WC.

Figure 10. Abrasion morphology of coatings with different WC-10Co-4C contents before and after
sintering ((a—c) are unsintered coatings, (d—f) are sintered coatings).

Figure 11. SEM images of wear morphology of coatings with different WC-10Co-4C contents before
and after sintering ((a—c) are unsintered coatings, (d—f) are sintered coatings).
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The coating wear mechanism was further analyzed through EDS. Figure 12 shows
the EDS results of the coating after vacuum remelting, which further confirms that the
spalling pits in the coating include cavities formed by the pull-out of fractured WC grains.
Additionally, due to the aggregation of WC particles, the encapsulation of elements such as
Ni, Co, and Cr around them decreases, leading to the formation of spalling pits. Frequent
carbide pull-outs were observed on the worn surface, which is a common material removal
mechanism in this type of coating [14,22,41].

Figure 12. EDS image of abrasion marks of 3# coating after vacuum remelting.

3.4. Scour Resistance Analysis

Figure 13 shows the weight loss during the scouring experiments before and after the
sintering of the coatings with different WC-10Co-4Cr contents. Figure 14 shows pictures of
the cut surfaces and coating cross-sections after the scouring experiments of the coatings
before and after sintering.

0.65
0.60 -
] »0:-074 0. 568
0.55 -
0 0.50
Z _ 0. 468
g 0.45—_
2]
E 0.40 -
Tgﬁ 0.35 .
§ 0.30 - o0- 298 _0. 287
0.25 -
0.20 1—=—HVAF
" | —e— After sintering 0-181
0.15 T - T - T
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Coating number

Figure 13. Weight loss of samples before and after sintering in washout experiments.
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Figure 14. Pictures of cut surfaces and cross-sections of coatings before and after sintering after
flushing experiments ((al,a2) are unsintered 1# samples; (b1,b2) are unsintered 2# samples; (c1,c2)
are unsintered 3# samples; (d1,d2) are sintered 1# samples; (e1,e2) are sintered 2# samples; (f1,£2) are

Coating peeling

sintered 3# samples).

Obviously, vacuum sintering reduced the scour weight loss to a great extent and
the scour weight loss of each coating after vacuum sintering was 60% lower than before
vacuum sintering, which shows that vacuum sintering can significantly improve the scour
resistance of coatings. Meanwhile, the weight loss of the coatings during scouring increases
with the increase in WC-10Co-4Cr content in the coatings, whether before or after sintering.
The weight loss of the scouring of the 3# coating after sintering is 37% lower than that of
the 1# coating and the 3# coating after sintering. The scour resistance of the 3# coating was
significantly better than that of the other coatings.

According to Figure 14, it can be found that the coatings before sintering have different
degrees of coating peeling and coating warpage on the coating cross-section and cutting
surface after the flushing test. The most significant coating peeling and warpage were
observed for coating 1#, while coating 3# showed the slightest peeling and warpage.
The sintered coatings did not show any coating peeling and warping after the flushing
experiment, which is consistent with the weight loss of the coatings before and after the
flushing experiment in Figure 13.

It is analyzed that vacuum sintering can effectively improve the scouring resistance
of the coatings, which may be the increase in the densification, hardness, and surface
flatness of the coatings in the process of sintering; at the same time, the matrix penetration
zone generated between the matrix and the coatings can effectively improve the bonding
between the coatings and the matrix. The strong scouring resistance of the 3# coatings is
due to the low content of WC in the 3# powders, and the fact that the Ni acts as a matrix and
a wettable phase, which can bring the WC particles in the coatings to be very well absorbed.
Ni, as the matrix and wetting phase, can disperse and encapsulate the WC particles in
the coating well and improve the densification of the coating. However, with the gradual
increase in WC content, the proportion of Ni-based auto-fusion alloy decreases, resulting
in an increase in the density of WC particles. The ability of Ni-based auto-fusion alloy to
disperse and wet the encapsulated WC is weakened, and WC agglomeration is obvious,
with a lower bonding force of the coating and lower scouring resistance.
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4. Conclusions

(1) Vacuum remelting significantly reduced large pores, cracks, and other coating defects,
while achieving metallurgical bonding with the substrate, resulting in a marked
increase in hardness within the substrate penetration zone. It also enhanced the
coatings’ wear resistance, reducing the average wear rate by 6% for coating 1# and
13% for coatings 2# and 3#. These improvements stem from vacuum sintering, which
promotes uniform tissue distribution, increased densification, and stronger bonding.

(2) The 1# coating exhibits higher hardness and wear resistance after HVAF spraying, pri-
marily due to its higher content of WC-10Co-4Cr. However, the increased WC content
leads to poorer encapsulation by the nickel-based alloys during vacuum sintering,
which in turn reduces the coating’s wear resistance compared to other coatings.

(3) While adding more WC increases the hardness, more is not always better. As WC
content increases, the proportion of nickel-based self-fluxing alloy decreases, leading
to a higher density of WC particles. This weakens the nickel-based alloy’s ability
to disperse and wet the WC particles, resulting in noticeable WC agglomeration.
Consequently, the coating’s bonding strength decreases, and its resistance to erosion
is compromised.

The Ni6035WC/Wc-10Cr-4Cr coatings developed in this study effectively enhance the
wear and erosion resistance of workpieces, making them highly suitable for applications
in waste incineration power generation, deep-sea drilling, and similar industries. These
coatings not only extend the service life of the workpieces but also improve operational effi-
ciency, which is of significant importance for conserving and efficiently utilizing resources.
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