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Abstract: The descaling roller is a significant component in steel rolling production. Under harsh
service conditions, the descaling roller is subjected to the dynamic impact caused by high-pressure
water erosion and a high-temperature billet descaling process for a long time. Under the harsh
conditions of high temperature, strong wear, multi-cycle heat, force, flow, and multi-field strong
coupling, the roller surface is prone to wear and corrosion failure, which affects the production cost
and efficiency. Through plasma surfacing technology, a high-performance coating can be applied on
the conventional metal surface to effectively improve its surface properties. It is important to carry
out experimental research on the surface plasma surfacing of the descaling roller to prolong product
life, improve product quality, and save cost. At present, the research on the 42CrMo scaler matrix
plasma surfacing of nickel-based alloys with different WC contents is still lacking. In this paper,
70%NiCrBSi+30%WC powder and 40%NiCrBSi+60%WC powder were used as surfacing materials;
plasma surfacing experiments were carried out on the 42CrMo matrix; and SEM, XRD, microhardness,
friction and wear, and corrosion tests were carried out on the surfacing layer to evaluate the feasibility
of preparing an ultra-high-hardness WC-particle-reinforced nickel-based alloy plasma surfacing
layer on the descaling roller surface and to explore the WC hard phase dissolution behavior and
complex secondary phase formation mechanism. The results show that y(Fe/Ni), Fe-Ni, FeSi, FesC,
and MyCj3 are the main phases in the Ni/WC plasma surfacing layer. The diffusion and precipitation
of elements occur in the molten pool, and complex secondary phases are formed in the surfacing
layer. Compared with the 70%NiCrBSi+30%WC surfacing layer, the WC deposition phenomenon of
the 40%NiCrBSi+60%WC surfacing layer has been significantly improved and has better hardness,
wear resistance, and corrosion resistance. Based on the welding test, the correlation law between
powder formulation, welding structure, and surfacing layer properties was revealed in this study,
which lays a theoretical foundation for the preparation of high-performance coating on the descaling
roller surface and has significant engineering application value and practical significance.

Keywords: descaling roller; plasma surfacing welding; nickel-based WC powder; material characteri-
zation experiment; WC dissolution and diffusion behavior

1. Introduction

The descaling roller is a key component in the field of iron and steel metallurgy. It
has been subjected to high-pressure water erosion and high-temperature billet dynamic
impact for a long time. Under the action of high temperature, strong wear, and multi-
cycle thermo-force-flow multi-field strong coupling, the surface is prone to wear and
corrosion. The continued use of the damaged descaling roller will affect the product
quality, and descaling roller replacement will require a variety of human, material, and
financial resources, which will seriously affect the cost and efficiency of the production [1,2].
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Through additive manufacturing, high-performance coatings are prepared on conventional
metal surfaces, which can effectively improve the surface properties. The preparation of
high-performance surface coatings can effectively repair and strengthen the part surface
properties and improve their cost performance [3]. Common surface processes include
laser cladding, supersonic spraying, and plasma surfacing [4,5]. Plasma surfacing has a
flat pass advantage, uniform structure, fewer defects, energy concentration, base metal
dilution rate, and small heat-affected zone [6], and its principle is shown in Figure 1. Plasma
surfacing is a welding method that uses a plasma arc as a heat source, fills metal alloy
powder or welding wire, forms a molten pool on the workpiece surface, and obtains a
good-performance surfacing layer after cooling.
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Figure 1. Schematic of plasma surfacing welding.

In engineering applications, Ni-Cr-B-Si alloy powder is often used for plasma surfac-
ing, and the surfacing layer has great wear resistance and corrosion resistance [7]. Sudha
et al. [8] used surfacing nickel-based wear-resistant alloy on a 304 L stainless steel surface
via plasma surfacing and found that the hardness was as high as 700 HV in the area richin a
large number of acicular structures in the chromium compounds. Kesavan et al. [9] studied
the high-temperature wear performance of the nickel-based surfacing layer and found that
the wear resistance increased with the increase in temperature, and the wear resistance of
the surfacing layer was the best at a temperature of 823 K. Sreevidya N et al. [10] analyzed
the effect of the dilution rate on the high-temperature and high-vacuum friction properties
of the stainless steel plasma transfer arc welding Ni-Cr-B-Si coating. The coatings with
different dilution rates were prepared via different welding currents. It was found that with
the increase in dilution rate, the microstructure changed from hypereutectic to eutectic, and
the distribution and content of borides and carbides changed. Kumar et al. [11] prepared a
Ni-based surfacing alloy coating on the surface of 316 LN stainless steel via the plasma transfer
arc welding process, analyzed the coating wear behavior, characterized its microstructure and
hardness, and concluded that adhesive wear was the main wear mechanism.

Many studies have shown that nickel-based alloy surfacing layer has great perfor-
mance. However, the practice has proved that the simple nickel-based alloy surfacing
welding cannot meet the requirements of wear resistance and corrosion resistance on the
descaling roller. Therefore, researchers have developed a composite reinforcement material
composed of a metal system with great ductility and a hard and brittle ceramic phase,
namely, a metal-based ceramic composite [12]. It uses metal materials with great heat



Coatings 2024, 14, 729

30f19

resistance and ductility to bond ceramics with high hardness and brittleness together and
uses a high-hardness ceramic phase to resist repeated friction and wear of parts during
the service process. Under the impact of external force, the metal with great ductility can
provide buffer space for plastic deformation in the hard phase of the ceramic and absorb
part of the energy, giving full play to the great plasticity in the metal alloy powder and the
high hardness of the ceramic phase so that the coating has both great toughness and high
hardness [13,14]. Metal-based ceramic composites are far superior to traditional metal alloy
coatings in terms of performance and are widely used in the surface repair and protection
of parts [15,16]. In engineering applications, the WC hard phase is usually added to nickel-
based alloys, which is because nickel-based alloys have great wettability to WC, and WC
itself has the advantages of high hardness, high melting point, and great weldability. A
WC hard-phase-reinforced nickel-based alloy surfacing layer has better performance than a
single nickel-based alloy surfacing layer, and many scholars have conducted a variety of
research on this subject.

Wei et al. [17] prepared a nickel-based composite coating with high WC content via
plasma transfer arc (PTA) surface-welding and optimized the welding parameters of Ni-
based WC composite coating via an orthogonal test. The results show that welding current,
powder feeding rate, and welding speed have significant effects on WC dissolution. The
optimal surfacing current, powder feeding rate, and welding speed are 100 A, 25 g/min,
and 40 mm/min, respectively. Wang W et al. [18] prepared an iron-based WC coating
on the Al6061 matrix and analyzed the effects of different sizes of WC (80 pum, 55 um,
and 3.5 um) on the microstructure and coating wear resistance. The results show that
the microhardness of the coating increases with the increase in WC particle size, and the
WC-Fe composite coating (55 um) shows the best wear resistance. Appiah A et al. [19] used
plasma surfacing welding to prepare Ni-based WC coatings with WC contents of 45% and
60%, respectively, on the structural steel surface. They found that the hard phase of the
coating is mainly WC and secondary carbides. The Cr content increase can improve the
wear resistance of the coating, and the wear resistance of the coating increases with the
increase in WC addition. Adamiak M et al. [20] prepared NiSiB+60%WC alloy powder on a
structural steel matrix through laser cladding (LC) and plasma powder transfer arc welding
(PPTAW). The results show that both methods lead to the precipitation of a secondary WC
phase during solidification, but the cladding layer of PPTAW shows a dendrite structure.
The microhardness of the cladding prepared via the two methods is similar, but the wear
resistance of PPTAW cladding is better than that of LC cladding. Both methods cause the
cladding layer and matrix to form metallurgical bonding, but the dilution rate of the LC
method is lower. Compared with the heat-affected zone of PPTAW coating, the HAZ of the
LC process is larger. Yi ] et al. [21] used plasma transfer arc welding (PTA) to prepare the
cladding layer with micro- and nano-sized WC. The effect of WC size on microstructure
evolution and wear performance was analyzed. The study shows that the nano-WC particle
coating exhibits more fine grains and nanoparticles.

The above research shows that the WC-hard-phase-reinforced nickel-based alloy
surfacing layer has excellent performance and wide application prospects. However, in
engineering practice, the surface plasma surfacing of Ni-based WC is often affected by
unreasonable powder composition selection and a mismatch of process parameters, and the
surfacing layer is prone to cracking and poor weldability. Therefore, it is important to carry
out experimental research on plasma surfacing of Ni-based alloy powder with different
WC contents on the descaling roller surface and explore its welding mechanism. At present,
the research on the 42CrMo scaler matrix plasma surfacing of nickel-based alloys with
different WC contents is still lacking; only basic research on the internal metallurgical
mechanism during welding has been undertaken. In this paper, 70%NiCrBSi+30%WC
powder and 40%NiCrBSi+60%WC powder were used as surfacing materials; plasma
surfacing experiments were carried out on 42CrMo matrix; and SEM, XRD, microhardness,
friction and wear, and corrosion tests were carried out on the surfacing layer to evaluate
the feasibility of preparing ultra-high-hardness WC-particle-reinforced nickel-based alloy
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plasma surfacing layer on the descaling roller surface and to explore the WC hard phase
dissolution behavior and complex secondary phase formation mechanism. Based on the
welding test, the correlation law between powder formulation, welding structure, and
surfacing layer properties was revealed in this study, which lays a theoretical foundation
for the preparation of high-performance coating on the descaling roller surface and has
significant engineering application value and practical significance.

2. Plasma Surfacing Welding Experiment
2.1. Experimental Materials
The experiment is based on the 42CrMo descaling roller of China Zhengfa Company

for plasma surfacing welding. The composition information and mechanical properties of
42CrMo are provided by the factory, as shown in Tables 1 and 2, respectively.

Table 1. Composition and content of 42CrMo (Wt%).

Element Ni Mo Cr Mn Si C P S Fe
Content (wt%) 0.04 0.21 0.98 0.77 0.15 0.37 0.03 0.04 Bal.

Table 2. Mechanical properties of 42CrMo.

Temperature/°C Young’s Modulus/Gpa Yield Strength/Mpa
20 210 930
100 205 895
200 185 850
300 175 780
400 165 700

The surfacing powder material was self-prepared 70%NiCrBSi+30%WC and
40%NiCrBSi+60%WC self-fusible nickel-based alloy composite powder. Among these,
the purity of NiCrBSi powder is 99%, and the purity of WC powder is 99.5%. Both are
produced by China Zhengfa Company. The elemental content of the nickel-based alloy
powder is shown in Table 3. The elemental content of WC powder is shown in Table 4. The
weight of the nickel-based alloy powder and the WC alloy powder required by the two
composite powders were accurately weighed by an electronic balance and then added into
the ball mill tank together with the weight, without adding the ball mill ball and without
adding anhydrous ethanol. An angle of 60 to 80° was set, and the substances were mixed
for 10 h at a speed of 300 rpm. Finally, a vacuum drying box was used to dry the mixed
powder, with a drying time of 10 h at a drying temperature of 65 °C.

Table 3. Nickel-based elemental composition.

Element C Si B Cr Fe Ni
Content(wt%) 0.3 3.3 1.7 8 2.3 Bal.

Table 4. WC elemental composition.

Element C W
Content (wt%) 6.0 Bal.

The microstructure and phase analysis of the mixed Ni-based WC powder were
investigated with a Sigma500 field emission scanning electron microscope (SEM), an Energy
Dispersive Spectroscopy (EDS), and an X-ray diffractometer (XRD). In this experiment,
the Sigma 500 scanning electron microscope produced by Carl Zeiss AG (Carl Zeiss AG,
Oberkochen, Germany) was used to observe the microstructure. During the experiment, the
acceleration voltage was set to 15 kV and the SE2 scanning probe was used with a scanning
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focal length range of 8~12 mm. EDS was performed with the XFlash 6 | 100 detector
of BRUKER, karlsruhe, Germany, to obtain the element distribution and composition
information of the sample. XRD equipment produced by PANalytical B.V (PANalytical B.V,
Almelo, Netherlands) in the Netherlands was used for an X-ray diffractometer experiment
to analyze the phase composition of the surfacing layer. The device uses K« as the ray
source, and the target material is Cu. In the process of the experiment, the scanning angle
was 20°~90° and the scanning time was 2 min.

The microscopic morphology and elemental distribution of 70%NiCrBSi+30%WC
powder are shown in Figure 2, and the microscopic morphology and elemental distribution
of 40%NiCrBSi+60%WC powder are shown in Figure 3. In the figure, the nickel-based alloy
powder is spherical, and the WC powder is irregular stone. The irregular WC particles in
70%NiCrBSi+30%WC were significantly fewer than those in 40%NiCrBSi+60%WC particles.
The WC particles are evenly distributed in the mixed powder, indicating that the mixing
effect in the preparation of nickel-based WC powder is better. The particle sizes of NiCrBSi
powder and WC powder were statistically analyzed via scanning electron microscopy
results and data processing software, and the results are shown in Figure 4. Among them,
the particle size of NiCrBSi powder is in the range of 30 um~170 pm, and the average
particle size is 79.6 pm. The particle size of WC powder is in the range of 65 um~235 pm,
and the average particle size is 139.38 pm. The XRD analysis results of the two alloy
powders are shown in Figure 5. WC, W,C, SiC, y-(Ni, Fe), CrSi, MnB,, and other elements
and their compounds were detected in the powders. The peak value of y-Ni was the
highest in 70%NiCrBSi+30%WC powder, while the peak value of W,C was the highest in
40%NiCrBSi+60%WC powder. It shows that the phase and peak intensity of the highest
peak have obviously changed due to the WC content difference.

100pm

Figure 2. SEM and EDS results of 70%NiCrBSi+30%WC powder: (a) 100x SEM results of
70%NiCrBSi+30%WC powder; (b) local magnification of 70%NiCrBSi+30%WC SEM,; (c—j) the EDS
element surface scan result of Ni, Cr, B, Si, C, W, Fe, and Mn, corresponding to view (b).
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100
L

Figure 3. SEM results and EDS results of 40%NiCrBSi+60%WC powder: (a) SEM results of
40%NiCrBSi+60%WC 100 times; (b) SEM local magnification of 40%NiCrBSi+60%WC powder;
(c—j) the EDS element surface scan results of Ni, Cr, B, Si, C, W, Fe, and Mn, corresponding to view (b).
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Figure 5. XRD results of alloy powder with different WC additions.
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2.2. Experimental Results of Plasma Surfacing Welding

In this study, a DH4-LC401-B12 plasma surfacing mechanism (Duomu Industrial Co.,
LTD, Shanghai, China) was used to prepare the surfacing layer. Before the welding, the matrix
surface was polished with sandpaper to remove burrs and rust on the surface. Then, the
experimental block was preheated, the holding furnace temperature was set at 400 °C, and the
holding time was 4 h. The plasma surfacing process has a significant effect on the properties of
the surfacing layer. Therefore, it is significant to select the best process parameters to improve
the performance of the plasma surfacing layer. After many plasma surfacing welding tests,
the optimal process parameters, as shown in Table 5, are finally determined.

Table 5. Process parameters of plasma surfacing welding machine.

Welding Parameter Values
Welding voltage/V 30
Welding current/A 140
Welding speed /(mm/s) 75
Shielding gas velocity /(L/min) 9~10
Powder feed speed/(g/min) 18~20

The experimental results of plasma surfacing welding are shown in Figure 6. After
surfacing, the experimental block was insulated for one hour and finally cooled to room
temperature. The purpose of preheating and holding before welding is to prevent large
stress differences after welding. After welding, the specimens were successively cut into
different test blocks along the surfacing layer via electrical spark wire cutting. A total of
eight experimental blocks were prepared by selecting characteristic positions. The number
of surfacing layer samples for each powder ratio is 4, respectively. The sections were
polished step by step with 200#~2000# sandpaper until there were no obvious scratches.
Finally, the test blocks were polished with w2.5 and w1.5 polishing agents combined with
P-1 polishing machine until the sections became a mirror. The samples to be observed were
corroded with aqua for 7~8 s and then immediately sprayed with anhydrous ethanol and
dried with a hair dryer. Finally, SEM, XRD, microhardness, friction, wear, and corrosion

tests were carried out.
" Nickel based WC
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Ll 1l 1 ll-lu,r.;
T, i i )l |
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Figure 6. Experimental results of plasma surfacing welding.
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3. Analysis of Experimental Results
3.1. Phase Analysis of Surfacing Layer

The phase composition of the surfacing layer has a significant effect on its microstruc-
ture and microstructure properties. In this experiment, X’PERT Powder equipment pro-
duced by the Panaco Company in the Netherlands was used for the X-ray diffractometer
experiment to analyze the phase composition of the surfacing layer. The device uses K as
the ray source, and the target material is Cu. During the experiment process, the scanning
angle was 20°~90° and the scanning time was 2 min. After the experiment is completed, the
results are imported into the data processing software to analyze and draw the diffraction
curve. Figure 7 shows the XRD test results of the 70%NiCrBSi+30%WC surfacing layer
and the 40%NiCrBSi+60%WC surfacing layer. The figure shows that the main phases of
the surfacing layer include y-(Fe/Ni), Fe-Ni, FeSi, Fe3C, M7C3, and other phases, while
W,C, WC, NiCrFe, and other phases are also characterized. The appearance of M;C3 and
W, C means that the diffusion and precipitation of elements occur in the weld pool. Among
them, the WC particles in the nickel-based WC alloy will dissolve at the edge under the
action of heat generated via plasma arc, and the dissolved W and C elements will diffuse
into the molten pool and combine with the Cr element in the molten pool to form Cr;Cs
and other phases. The generation of secondary phases will increase the hardness and wear
resistance of the surfacing layer, but a large number of secondary phases will increase the
possibility of cracking in the surfacing layer. Figure 7 shows that the phase composition of
the surfacing layer obtained by surfacing nickel-based alloys with different WC content
does not change, but the content of each phase is significantly different, and the peak value
of the WC phase of the 70%NiCrBSi+30%WC surfacing layer is smaller than that of the
40%NiCrBSi+60%WC surfacing layer. When the addition of WC increased from 30% to
60%, the diffraction intensity of the main diffraction peak was obviously changed due to
the increase in WC particles and secondary phases in the coating.
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Figure 7. XRD test results of 70%NiCrBSi+30%WC surfacing layer and 40%NiCrBSi+60%WC surfac-
ing layer.

3.2. Analysis of Microstructure Morphology

The content and distribution of WC hard phase in the surfacing layer have a significant
influence on the surfacing welding performance. Due to the different WC contents in the
plasma surfacing powder raw material, there are obvious differences in the microstructure
and hard phase in the surfacing layer. It is necessary to observe the microstructure of the
surfacing layer. The microstructure of the 70%NiCrBSi+30%WC surfacing layer is shown
in Figure 8. At the position near the fusion line, WC particles are significantly deposited
because the density of WC is much higher than that of the nickel-based alloy melt, the
melting point of WC is higher, and it will not be completely dissolved even under the
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condition of higher heat source energy input. Therefore, in the molten pool composed of
WC particles and melted nickel-based alloys, the dense WC particles tend to deposit to
the bottom of the molten pool and distribute in the bottom area near the fusion line after
solidification, resulting in almost no WC particles at the top of the surfacing layer. The
WC particle size at the top of the surfacing layer is smaller than that at the bottom because
the WC particles at the top are more affected by the heat of the plasma arc, and the WC
particles at the top dissolve at the edge under the high temperature of the plasma arc heat
source. Compared with the WC particles at the lower layer, the WC particles at the upper
layer experience more serious edge dissolution, and some WC with smaller particle size
completely melt and decompose. The dissolution of WC in the molten pool can be carried
out via Equations (1)—(3) [22,23]:

WC — [W] +[C], 1)
2[W] + [C] — WaC, @)
W,C — 2[W] + [C] 3)

(a) 23
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Figure 8. Microtopography of 70%NiCrBSi+30%WC surfacing layer section: (a) 800 times; (b) 200 times;
(c) 50 times; (d) 100 times.

There is a white bright band at the fusion line of the surfacing layer in Figure 8,
which is formed by the mutual diffusion of the molten matrix surface and the alloy liquid
phase of the surfacing layer, indicating that the surfacing layer and the matrix have a great
metallurgical combination.

The microstructure of the 40%NiCrBSi+60%WC surfacing layer is shown in Figure 9.
Compared with the 70%NiCrBSi+30%WC surfacing layer, the deposition of WC particles
has been significantly improved. The distribution of WC particles in the surfacing layer is
more uniform, no obvious deposition phenomenon occurs, and WC can be observed on the
top of the surfacing layer. WC deposition has improved because on the one hand, during
the surfacing welding of the 40%NiCrBSi+60%WC powder, the dissolution and diffusion
of the W and C elements in the molten pool have significantly increased, and the dissolved
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W and C elements enter the nickel-based alloy melt, increasing the melt density of the
molten pool, and at the edge of WC, the decomposed W and C elements form new eutectic
structures with other elements in the molten pool. These eutectic structures are dendritic
and grow radially around WC particles, and the surface of the WC particles becomes very
irregular, resulting in the slowing down of WC in the sinking process. On the other hand,
in other parts of the molten pool, some W and C elements are diffused into the molten pool
under the action of Marangoni flow, forming complex secondary carbides, such as the flake,
block, and fishbone, with other alloying elements in the molten pool, which are evenly
distributed in the molten pool and are significantly more numerous than the secondary
carbides formed by the surfacing welding 70%NiCrBSi+30%WC powder. The precipitation
and formation of secondary carbides are also among of the factors that hinder the sinking
movement of WC particles. Figure 9 shows that the porosity of the 40%NiCrBSi+60%WC
surfacing layer is more than that of the 70%NiCrBSi+30%WC surfacing layer. The reason
is that the presence of WC affects the solidification and contraction in the coating and
ultimately leads to the pore formations.
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Figure 9. Microstructure of 40%NiCrBSi+60%WC surfacing layer section: (a) 34 times; (b) 500 times;
(c) 200 times; (d) 800 times.

Figure 10 shows the results of energy spectrum surface scanning in the plasma surfac-
ing layer. As seen in Figure 10, under the action of high heat input of the plasma arc, the
edge of the WC particles with high melting point engages in a process of melting-solution—
diffusion—precipitation, and the W and C elements decomposed by the WC particles will
dissolve and diffuse into the liquid phase of the nickel-based alloy. Ni, Cr, B, Fe, and
other elements in the nickel-based alloy will be diffused from the liquid phase nickel-based
alloy to the WC particles. The C element is evenly distributed in the nickel-based alloy
and the WC particles, and the Cr element is evenly distributed, but the irregular carbides
precipitated around the WC particles are concentrated, and the W, Ni, and Fe elements
are also concentrated. Therefore, Cr-Fe-Ni-W and a small amount of C can be obtained
as the main elements of the new precipitated phase in the nickel-based alloy. Fe and Ni
elements are mainly distributed in the surfacing layer and form an Fe-Ni solid solution
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together. Different forms of tissue communities were also observed at different positions
of the alloy surfacing layer, all containing W element, which was formed for the reaction
between the decomposed WC and the elements in the matrix. Due to the different cooling
rates at different positions, the diffusion rates of each element were also different, resulting
in different contents of W element and other elements in each tissue.

100pm

Figure 10. Surface scanning results of the energy spectrum in the surfacing layer: (a) 100-fold SEM results
in the surfacing layer; (b) the element surface scanning results. (¢-i) in the corresponding figure (a) are the
EDS element surface scanning results of Ni, Cr, B, Si, C, W, and Fe of the corresponding view (b).

The microstructure of the WC core, WC edge secondary carbide, and nickel-based
alloy in the surfacing welding layer were analyzed via electron probe point scanning, and
the results are shown in Figure 11 and Table 6. The electron probe point 1 is the WC particle
core, which is mainly composed of W and C elements without other impurity elements.
This shows that the composition of the undissolved WC core does not change under the
action of the plasma arc heat source. The electron probe point 2 is a nickel-based alloy, and
the results are that the main component is an Fe-Ni solid solution with a small amount of
Cr, B, and Si elements in solid solution. The electron probe point 3 is a secondary carbide
that grows radioactive at the edge of the WC. The point scanning results show that its main
components are W, Ni, Fe, and B, and that it contains fewer C, Cr, and Si elements. The
analysis results show that there are three types of carbides in the WC hard phase reinforced
nickel-based composite surfacing layer. The first type is the undissolved WC particles
during surfacing, and the second type is the W and C elements dissolved at the edge of WC
particles combine with the elements in the nickel-based alloy to form a secondary carbide
at the edge of WC particles. The form of the carbide is different from the original WC. The
third type is carbides precipitated by solid solution W, Cr, Ni and other alloying elements
at a distance from WC particles.

During the plasma surfacing process, the dissolution behavior of the WC particles has
a crucial effect on the structure and properties of the surfacing layer, so it is significant to
study the dissolution mechanism of the WC particles. The analysis shows that there are two
dissolution mechanisms of the WC particles: one is partial dissolution at the edge of the WC
particles; the other is the complete dissolution of the WC particles, and secondary carbides
are precipitated again during the solidification process. The partial dissolution mechanism
of the WC particles is shown in Figure 12a. Under the action of high-temperature plasma
arc, the edges and corners of the irregular WC particles are greatly affected by the heat
source; then, a dissolved region is formed around the WC particles, and the W and C
elements generated by the dissolution and the elements in the Ni liquid are diffused with
each other, and a visible diffusion region is formed around the irregular WC particles.
During the molten pool solidification process, a large number of secondary carbides were
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precipitated around WC, and some of them were attached to WC particles. At this time, the
Ni-based WC surfacing layer was composed of a Ni-based matrix structure, original WC
particles, and precipitated secondary carbides. The mechanism of the complete dissolution
of the WC particles is shown in Figure 12b. The WC particles in the high heating power
area are completely dissolved, and they flow with the melt in the melt pool in the form of W
and C elements. Among them, part of the W and C elements reaggregate together, and after
solidification, they are re-synthesized into WC particles. Because the plasma arc surfacing
welding process is a non-equilibrium metallurgical process, it has the characteristics of
urgent heating and cooling, and the rest of the W and C elements solidify without time
to gather, forming secondary carbides. However, the melting point of the Ni-based alloy
solution is lower than that of WC, and it is still flowing in the melt state. At this time, the
Ni-based WC surfacing layer is composed of regenerated WC particles, secondary carbides,
and Ni-based matrix structures. The results show that the WC dissolution behavior has no
effect on the final structure composition of the surfacing layer, but the spatial distribution
of each structure in the surfacing layer significantly changes.
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Figure 11. Coating point scan results.
Table 6. Scanning results (atomic percentage) (at%).
Spot W C Ni Cr B Si Fe
1 94.88 5.12 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 36.49 1.37 12.13 2.61 47.40
3 22.17 4.24 31.83 1.87 7.06 1.99 30.84
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Figure 12. Schematic of WC particle dissolution behavior: (a) partial dissolution; (b) complete dissolution.

3.3. Microhardness Test

Adding WC as a hard phase to nickel-based alloy powder for plasma surfacing can
significantly improve the hardness of the surfacing layer, and the different amounts of WC
will have a significant impact on the microhardness. In this paper, a Q10M microhardness
tester produced by the QNESS Company in Austria was used to test the hardness of
the hard phase and the bonding phase in the matrix and surfacing layer, respectively.
Fifteen hardness points were randomly pressed on the 70%NiCrBSi+30%WC surfacing
layer and the 40%NiCrBSi+60%WC surfacing layer, in which the matrix, bonding phase,
and hard phase had five hardness points each. The load is 3 N, the loading time is 15 s,
and the indentation is diamond-shaped. After the hardness test, the hardness indentation
morphology was observed with a VHX-500F ultra-depth-of-field microscope produced by
the Japan Keenz Company (Keenz Company, Osaka, Japan). Figure 13 shows the statistical
diagram of the hardness measurement results. The results show that the hardness of the
42CrMo matrix is about 200 HV, and the hardness of the surfacing layer is obviously higher
than that of matrix. Among them, due to the uneven distribution of the newly generated
secondary carbides after the decomposition of the WC hard phase, the hardness value of
the bond phase fluctuates. In the 70%NiCrBSi+30%WC surfacing layer, the adhesive phase
hardness fluctuates up and down at 403.94 HV, while in the 40%NiCrBSi+60%WC surfacing
layer, the adhesive phase hardness fluctuates up and down at 485.76 HV. The results show
that during the surfacing process, the W and C elements generated by the dissolution of WC
edge will diffuse into the surfacing layer to form secondary carbides, and the appearance
of these phases can cause secondary phase strengthening and increase the hardness of the
surfacing layer. The SEM revealed that with the increase in WC particle content in the
surfacing powder, the secondary carbide content increases, which increases the hardness of
the bonding phase in the surfacing layer. Figure 13 shows that the hardness of the surfacing
layer is significantly higher than that of the matrix, and the hardness of the adhesive phase
alone has reached more than 2.5 times that of the matrix, and the hardness of the WC
hard phase is higher than 1400 HV. The practice shows that the hardness test is one of
the significant evaluation criteria for evaluating the quality of the surfacing layer. The
microhardness test shows that plasma surfacing nickel-based WC powder can effectively
improve the material surface hardness.
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Figure 13. Statistical diagram of hardness results: (a) microhardness statistics of the 70%NiCrBSi+30%WC
surfacing layer; (b) microhardness statistics of the 40%NiCrBSi+60%WC surfacing layer; (c) average
microhardness statistics of the 70%NiCrBSi+30%WC Surfacing layer; (d) statistical results of average
microhardness of the 40%NiCrBSi+60%WC surfacing layer.

3.4. Research on Friction and Wear Performance

The excellent wear performance of the surfacing layer on the descaling roller surface is
a significant index by which to evaluate its normal service in the high-load and high-wear
environment. Therefore, the friction and wear test of the surfacing layer was carried out.
The friction and wear testing machine produced by the China Huahui Company was used
in the experiment, and the instrument model was MS-T300. Because the addition of WC
hard phase particles leads to high wear resistance of the surfacing layer, to accurately test
the wear resistance in the surfacing layer, the grinding ball material is Si3zNy4, which has
high hardness, as well as has lubricity and wear resistance. In the experiment, the load
applied is 1000 g, the wear time is 50 min, the measuring radius is 3 mm, the rotating
speed is 300 r/min, and the friction coefficient curve is drawn. After the experiment,
the wear marks and the wear of the surfacing layer were observed via an ultra-depth
microscope. Under normal circumstances, the smaller the friction coefficient, the better
the lubricity of the grinding material under this wear condition. We selected four of the
eight experimental blocks prepared, among which there were two experimental blocks
with each powder ratio. Each experimental block was subjected to a friction and wear test,
and the experimental results with the best effect among each powder ratio experimental
block were selected for curve drawing. Figure 14 shows the change curve of the friction and
wear coefficient in the surfacing layer. At the beginning of friction, the friction coefficient
of the surfacing layer continues to increase because there is a certain amount of oxide on
the surface of the surfacing layer in the early friction stage, which has low hardness and a
low friction coefficient and belongs to the initial stage of friction (running-in stage). The
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friction coefficient in the middle and late period of the friction gradually becomes stable,
which belongs to the stable wear stage. Within 0~20 min, the friction coefficient of the
70%NiCrBSi+30%WC surfacing layer first increased and then decreased, and the maximum
friction coefficient was 0.31. After 20 min, the friction coefficient of the surfacing layer
tended to be stable. During the friction and wear test process, the average friction coefficient
was 0.25. Within 0~20 min, the friction coefficient of the 40%NiCrBSi+60%WC surfacing
layer gradually increased, and the maximum friction coefficient was 0.29. After 20 min, the
friction coefficient of the surfacing layer also tended to be stable, and the average friction
coefficient was 0.24. The experimental results show that the wear resistance of the 60%WC
surfacing layer is better than that of the 30%WC surfacing layer. The reason is that with
the increase in WC content, the number of WC particles in the surfacing layer increases
and gradually disperses, and the number of other carbides, borides, and other hard phases
in the surfacing layer also correspondingly increases, which improves the hardness of
the surfacing layer and also increases the wear resistance. Studies have shown that the
hardness of materials has a certain linear relationship with its wear resistance. The higher
the hardness of materials, the better the wear resistance [24]. The results of friction and
wear test in this study are consistent with the hardness results.
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Figure 14. Variation curve of friction coefficient in the surfacing layer.

The wear morphology of the surfacing layers with different WC contents is shown
in Figure 15. The abrasion marks are clearly visible under the ultra-depth field micro-
scope. Figure 15a,c show that when the WC content in powder is 30%, the surfacing layer
presents obvious wear marks. When the WC content increased to 60%, the abrasion marks
significantly narrowed. Due to the hardness and wear resistance of the nickel matrix in
the coating being much lower than that of the secondary carbide and the hard phase, the
surface nickel matrix is preferentially worn under the action of the grinding material; then,
the hard phase such, as the carbide on the surface and sub-surface of the surfacing layer,
is gradually exposed, playing the role of a wear-resistant skeleton to reduce the further
loss of the nickel matrix. Due to its high toughness, the nickel matrix structure plays a role
in supporting the WC particles, reducing the peeling of hard phases such as carbide, and
finally improving the wear resistance in the surfacing layer. Therefore, it can be concluded
that the wear resistance of the 70%NiCrBSi+30%WC surfacing layer is less than that of the
40%NiCrBSi+60%WC surfacing layer. Figure 15b,d show that a large area of flaky surfacing
layer falls off and forms wear marks. Under cyclic contact stress, the surfacing layer forms
pits due to the fatigue spalling of materials, resulting in surface shedding. The main wear
mechanism of the surfacing layer is surface fatigue wear.
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1200 un)

Figure 15. Wear morphology of plasma surfacing layer: (a) 70%NiCrBSi+30%WC surfacing layer
100-fold wear morphology; (b) 70%NiCrBSi+30%WC surfacing layer 200-fold wear morphology;
(c) 40%NiCrBSi+60%WC surfacing layer 100-fold wear morphology; (d) 40%NiCrBSi+60%WC surfac-
ing layer 200 times wear morphology.

3.5. Analysis of Electrochemical Corrosion Experimental Results

Electrochemical corrosion experiments were carried out on the surfacing layer with the
equipment of the Coster CS310M electrochemical workstation (Wuhan Koster Instrument
Co., LTD, Wuhan, China) at room temperature, with 3.5% NaCl solution as the corrosion
solution. The 3.5% NaCl solution was prepared using NaCl dissolved in deionized water,
and the NaCl was produced by the Shenyang Dongxing reagent factory (Shenyang Dongx-
ing reagent factory, Shenyang, China) (purity: 99.5%). The working electrode was the
test block, the reference electrode was saturated with calomel, and the auxiliary electrode
was platinum sheet. The initial scanning point was —0.2 V, and the scanning termination
potential was 1.2 V. The scanning speed is 0.16 mV /s. Before the test, the parts not involved
in the test are encapsulated and dried with epoxy resin, and only the surfacing layer under
test is exposed to the corrosion solution. To accurately evaluate the corrosion resistance
of the surfacing layer, 304 stainless steel with high corrosion resistance was selected for
comparative analysis. Figure 16 shows the polarization curves of 304 stainless steel with
the 70%NiCrBSi+30%WC surfacing layer and the 40%NiCrBSi+60%WC surfacing layer,
where the horizontal coordinate is the corrosion current (I) and the vertical coordinate is
the corrosion potential (E). To evaluate the degree of corrosion, self-corrosion potential
and self-corrosion current density were calculated via the Tafel extrapolation method to
characterize the degree of corrosion. The calculation results are shown in Table 7. Among
them, the self-corrosion current density of 304 stainless steel is 1.79 x 10710 A/em?, the
self-corrosion potential is —0.23 V, and the corrosion rate is 2.10 x 10~® mm/a. The criterion
of electrochemical kinetics is that the lower the self-corrosion current density, the slower
the corrosion rate [25,26]. The electrochemical thermodynamic criterion is that the more
positive the self-corrosion potential, the stronger the corrosion resistance [27,28].
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Figure 16. Polarization curves of 304 stainless steel with the 70%NiCrBSi+30%WC surfacing layer
and the 40%NiCrBSi+60%WC surfacing layer.

Table 7. Results of electrochemical experiments.

Self-Corrosion Current Self-Corrosion .
Number Density I/(Amps/cm?) Potential E/(Volts) Self-Corrosion Rate/(mm/a)
304 stainless steel 1.79 x 10710 -0.23 2.10 x 107°
70%NiCrBSi + 30%WC surfacing layer 451 x 1077 —0.24 5.29 x 1073
40%NiCrBSi + 60%WC surfacing layer 7.36 x 1077 —0.25 8.63 x 107°

Through the data comparison of the self-corrosion rate, the corrosion resistance can be
obviously compared. The self-corrosion rate of the 70%NiCrBi+30%WC surfacing layer is
5.29 x 1073 mm/a, and the self-corrosion rate of the 40%NiCrBi+60%WC surfacing layer is
8.63 x 107> mm/a. The corrosion resistance of the 70%NiCrBi+30%WC surfacing layer
is less than the corrosion resistance of the 40%NiCrBSi+60%WC surfacing layer, which is
because WC itself has great corrosion resistance, and its main component, tungsten, has
high chemical stability and can resist the erosion of many chemical media. A surfacing
layer with more WC added has better corrosion resistance. By comparison, it can also
be found that the corrosion resistance of the 40%NiCrBSi+60%WC surfacing layer is less
different from that of 304 stainless steel. For 304 stainless steel, the positive self-corrosion
potential indicates that it has great corrosion resistance, and the low self-corrosion current
density also reflects its slow corrosion rate under specific conditions, which is consistent
with the characteristics of 304 stainless steel as a corrosion-resistant material, verifying the
accuracy and reliability of the electrochemical corrosion experiment results.

4. Conclusions

In this paper, 70%NiCrBSi+30%WC powder and 40%NiCrBSi+60%WC powder were
used as surfacing materials; plasma surfacing experiments were carried out on 42CrMo
matrix; and SEM, XRD, microhardness, friction, and wear and corrosion tests were carried
out on the surfacing layer to evaluate the feasibility of preparing an ultra-high-hardness
WC-particle-reinforced nickel-based alloy plasma surfacing layer on the descaling roller
surface and to explore the WC hard phase dissolution behavior and complex secondary
phase formation mechanism. Based on welding tests, this study revealed the correlation
between the powder formula, welding structure, and surfacing layer properties. The main
conclusions are as follows:
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(1) The XRD results of the surfacing layer show that the Ni/WC plasma surfacing layer
mainly consists of y-(Fe/Ni), Fe-Ni, FeSi, Fe3C, MyC3 and other phases, while W;C,
WC, NiCrFe, and other phases are also characterized. The appearance of M;C3 and
W,C means that the diffusion and precipitation of elements occur in the weld pool.
The diffraction peaks of the surfacing layers with different WC contents are obviously
different, but the phase composition of the surfacing layer does not change.

(2) Compared with the 70%NiCrBSi+30%WC surfacing layer, the WC deposition phe-
nomenon of the 40%NiCrBSi+60%WC surfacing layer is significantly improved. Due to
the WC addition increase and the WC edge dissolution, more complex secondary phases
are generated and precipitated, and the surfacing layer has better hardness and wear
resistance. The main wear mechanism of the surfacing layer is surface fatigue wear.

(3) The dissolution mechanism of the WC particles is divided into partial dissolution and
complete dissolution. No matter the kind of dissolution mechanism, the Ni-based
WC surfacing layer is composed of WC particles, secondary carbides, and Ni-based
matrix. The results show that the WC dissolution behavior has no effect on the
final structure composition of the surfacing layer, but the spatial distribution of each
structure changes on the surfacing layer.

(4) There are three types of carbides in the WC hard phase reinforced nickel-based
composite surfacing layer. The first type is the undissolved WC particles during
surfacing, and the second type is the W and C elements dissolved at the edge of WC
particles combine with the elements in the nickel-based alloy to form a secondary
carbide at the edge of WC particles. The third type is carbides precipitated by solid
solution W, Cr, Ni and other alloying elements at a distance from WC particles.

(5) Electrochemical corrosion experiments show that the corrosion resistance of the
70%NiCrBSi+30%WC surfacing layer is less than that of the 40%NiCrBSi+60%WC
surfacing layer. Among them, the corrosion resistance of the 40%NiCrBSi+60%WC
surfacing layer makes little difference with 304 stainless steel.
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