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Abstract: In situ NbC-reinforced laser cladding Ni45 coatings have the advantages of high bond
strengths, low dilution rates, small heat-affected zones and good wear resistance and have broad
application prospects in the field of surface strengthening and repair of workpieces such as automotive
molds and engine turbines. Previous studies have mostly used pure niobium powder for in situ
synthesis to prepare Ni-based NbC coatings with a high production cost. In this paper, NbC was
successfully synthesized in situ in Ni45 powder using inexpensive FeNb65 and Cr3C2. The prepared
coating has a uniform microstructure and excellent wear resistance, and the reinforced phases are
mainly NbC and Cr23Cé6. Coating 4# with 25 wt.% FeNb65 + Cr3C2 has the highest microhardness of
776.3HV0.2, about 1.45 times that of the Ni45 coating, and its wear resistance is 36.36 min/mg, about
60.6 times that of the Crl2MoV steel base material and about 23.76 times that of the Ni45 coating.

Keywords: laser cladding; in situ NbC-reinforced nickel-based coating; microstructure; microhardness;
wear resistance

1. Introduction

Laser cladding has the advantages of a low dilution rate and a fast cooling rate [1-4].
It may be used to strengthen material surfaces or to repair the surface of damaged ma-
terials and has very broad application prospects [5-7]. Metal-based composite coatings
are high-quality coatings prepared by mixing self-soluble alloy powders with hard-phase
powders by laser cladding [8-10]. They have the advantages of high bond strengths, small
heat-affected zones, high microhardnesses, and good wear resistance. Nickel-based NbC
composite coatings are widely used in the surface strengthening and repair of automotive
molds, engine turbines, and combustion turbine blades due to their high microhardness
and good wear resistance [11-15].

According to the formation method of hard ceramic phases within the coatings, coating
preparation methods can be categorized into the direct addition method and the in situ
synthesis method. The direct addition method is convenient and fast, but the hard ceramic
phase is less compatible with the substrate. The in situ synthesis method is the main
method of coating preparation, as the hard ceramic phase is uniformly distributed and well
combined with the substrate. Several scholars have tried to add a NbC hard ceramic phase
to coatings by in situ synthesis. Initially, graphite and pure niobium powder were used to
synthesize NbC in situ [16,17]. However, due to the large difference in density between
graphite and metal powder, graphite tends to float on the surface of the mixed powder
when the powder is mixed, resulting in large differences in the organization of different
regions of the coating. In addition, graphite has a low ignition point and can be easily
burned during laser cladding, thus seriously affecting the stability of the composition in
the coating. To solve this problem, the teams of Chang Baohua at Tsinghua University and
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Tianbiao Yu at Northeastern University tried to replace graphite with B4C to provide a
sufficient amount of carbon for the formation of hard ceramic phases in the coatings [18,19].
Fu Hanguang’s team at Beijing University of Technology tried to replace graphite with
Cr3C2 in an in situ synthesis reaction [20]. While solving the problem of graphite burnout,
the added Cr elements can also form hard ceramic phases such as Cr23C6 and Cr7C3 to
further increase the microhardness of the coating. In previous studies of NiCrBSi-NbC
composite coatings, the Nb element was mostly provided in the coating by adding pure
niobium powder. However, due to the high price of pure niobium powder and its high
melting point of 2468 °C, it is not feasible to apply it in practical production. In this paper,
we try to use FeNb65 (melting point 1570-1650 °C), which is inexpensive and has a low
melting point, to replace pure niobium powder. A NiCrBSi-NbC coating with excellent
wear resistance and a low price was prepared by in situ synthesis of NbC with Cr3C2. The
microstructure and wear resistance were also tested and analyzed, expecting to provide
a reference for the application of in situ NbC-reinforced laser melting of nickel-based
composite coatings.

2. Experiment
2.1. Materials

The laser cladding experiment was carried out on Cr12MoV die steel with dimensions
of 12 mm x 60 mm x 100 mm. Before the test, the upper surface of the Cr12MoV steel
substrate was polished with an angle grinder to remove rust. Subsequently, cotton dipped
in acetone was used to wipe off the grease on the surface of the substrate as well as any
residual debris from the grinding process. The laser cladding material was Ni45 powder
produced by Beikuang New Material Technology Co., Ltd., Beijing, China., which is a
standard spherical powder in the particle size range of 45~105 um. The specific composition
of Cr12MoV steel and Ni45 powder is shown in Table 1. The materials used for the in
situ synthesis of NbC were 45~105 um FeNb65 and Cr3C2, both of which were purchased
from Xing Rongyuan Technology Co., Ltd., Beijing, China. The theoretical mass fraction
of Nb in FeNDb65 is 65 wt.%, and the actual mass share is 64.76 wt.%. The atomic ratio of
Cr to C in Cr3C2 is 3:2, and the mass fractions of Cr and C are 86.7% and 13.3%. The SEM
morphology photographs of FeNb65 and Cr3C2 are shown in Figure 1. Initially, FeNb65
and Cr3C2 were mixed according to a 1:1 molar ratio of Nb to C. Subsequently, a mixed
powder of FeNb65 and the Cr3C2 and Ni45 powder was placed into a ball mill and mixed
well according to different ratios. The prepared powders were put into a drying oven at a
constant temperature of 80 °C for 2 h and set aside. The coating number and composition
design are shown in Table 2.

Table 1. Composition of Cr12MoV and Ni45 (wt.%).

Ni Cr B Si Fe C Mn P \% Mo S Cu
Cr12MoV 0.12 12.30 - 0.27 Bal. 1.44 0.21 0.02 0.27 0.55 0.01 0.13
Ni45 Bal. 10.02 1.89 3.05 5.30 0.33 - - - - - -

Figure 1. Morphology of Cr3C2 (a) and FeNbé65 (b) powders selected for the in situ synthesis of NbC.
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Table 2. Coating numbers and composition (wt.%).

Ni45 FeNDb65 + CI‘3C2
1# 100 0
2# 85 15
3# 80 20
44 75 25

2.2. Laser Parameters

A YLS-6000-5S2 fiber laser made by IPG of Oxford, MA, USA. was used for the test,
with a maximum output power of 6000 W. The laser system generates a continuous laser
with a wavelength of 1070 nm and transmits it through the fiber to the cladding head,
where it acts on the substrate in a square spot of 5 mm x 5 mm. The melting head was
driven by a six-axis linkage robot from ABB. In addition, an intra-optical coaxial powder
feeder was connected to the cladding head to transport the powder. High-purity argon gas
(99.99% purity) at 15 L/min was fed into the laser cladding process to avoid oxidation of
the melt pool. A schematic diagram of laser cladding is shown in Figure 2. The process
parameters of laser cladding were as follows: laser power, 2100 w; powder feeding rate,

15 g/min; scanning speed, 4 mm/s; and lap rate, 32%.
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Figure 2. A diagram of the laser cladding experimental setup.

2.3. Microstructure Observation

Metallographic specimens were cut from a single coating in the direction perpendicular
to the coating and mechanically ground in a grinding and polishing machine with 240 mesh,
400 mesh, 1000 mesh, 1500 mesh, 2000 mesh and 3000 mesh SiC sandpaper in that order. It
was subsequently polished with a diamond polishing paste with a particle size of W2.5.
The finished specimens were etched with aqua regia (HNO3:HCI = 1:3) for 22 s. The
microstructure of the coatings was observed using a scanning electron microscope (ZEISS
Gemini SEM 300 in Germany) and elemental analysis was performed with an additional
energy spectrum probe (EDS). A 19 mm x 12 mm X 12 mm specimen was cut from the
coating, and the phase composition of the coating was analyzed using a Cu-K« radiation
X-ray diffractometer (BRUKER D8 Advance in Germany) after mechanical grinding with
240 and 400 mesh SiC sandpaper in turn. The specific parameters were as follows: tube
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voltage, 40 kV; tube current, 40 mA; scanning speed, 8°/min; scanning range, 20~90°
coupled continuous scanning; and step size, 0.02°.

2.4. Microhardness and Wear Resistance

To ensure the accuracy of the microhardness test, the specimens were mechanically
ground on a grinding and polishing machine with SiC sandpaper of 240, 400, 1000, 1500,
2000 and 3000 mesh in that order. The prepared specimens were measured using a mi-
crohardness tester (MICRO-MET-5103 in Germany) with an indenter load of 1.96 N and
a loading time of 10 s. Five locations were selected at 250 pum intervals starting from the
upper part of the coating and the average value was taken as the microhardness at that
location after removing the best value.

To ensure the testing accuracy of coating wear resistance, specimens of 19 mm x 12 mm X
12 mm were mechanically ground using 240 mesh and 400 mesh SiC sandpaper in turn.
The prepared specimens were subjected to a friction wear test using a high-speed ring block
friction wear tester (Jnstart MRH-3W in China). According to GB/T 3960-1983, the test load
was 196 N, the wear time was 2 h, the speed as 200 r/min, the hardness of the grinding
ring was 60 HRC and the material was GCr15 steel. The specimens were ultrasonically
cleaned with anhydrous ethanol before and after the frictional wear test, and the weight
was recorded by weighing them several times on a balance with an accuracy of 0.1 mg. The
wear weight loss of the specimens was determined and the wear resistance of the coating
was calculated. The surface morphology and roughness of the worn specimens were
observed with a laser confocal microscope (OLS40-CB in Japan) and a scanning electron
microscope.

3. Results and Discussion
3.1. Microstructure Analysis

The coatings with different compositions were analyzed by an X-ray diffractometer
and the results are shown in Figure 3. By comparing the standard diffraction cards and
using Jade 6 analysis software, it can be seen that the possible phases of coating 1# are y-Ni,
Cr23C6, Cr7C3 and CrB. Coatings 2#, 3# and 4# are probably y-Ni, Cr23C6, CrB and NbC.
With the increase in NbC content, the intensity of the three NbC diffraction peaks at 35°,
41° and 58° increases significantly. The results show that it is feasible to synthesize a NbC
hard ceramic phase using ferric niobium and Cr3C2 for nickel-based coatings.
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Figure 3. XRD patterns of nickel-based composite coatings with different compositions.
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The microstructure photos in Figure 4 show that a large number of bright white phases
are distributed inside coatings 2#, 3# and 4#, which is the typical morphology of the NbC
phase. This result confirms that the in situ synthesis reaction of Cr3C2 and FeNb65 to
generate NbC hard ceramic phases is feasible. Moreover, due to the similar density of NbC
and Ni matrices, there is no obvious concentration gradient in each phase in the coating and
NbC is uniformly distributed in the coating. In addition, the presence of long gray stripes,
black block phases and gray irregularly shaped phases in the coating can be observed in
the four sets of images.

Figure 4. Microstructures of the coating at low magnification under SEM: (a) 1#; (b) 2#; (c) 3#; (d) 4#.

To further analyze the morphology of the phases within the coating, the microstructure
morphology of the coating was observed at a higher magnification. The results are shown
in Figure 5. Coatings 2# and 3# have irregular polygonal blocks of the NbC hard ceramic
phase, while in coating 4#, the morphology of NbC is mostly regular quadrilateral and
cross shaped. This is caused by the difference in the Nb content in the melt pool. When the
amount of Nb in the melt pool is comparatively low, the nucleation and growth of NbC is
limited. As the NbC content increases, the octahedral structure of NbC grows along the
[100] direction, forming polygonal or cross-shaped structures with regular edges [9]. In
addition, long black phases cross-arranged in clusters were observed in coatings 2# and 3#.
In contrast, in specimen 4#, these black clustered phases disappeared and were replaced by
black block phases. The long gray stripe phase became thicker and its color was clearly
visible in BSE mode, presumably due to the solid solution of some elements of the cluster
phase within the long gray stripe phase. The composition of the various phases needs to be
further analyzed.

To further determine the types of each phase and the distribution of elements, the
mapping of coatings 2#, 3# and 4# was performed using EDS in combination with SEM. As
shown in Figures 6 and 7, the matrices of coatings 2# and 3# are mainly Ni as well as a solid
solution of Fe and Cr, which is known to be y-Ni solid solution from XRD analysis. This is
due to the rapid diffusion of Fe, Cr and Si from the melt pool into the high temperature
austenite phase and solid solution strengthening under the irradiation of the laser beam.
The main elements of the gray elongated phase are Cr and C, which are known as Cr23C6
from XRD analysis. The bright white bulk phase is mainly composed of Nb and C, which
can be identified as NbC in combination with XRD analysis. In addition, a B solid solution
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can also be seen in the NbC phase, forming a Nb(C, B) solid solution [21]. The main
elements of the black cluster-like phase are Cr and B. Combined with the XRD analysis,
it is identified as a CrB phase. As shown in Figure 8, the black cluster-like phase largely
disappeared in the coating 4#. It is presumed that with the increase in the amount of added
FeNDb65, a large number of Nb(C, B) hard ceramic phases are formed, which occupy the
majority of B. Therefore, with the increase in NbC content, the CrB phase in the coating
gradually disappears and the content of Cr23C6 gradually increases.

Figure 6. SEM—element distribution mapping of coating 2#.
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Figure 8. SEM—element distribution mapping of coating 4#.

3.2. Microhardness Analysis

Microhardness is an important indicator of the mechanical properties of coatings,
and the microhardness of the coating was tested at different depths along the direction
perpendicular to the coating. The microhardness of the four groups of coatings at differ-
ent depths and the average microhardness of the surface layer (3250 pm) are shown in
Figure 9a,b, respectively. As shown in Figure 9a, the microhardness curves of the coatings
show the same trend, with a relatively uniform microhardness in the superficial region.
The heat-affected zone has a higher microhardness than the substrate due to it experiencing
faster thermal cycling. As shown in Figure 9b, the microhardness of coating 1# is the lowest
at about 535.3 HV0.2. The microhardnesses of coatings 2#, 3# and 4# increase sequentially,
and the microhardness of coating 4# is the highest at 776.33 HV0.2, 45% higher compared
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to coating 1#. The enhancement of the coating hardness is mainly due to two reasons:
One is the in situ synthesis of NbC with a hardness up to 2458.2 HV through ferro-niobium
and Cr3C2, which effectively improves the microhardness of the coating. The second
is the formation of Cr23C6 in the coating by the excess addition of Cr3C2, which also
leads to a great improvement in the microhardness of the coating [22,23]. The relationship
between the microhardness of the coating and the wear resistance is generally positively
correlated, and the wear resistance of the coating can be effectively improved by enhancing
the microhardness of the coating.
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Figure 9. Microhardness of the coatings: (a) microhardness at different depths; (b) average microhardness.

3.3. Wear Resistance Analysis

To study the wear resistance of the coating, the specimens were analyzed for wear
resistance using a high-speed ring block friction wear tester. The wear loss and wear
resistance of the coating after 2 h at 196 N are shown in Figure 10a. The wear loss of
the base material Cr12MoV steel was as high as 201.5 mg, while the wear losses of the
remaining four groups of coatings were 78.8 mg, 10.8 mg, 4.8 mg and 3.3 mg, respectively.
The wear resistance of the coatings was characterized by the inverse of the average wear
weight loss per unit time, and the wear resistances of the substrate and the four groups of
coatings were 0.6 min/mg, 1.53 min/mg, 11.11 min/mg, 25 min/mg and 36.36 min/mg,
respectively. The wear resistance of the Ni45 coating 1# increased by 155% compared to
the substrate. The wear resistances of coatings 2#, 3# and 4# further improved due to the
generation of high-hardness NbC and Cr23C6 phases. Among them, coating 4# showed
the best wear resistance, which was increased by 606% compared to the base material.
Figure 10b illustrates the friction coefficients of the four coatings during frictional wear. The
friction coefficients of the coatings with the addition of a hard ceramic phase all decrease,
but the friction coefficient of coating #2 fluctuates more, which may be due to the exfoliation
of the hard phase with a larger particle size during the wear process. The improvement in
the surface wear resistance of Cr12MoV steel is more significant compared with previous
strengthening methods. Additionally, there are a wealth of very promising applications
due to the reduced economic cost of surface strengthening of the material [24-26].

In order to analyze the wear morphology of the coating, the wear surface of the
coating was observed using a laser confocal microscope. Three-dimensional images were
constructed according to the wear depth, and the wear morphology and wear parameters of
the coating surface are shown in Figure 11 and Table 3, respectively. Combining Figure 11
with Table 3, we can easily see that the width and depth of the wear marks and the
cross-sectional area of coating 1# are the highest among the four groups of coatings. As the
content of NbC increases, the width and depth of the abrasion marks and the cross-sectional
area decrease significantly. Compared with coating 1#, the width and depth of wear marks
and cross-sectional area of coating 4# decreased by 47.1%, 44.7% and 21.1%, respectively,
and the wear resistance of the coating improved remarkably.
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Figure 11. Three-dimensional diagram of the wear pattern on the surface of coatings (a) 1#; (b) 2#;
(c) 3#; (d) 4#.

Table 3. Width, depth and cross-sectional area of the wear profile of coating surfaces.

14 24 34 a4
Width (um) 6489.0 4033.1 3061.8 3059.3
Depth (um) 26.5 226 214 11.9

Area (um?) 86,122.0 45,636.6 32,808.3 18,129.1

Figure 12 shows the wear morphology under a scanning electron microscope after
frictional wear tests for the different compositions of coatings. From Figure 12a, it can be
seen that there are plow grooves, a large amount of debris and a compaction layer on the
surface of coating 1#, and the whole surface of the coating exhibits a wavy undulation.
This is primarily because the hard ceramic phase of the coating flakes off during the wear
of the coating and friction. During the relative movement of coating and grinding, ring
scratches of different depths are left on the surface of the coating. Subsequently, some of
the debris collects near the spalling pits and forms a compacted layer under a load of 196 N
and tangential friction. In addition, because the Ni45 coating is relatively soft, the hard
ceramic phase was more deeply pressed, forming wave-type undulations on the coating
surface. Taken together, the wear mechanism of coating 1#’s surface is severe abrasive wear
and intense adhesive wear. From Figure 12b, it can be seen that uniform plow grooves and
debris also exist on the wear surface of coating 2#. The presence of hard ceramic phases
can be observed in the grooves, and with the protection of these hard ceramic phases, the
coating avoids further wear. Figure 12¢,d shows that the wear mechanisms of coatings
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3# and 4# are similar, with the coating surface uniformly distributed with grooves and
a small amount of debris. It can be observed that more hard ceramic phases are formed
inside the coating, which enhances the hardness of the coating and reduces the depth of
the grooves. The wear mechanism of the coatings of these two samples is mainly abrasive
wear. The width of the grooves on the surface of the four groups of coatings was measured,
and the average widths were 26.0 pm, 18.0 um, 15.0 um and 14.5 pum, respectively. This
measurement confirms that the formation of a hard ceramic phase improves the wear
resistance of the coatings.
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o S C&mpaction‘ layef
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«—"Compaction layer 40 pm
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i
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T AT g ol B EGraone

Groove

Figure 12. Morphology of the worn surface of coating (a) 1#; (b) 2#; (c) 3#; (d) 4#.

The wear weight loss of coatings 1# and 2# is high, and the exfoliated hard ceramic
phase with the abraded debris is compacted under the extrusion of the grinding ring. It
has been speculated that these compacted layers have some protective effect on the coating,
thus improving the wear resistance of the coating [27-30]. To analyze the effect of these
compacted layers on the wear resistance of the coating, the friction wear test was adjusted.
The specific operation was to fix a ball of cotton in the inner cavity of the friction and
wear tester, so that it was in close contact with the grinding ring. Thus, abrasive debris
is removed from the surface of the grinding ring over time during the wear process to
avoid the formation of a compacted layer. Before and after the test, the specimens were
weighed using a balance with an accuracy of 0.1 mg, and the wear morphology of the
coating was observed by scanning electron microscopy. By measuring the wear weight
loss of the coating after modification of the high-speed ring block friction wear tester and
observing the wear morphology of the coating, the effect of the compacted layer on the
coating surface was studied. A schematic diagram of the modification of the experimental
setup is shown in Figure 13. The specimen was rerun on the modified machine for a wear
test with a test load of 196 N and a wear time of 2 h.

The wear morphology of the coating surface after the modification of the frictional
wear experimental machine is shown in Figure 14. It can be seen that the addition of cotton
on the grinding ring could effectively remove the debris on the surface of the coating, and
the depth of the grooves on each coating surface was significantly reduced.
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Figure 13. Schematic diagram of the adjusted friction and wear experimental setup.
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G e
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Figure 14. The wear morphology of the coating surface after adding cotton: (a) 1#; (b) 2#; (c) 3#; (d) 4#.

A comparison of the wear weight loss of the coatings before and after modification
of the high-speed friction and wear tester is shown in the Figure 15. For coatings #1 and
#2, which have a higher wear weight loss, the weight of wear increases. This is due to the
removal of abrasive debris from the grinding ring, reducing the area of the compacted layer
on the coating surface and thus reducing the protection of the coating surface. The decrease
in the wear weight loss for coatings 3# and 4#, where abrasive wear dominates, is due to
the removal of larger hard ceramic phase particles, which flake from the coating surface to
avoid more wear on the coating surface from large hard ceramic phase particles.
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Figure 15. Comparison of wear weight loss of coatings before and after modification of the friction
and wear tester.

4. Conclusions

In this study, laser-clad NbC-reinforced nickel-based composite coatings were suc-
cessfully prepared using a mixture of Ni45, FeNb65 and Cr3C, powders. The changes in
microstructure, microhardness and wear resistance of the coatings were investigated in
detail. The results show the significant potential of the coatings to be applied in the field of
surface strengthening and repair. The findings of the study are summarized as follows:

1.  NbC was synthesized in situ from FeNb65 and Cr3C2, and elements such as Fe,
Cr and Si diffused into the high temperature austenite phase to form a y-Ni solid
solution phase.

2. With the increase in NbC content, the microhardness of the coating increases. The
microhardness of coating 4# reached 776.3 HV0.2, a 45% increase in microhardness
compared to coating 1#. This is attributed to the uniform distribution of the NbC
phase and Crp3Cgy in the coating.

3. The wear resistance of the coatings increased significantly with the increase in NbC
content. Coating 4# with 25 wt.% FeNb65 + Cr3C, showed the best wear resistance
of 36.36 min/mg, an improvement of 606.0% in abrasion resistance compared to the
base material and 227.6% compared to coating 1#.

4. The compacted layer formed by abrasive extrusion protects the coating surface when
subjected to wear, reducing the wear of the coating.
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