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Laser cladding nickel-based alloy coating has dense microstructure and good bonding with base material,
but its wear resistance is difficult to meet the requirements of harsh environment. In order to enhance the
microhardness and wear resistance of nickel-based coatings, NbC (0.6 < d < 5 lm) was added directly to
Ni45 powder to prepare laser cladding nickel-based composite coatings. By studying the microstructure,
microhardness and wear resistance, it was found that the main phases in the coating were c-Ni solid solution
and precipitated phases such as Cr23C6, Cr7C3 and NbC. The addition of NbC inhibits the formation of
Cr23C6 and the total carbide content within the coating is reduced, which limited the further improvement
of the microhardness of the coating. Due to the refining effect of Nb, the dendrite arm spacing was reduced
up to 64.7% of the 1# coating, and the grain size was reduced to 60.0% of the 1# coating, and the coatings
demonstrate better wear resistance during frictional wear.

Keywords direct addition of NbC, laser cladding, microstructure,
nickel-based coating, wear resistance

1. Introduction

The application of high-strength steels in the manufacture of
automobile bodies has been an important way to achieve the
lightweight of automobiles, but it has also led to greater impact
loads on the molds, thus aggravating the wear of the mold (Ref
1-3). The worn mold can be repaired by laser cladding, additive
manufacturing, surfacing, spraying and other technologies,
which can reduce the replacement frequency of the mold (Ref
4-7). Among them, laser cladding, as a new surface strength-
ening and repair technology, has been widely used in equip-
ment repair of automobiles, mining machinery, aerospace and
other fields by its advantages of small heat-affected zone, rapid
solidification and low heat input (Ref 8-11). Laser cladding
nickel-based coating has a dense microstructure, high bonding
strength with the base material and excellent oxidation
resistance (Ref 12, 13). Nickel-based composite coating with
higher hardness and wear resistance is often prepared by adding
WC, TiC, NbC, B4C and other hard ceramic phases (Ref 14-
17).

The direct addition method is a method of preparing a
composite coating by adding ceramic powder directly into the
cladding powder. It has the advantages of simple and fast

operation (Ref 18, 19). NbC has high hardness, and its density
is 7.79 g/cm3, which is very close to the density of nickel-based
alloy. Uniformly distributed NbC phase with high hardness and
the refining effect of Nb element on microstructure contributed
to the enhancement of the wear resistance of coatings. Many
scholars have done a lot of research on this (Ref 20, 21). Li
et al. added micro–nano-NbC powder to the high-entropy alloy
powder, and it was observed under transmission electron
microscopy that nanoscale NbC partially dissolved and re-
precipitated in the laser cladding process (Ref 22). The nailing
effect of NbC on dislocation was observed under TEM, which
improved the mechanical properties of the material. Chen et al.
added NbC into the Fe-based powder, and the study showed
that the prepared composite coating had fine grains, NbC was
evenly distributed at the grain boundary, and the microhardness
and wear resistance of the coating were effectively boosted (Ref
23). Wang et al. added B4C and pure niobium powder to the Fe-
based powder to prepare the Fe-based composite coating. The
microstructure of the coating was significantly refined, the NbC
phase was detected in the coating, and the wear resistance of
the coatings were substantially increased (Ref 24). Cao et al.
prepared the Fe-based coating by adding NbC by mechanical
addition method (Ref 25). It was observed that NbC decom-
posed and re-precipitated during the laser cladding process. A
slight increase in the microhardness of the coatings was
observed, but the enhancement of the wear resistance was more
pronounced.

In our previous study, NbC was synthesized in situ using
FeNb65 and Cr3C2 to prepare nickel-based composite coatings
(Ref 26). The preparation process was complicated, and the
generated hard ceramic phase had large particles. Fluctuations
in friction coefficient and wear resistance were caused by the
exfoliation of the hard phase with large particles during
frictional wear. Therefore, the preparation of Ni45-NbC
composite coatings by direct addition method attracted our
attention. In this paper, from the perspective of preparing
coatings with stable wear resistance and enriching the hard
phase addition process, the effect of direct addition of different
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amounts of microscale and nanoscale particle size NbC on the
properties of nickel-based coatings was evaluated. The analysis
focuses on the microstructural characteristics, hardness and
wear properties of the coatings so that it can provide guidance
for engineering applications.

2. Materials and Methods

2.1 Materials

The substrate used in the test is Cr12MoV die steel
(12 mm 9 60 mm 9 100 mm), which is the most commonly
used die steel in the automotive manufacturing industry. Before
laser cladding, the rust on the substrate surface is removed by
polishing with an Angle grinder, and then, the surface dirt and
oil are removed by cleaning with ethanol. In this experiment,
Ni45, which has excellent wear resistance and low price, was
selected as the matrix material for the laser cladding experi-
ment. Nickel-based composite coating powders consist of Ni45
and NbC. Ni45 powder is a standard spherical powder with a
particle size of 45-105 lm, and the powder morphology is
shown in Fig. 1(a). The particle size distribution was counted
using image software, and the results are shown in Fig. 1(c),
with an average particle size of 71.82 lm. NbC powder is an

irregular powder with particle size ranging from 0.5 to 6 lm,
and the powder shape is shown in Fig. 1(b). The particle size
distribution was counted using image software, and the results
are shown in Fig. 1(d), with an average particle size of
1.89 lm. Both Ni45 and NbC were purchased from Beijing
Xingrongyuan Technology Co., Ltd. In order to study the effect
of NbC addition on the microstructure and wear resistance of
nickel-based alloy coating, the above two powders were evenly
mixed according to the designed content of Ni45-xNbC (x = 0,
5, 10, 15, 20, 25 wt.%) and then dried in a dryer at 75 �C for
2 h for reserve. The composition of the test substrate Cr12MoV
and Ni45 powder is shown in Table 1, and the coating number
and composition design are shown in Table 2.

2.2 Laser Cladding Parameters

In the test, the YLS-6000-S2 fiber laser made by IPG
Company was used, and the covering head of a six-axis linkage
robot made by ABB company was used to control the powder
in the way of coaxial powder feeding. The laser produces a
continuous laser with a wavelength of 1070 nm and a
maximum power of 6.0 kW. The optical system produces a
square spot with a size of 5 mm 9 5 mm on the surface of the
substrate. The coatings were prepared on the surface of
Cr12MoV, and 15L/min argon gas was applied to protect the
molten pool from oxidation during laser cladding. A single

Fig. 1 SEM images of laser cladding powder: (a) Ni45; (b) NbC; (c) particle size distribution of Ni45 powder; (d) particle size distribution of
NbC powder
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bead and six beads are cladding to the surface of the substrate,
and all coatings are cladding in three layers. The process
parameters of laser cladding are shown in Table 3.

2.3 Observation of Microstructure

The metallographic samples were cut from the single bead
coatings along the direction perpendicular to the coating, then
machined with 240 mesh, 500 mesh, 1200 mesh and 2000 mesh
SiC sandpaper on the polishing machine and then polished with
diamond polishing (W2.5) paste. After polishing the samples,
they were etched with aqua regia (HNO3: HCl = 1:3) for 15 s.
The polished samples used for electron backscatter diffraction
(EBSD) were finally vibro-polished with a 0.02 lm silica
suspension for 40 min, and the polishing load is 50%. The
microstructure and morphology of the coatings were observed
and analyzed by scanning electron microscopy (ZEISS Gemini
SEM 300), and the elements were observed by energy-
dispersive spectrometer (EDS). Grain size and residual stress
were evaluated by electron backscattering diffraction (EBSD
Zeiss, Germany). In addition, the area share of carbides and the
morphology of NbC were counted using image processing
software. Samples of 19 mm 9 12 mm 9 12 mm were cut on
the surface of coatings in the direction perpendicular to the
coating. After mechanical grinding with 240 mesh SiC
sandpaper, Cu-Ka radiation x-ray diffractometer (BRUKER
D8 Advance) was used to characterize the crystal structure of
the phase. Specific parameters were as follows: tube voltage
40 kV, tube current 40 mA, scanning speed 8�/min, scanning
range 20�-90� coupled continuous scanning and step length
0.02�.

2.4 Microhardness and Wear Resistance

The microhardness tester (MICRO-MET-5103) was used to
measure the microhardness of the sample. The specific
parameters were as follows: The test load was 1.96 N, the
dwell time was 10 s, 15 points were taken from different areas
of the coating surface, and the average value was taken as the
average microhardness of the coating surface after removing
the maximum and minimum values. The size of the wear
sample is 12 mm 9 12 mm 9 19 mm. High-speed ring fric-
tion and wear testing device (Jnstart MRH-3W) was used to
carry out the wear test. The grinding ring was GCr15 steel with
a hardness of 60 HRC and a speed of 200 r/min. According to
the working conditions of die steel in different production

environments, 98 N and 196 N were used for friction and wear
test of the samples for 2 h. Before and after the friction and
wear test, the samples were cleaned by ultrasonic wave with
alcohol and weighed by a balance with an accuracy of 0.1 mg.
The wear loss weight per unit time of the coating is the wear
rate, and the reciprocal of the wear rate is used to represent the
wear resistance of the coating. The morphology and roughness
of the worn surface were observed and analyzed by laser
confocal microscope (OLS40-CB) and scanning electron
microscope.

3. Results and Discussions

3.1 Microstructure Analysis

The macroscopic morphologies of laser cladding nickel-
based composite coatings are shown in Fig. 2, from which it
can be seen that the coating is well formed. Figure 3 shows the
morphology of the bottom of the coatings under the optical
microscope, and the grains are all dendritic. It could be seen
that with the increase in the NbC design content, there is a
refining effect on the grains. The dendrite arm spacing (DAS)
was measured using Image Pro software, and the test area is the
area selected by the red line in Fig. 3, and the test results are
summarized in Table 4. Figure 4 shows the metallographic
photo of the joint of the coating with the base material under
the SEM and the result of linear scanning element analysis at
the joint. The white hard phase can be seen evenly distributed
throughout the coating. The heat loss at the interface is mainly
through the heat conduction of the base material, and the crystal
growth direction is opposite to the heat dissipation direction.
Therefore, the coating structure near the interface is dendritic.
The element Ni is present in high amounts in the coating but
rarely in the substrate, and Cr is present in large amounts in the
substrate but rarely in the coating. As shown in Fig. 4, Ni and
Fe exhibit obvious element diffusion at the interface, indicating
that the coating is well combined with the base material (Ref
27-30).

Figure 5 shows the XRD diffraction pattern of laser clad
nickel-based alloy coatings with different NbC additions. By
comparing the standard diffraction cards and analyzing Jade
software, it can be seen that the three main diffraction peaks are

Table 1 Chemical composition of Ni45 powders and Cr12MoV steel (wt.%)

Fe Ni Cr B Si C Mn P V Mo S Cu

Ni45 5.30 Bal. 10.02 1.89 3.05 0.33 … … … … … …
Cr12MoV Bal. 0.11 12.30 … 0.27 1.45 0.21 0.02 0.27 0.55 0.01 0.13

Table 2 Coating number and chemical composition
design (wt.%)

No. 1# 2# 3# 4# 5# 6#

Ni45 100 95 90 85 80 75
NbC 0 5 10 15 20 25

Table 3 Summary of laser cladding parameters

Feature Description

Laser power, kw 2.0
Powder feed rate, g min�1 15
Travel speed, mm s�1 4
Laser shield gas flow, L min�1—argon 15
Overlap rate, % 35
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c-Ni and Cr23C6, and several lower diffraction peaks may
represent Cr7C3, Cr2B and NbC. This indicates that the
substrate of the coating is mainly composed of c-Ni solid
solution and precipitated phase formed by C, Cr and B. In the
five groups of coatings with NbC addition, the NbC diffraction
peaks in the diffraction pattern of 2# are not obvious, while the
other four groups of coatings have obvious NbC diffraction
peaks near 35�, 41� and 58�. With the increase in the addition
of NbC, the diffraction peaks of NbC in the diffraction pattern
is gradually enhanced, while the intensity of Cr23C6 and Cr7C3

diffraction peaks is gradually weakened. This is because Nb is a

Fig. 2 Macroscopic morphology of nickel-based composite coatings: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) 5#; (f) 6#

Fig. 3 Microscopic morphology of the bottom of the coatings under the optical microscope: (a) 1#; (b) 2#; (c) 3#; (d)4#; (e) 5#; (f) 6#

Table 4 Results of dendrite arm spacing measurements
of coatings

1# 2# 3# 4# 5# 6#

Total number of DAS 59 46 43 54 52 69
Total DAS, lm 300.2 225.1 192.1 281.9 218.6 225.7
Average DAS, lm 5.1 4.9 4.5 5.2 4.2 3.3
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strong carbide element compared with Cr and has a stronger
binding ability with C. Under the high-temperature action of
laser cladding, a large amount of element C in the molten pool
is burned (Ref 31), and NbC precipitation is preferentially
generated during the cooling process of the molten pool. When
the addition content of NbC increased to 15wt.%, the
diffraction peak of Cr7C3 could not be observed in the

diffraction pattern, indicating that the relative content of each
phase in the coating changed significantly with the increase in
the content of NbC. The study of Khvan et al. (Ref 32) on the
Fe-Cr-C ternary alloy system shows that the Gibbs free energy
of Cr23C6 is lower than Cr7C3 when the temperature is below
1773 K, so it is observed that the diffraction peak of Cr7C3

disappears before that of Cr23C6 in the coating diffraction

Fig. 4 Morphology of the interface of coating and Cr12MoV and the elemental distribution of the interface

Fig. 5 XRD patterns of laser clad nickel-based alloy coatings with different NbC additions
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pattern. The reaction equations to generate the corresponding
free energy changes of Cr7C3 and Cr23C6 are as follows (Ref
33):

7Cr þ 3C ! Cr7C3 ðEq 1Þ

DG0 KJ mol�1
� �

¼ �174:401
� 0:0259T 298 K<T < 2171 Kð Þ ðEq 2Þ

23Cr þ 6C ! Cr23C6 ðEq 3Þ

DG0 KJ mol�1
� �

¼ �309:616
� 0:0774T 298 K<T < 1773 Kð Þ ðEq 4Þ

In order to understand the distribution of microstructure of
the coatings, six sets of coatings were analyzed sequentially
using body microscope and SEM. Figure 6 shows the
macroscopic morphology of the coatings and the microstructure
of the three regions of the coatings: upper, middle and bottom.
As shown in Fig. 6(a)-(a3), the 1# coating is a continuous mesh
structure. Observing Fig. 6(b)-(f), it is not difficult to notice that
the mesh structure is fractured after the addition of NbC, and its
microstructure is more uniform. The refinement and homoge-
nization of the microstructure are most obvious when the NbC
content is increased to 20 wt.%.

As shown in Fig. 7, in order to understand the distribution of
NbC in the coatings, one region each in the upper, middle and
bottom of the coatings was selected to take backscattered
electron micrographs with a SEM. From the figure, it can be
seen that the distribution of phases in the top, middle and
bottom regions of the coating is similar, which proves that the
generated coatings are uniform and stabilized. Figure 7(a1)-(a3)
shows the microstructure and morphology of the three regions
of the 1# coating, and it can be seen that the main phases are the
matrix, the gray connected to the mesh structure and the
irregularly shaped black phase, respectively. Figure 7(b1)-(f3)
shows the microstructure and morphology of the selected areas
in the top, middle and bottom of the 2#-6# coatings,
respectively. It is noteworthy that the presence of bright white
NbC phase was hardly observed in the microstructure of 2#
coating. This may be due to the low incorporation of NbC and
its predominance as a powder with nanoscale particle size,
which was burned or not effectively introduced during the laser
cladding process. Uniformly distributed white NbC phases can
be seen in the backscattered images of the 3#-6# coatings, and
the particle size of the generated NbC shows an increasing
trend with the increase in the NbC design content.

To further evaluate the morphology of the generated
carbides, the bright white NbC phase and the gray carbide
phase in Fig. 7 were counted in terms of area share using Image
Pro software. As shown in Table 5, with the increase in the
design content of NbC, the area percentage of NbC in the
coatings increased from 0.62% in 2# coatings to 7.13% in 6#
coating, and the uniform distribution of NbC is favorable to
improve the wear resistance of the coatings. However, the area
share of the gray phase progressively decreases, and finally, the
total carbide share decreases from 42.52% in 1# coating to
35.53% in 6# coating, which limits the further improvement of
the microhardness of the coatings (Ref 32).

In addition, the morphology of NbC was characterized by
Roundness with the following equation (Ref 34):

Roundness ¼ L2= 4pSð Þ ðEq 5Þ

where L is the perimeter of the white NbC particles and S is
the area of the particles in the cross section. The bright white
NbC phase in Fig. 7 was used as samples for statistics, and the
results are shown in Fig. 8. It is found that with the increase in
the NbC addition, the volume of NbC in the coating is larger
and the complexity becomes higher. This is due to the fact that
with the increase in the NbC addition, the content of Nb and C
elements in the molten pool increases, which results in greater
structural complexity at the corners of the bulk crystals by
greater supercooling, obtaining a greater growth rate and
gradually growing petallike NbC with different morphologies.

The coatings were face-scanned using the energy spec-
troscopy probe supplied within the SEM in order to analyze the
elemental distribution. Figure 9 shows that elements such as Fe,
Cr and Nb are dissolved in the matrix to form c-Ni solid
solution. The gray phase is mainly composed of Cr and C
elements, and the major elements of the irregularly shaped
black phase are Cr and B. Combined with XRD, it can be
identified as Cr23C6 and Cr2B, respectively.

Table 4 and Fig. 6 show that the addition of NbC has a
refining effect on the grains in the coating. To further analyze
this result, EBSD analysis was performed on the coating of
samples #1 and #5. The results of EBSD analysis were
processed with the help of channel 5 software. Figure 10 shows
the statistical results of the average grain size of the 1# and 5#
coatings near the surface layer. The average size of the grains of
5# coating is about 0.6 times of that of 1# coating.

As shown in Fig. 11, the kernel average misorientation
(KAM) diagram is plotted using EBSD analysis software. The
KAM diagram reflects the degree of plastic deformation in the
selected region. The brighter the color, the higher the density of
geometric dislocations and the more concentrated the stresses
(Ref 35). It can be seen that the residual stress of the 5# coating
with NbC addition is substantially higher, and the stress
concentration near the carbide is more obvious. This is a
shortcoming of the mechanical addition method for preparing
composite coatings, where the cracking of the coating is more
pronounced due to the mismatch between the thermal expan-
sion coefficient and elastic modulus between the hard phase and
the substrate.

3.2 Microhardness Analysis

The microhardness of the coating surface is shown in
Fig. 12. The average microhardness of 1#, 2#, 3#, 4#, 5# and 6#
coatings is 504.1 HV0.2, 531.0 HV0.2, 537.6 HV0.2, 545.9
HV0.2, 561.6 HV0.2 and 534.9 HV0.2, respectively. After the
addition of NbC, the microhardness of the coating is slightly
increased, and the 5# coating has the highest microhardness,
which is 11.4% higher than that of the 1# coating, and about
2.13 times of the average microhardness of the substrate (266.7
HV0.2). NbC decomposes under the high temperature of the
melt pool and some of the carbon elements are burned off. The
added NbC content in the coating did not reach the design
composition, and the preferential generation of NbC during the
cooling of the melt pool reduces the precipitation phase of
Cr23C6 and Cr7C3, which have higher hardness in the coating,
so the improvement of the coating microhardness is not
obvious (Ref 36).
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3.3 Wear Resistance Analysis

The wear loss and wear resistance of the coatings after 2 h
wear under 98 N and 196 N load are shown in Fig. 13. As
shown in Fig. 13(a), after adding 15 wt.% and 25 wt.% NbC,
the wear loss of the coating is reduced to 5.5 mg, and the wear
resistance is the best, which is 1.66 times that of the 1# coating.
As a whole, the wear resistance of the coating increases with
the increase in the NbC content under 98 N load. Figure 13(b)

shows that after 2 h wear under 196 N load, the 1# coating
wears up to 78.7 mg. After adding NbC, the wear loss of the
coatings decreased significantly, which were 24.0, 22.0, 21.7,
16.9 and 20.2 mg, respectively. The reciprocal of wear rate was
used to represent the wear resistance of the coating, which
firstly increased and then decreased with the increase in the
NbC addition. The wear resistance of the 5# coating is the best,
reaching 7.10 min/mg, which is 4.66 times that of the 1#

Fig. 6 Macroscopic morphology and microstructure morphology of the coatings: (a-f) macroscopic morphology of 1#-6# coatings under the
body microscope; (a1-f3) microstructure pictures of the upper, middle and lower regions of 1#-6# coatings (SE)
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coating. The wear resistance of coatings under two loads is
slightly different. This is mainly due to the increase in the load,
the contact area between the grinding ring and the sample
increases, and the protrusions of the grinding ring are more
deeply embedded in the coating, causing more material surface
shedding. Therefore, the improvement of the wear resistance of
the 5# coating under higher loads may be due to the stronger
bond between the ceramic phase and the matrix (Ref 37). The

addition of NbC enhances the wear resistance of the coating
due to the fact that the addition of NbC promotes the
homogeneity of the coating microstructure and reduces the
size of the grains (Ref 38). However, as mentioned earlier, the
hardness of the coating decreased after the increase in the NbC
to 20 wt.% due to the burnout of the carbon element by the
high temperature of the melt pool. This limits the further
improvement of the wear resistance of the coating, and

Fig. 7 Macroscopic morphology and microstructure morphology of the coatings: (a-f) macroscopic morphology of 1#-6# coatings under the
body microscope; (a1-f3) microstructure pictures of the upper, middle and lower regions of 1#-6# coatings (BSE)
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therefore, the wear resistance of the 6# coating starts to
decrease (Ref 39).

The friction coefficient of the coating is the ratio of the
friction force of the coating subjected to the grinding ring to the
load in the vertical direction. The lower the coefficient of
friction, the better the wear resistance of the coatings. Figure 14
shows the time variation curve of the friction coefficient of each
coating under 196 N load. The initial sample and the grinding
ring are in the running-in period, and the friction coefficient
gradually decreases with time and enters the stable wear stage
after about 1000 s, and the friction coefficient fluctuates
periodically around a certain value. From the point of view
of average friction coefficient, the 1# coating has the highest
average friction coefficient (l1# = 0.434), and the coating has
the worst ability to reduce wear. After adding different content
of NbC, the friction coefficient of the coatings decreases to
different degrees, which are 0.138, 0.259, 0.256, 0.117 and
0.143, respectively. The average friction coefficient of the 5#
coating decreases most obviously, which is only 26.96% of the
1# coating. The effect of the addition of NbC on the friction

coefficient of the coating is generally consistent with that on the
wear resistance (Ref 40).

Figure 15(a)-(f), respectively, shows the three-dimensional
contour reconstruction of the 1#-6# coating worn surface under
laser confocal microscope and the section curve of the wear
surface. The wear sag of the 1# coating is deeper, and the depth
of the wear sag of the coating decreases dramatically when
NbC is added, and the section curve tends to be gentle.

Figure 16 shows the wear morphology of the coating surface
after friction and wear test of different components under
196 N load. Under scanning electron microscopy, different
amounts of debris and grooves of different depths can be
observed. As shown in Figs. 16(a) and 15(b), lamellar abrasive
debris stick to the worn surface. This is due to the fact that the
contact area between the grinding ring and the coating is
subjected to vertical pressure and plastic deformation under the
action of horizontal friction to form an adhesive contact. The
contact grows and is shear in the process of moving along the
horizontal direction, and finally, lamellar abrasive debris is
formed on the surface of the coating under the action of vertical
load. Therefore, the main wear mechanism of 1# and 2#
coatings is adhesive wear. By comparing the wear morpholo-
gies of the two coatings, it is not difficult to find that the size of
lamellar abrasive debris adhering to the surface of the 1#
coating is larger and the adhesive wear is more serious, which
indicates that 5wt.% NbC can also boost the wear resistance of
the nickel-based coating.

Figure 16(c), 15(d) and 15(e), respectively, shows the wear
morphologies of the 3#, 4# and 5# coatings. The evenly
distributed NbC phase in the coating supports and protects the
substrate during the wear process to avoid serious wear of

Table 5 Average area proportion of carbide in the SEM
picture of the coating in Fig. 7 (%)

1# 2# 3# 4# 5# 6#

NbC 0 0.62 3.85 4.57 6.96 7.13
Gray phase 42.52 40.48 34.49 32.63 27.86 27.40
Total 42.52 41.10 38.34 37.20 35.82 35.53

Fig. 8 Roundness distribution of NbC particles in coatings
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abrasive particles on the substrate. There are a certain amount
of debris and shallow grooves on the worn surface, so the wear
mechanism of these three coatings is adhesive wear and
abrasive wear. Moreover, it is not difficult to see that the
number of debris on the surface of 5# coating is less and the
average size is smaller. Figure 16(f) shows the worn surface of
the 6# coating. As with the 5# coating, there are fewer debris on

the surface of the component coating, but there are significant
grooves on the worn surface. This is due to the surface material
migration of the coating under the action of hard phase or
convex adhesion on the surface of the grinding ring. Therefore,
the main wear mechanism of 6# coating is abrasive wear. EDS
point analysis was performed on the selected debris in
Fig. 16(e), and the mass fraction and atomic percentage of

Fig. 9 Mapping scanning results of the coatings: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) 5#; (f) 6#

Fig. 10 Grain size statistics in the surface area of 1#(a) and 5#(b) laser clad coatings
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each element in the debris are shown in Table 6: The debris
were dominated by O and Fe elements, indicating that wear
occurred in the grinding ring during the test. Some materials
were transferred to the coating surface for serious oxidation
(Ref 41-43).

In order to further understand the distribution of elements on
the wear surface of coating, EDS was used to scan the 5# wear
surface. The mapping scanning results and the element mass
fraction and atomic percentage are shown in Fig. 17 and
Table 7. It can be seen that the main elements of the debris are
Fe and O, and the material of the grinding ring is transferred to
the surface of the coating in the process of friction and wear to

form the debris. Large amounts of Ni were detected in areas of
the coating that were not covered by debris. In addition,
uniformly distributed Cr and Nb were detected, which may be
from the hard ceramic phases NbC, Cr23C6 and Cr7C3.

4. Conclusions

Ni45/NbC laser cladding composite coatings were prepared
by direct addition method. The effect of NbC on the
microstructure evolution and wear resistance of the coatings

Fig. 11 KAM distribution of 1# (a) and 5# (b) laser cladding coatings

Fig. 12 Surface microhardness of coating
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was investigated by observing the microstructure and testing
the microhardness and wear resistance, and the following
conclusions could be drawn:

(1) The addition of micro- and nano-sized NbC has a cer-
tain effect on the enhancement of the coating microhard-
ness, and the microhardness of the coating of #5 is most

obviously enhanced, which is about 112.0% of that of
the specimen of 1# and about 2.13 times of the average
microhardness of the substrate (266.7 HV0.2). The NbC
powder with nanoscale particle size suffered from burn-
out during the laser cladding process, resulting in less
than expected NbC content generated within the coat-
ings. And due to the reduction in the Cr23C6 content,

Fig. 13 Wear loss and wear resistance of the coating under 98 N load (a) and 196 N load (b)

Fig. 14 Friction coefficient of the coating under 196 N load
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the total carbide content within the coating decreased
from 42.52 to 35.53%, which limited the further
improvement of the microhardness of the coatings.

(2) The microstructure of the coatings was refined due to
the refinement around Nb. The dendrite arm spacing
were all effectively reduced compared to 1# coating,
and the 6# coating showed the best refinement effect, re-
duced to 64.7%. EBSD analysis showed that the grain
size of 5# coating was reduced to 60% compared to 1#
coating.

(3) The 4# and 6# coatings showed the best wear resistance
at 98 N load, which were about 166.0% of that of the
1# coating. 5# coating showed the best wear resistance
at 196 N load, which was about 466.0% of that of the
1# coating. The favorable wear resistance depends on
the relatively high microhardness of the coatings and the
uniformly distributed hard phase, which avoids spalling
and fracture of the hard phase during frictional wear.

Fig. 15 Wear morphology of coating and cross-sectional curve of worn surface under laser confocal microscope: (a) 1#; (b) 2#; (c) 3#; (d) 4#;
(e) 5#; (f) 6#

Fig. 16 Wear morphologies of different coating surfaces: (a) 1#; (b) 2#; (c) 3#; (d) 4#; (e) 5#; (f) 6#

Table 6 Mass fraction and atomic percentage of each
element in the debris

Element B O Si Cr Fe Ni Nb

wt.% 2.62 28.56 0.41 2.04 55.56 9.35 1.46
at.% 7.46 54.90 0.45 1.21 30.60 4.90 0.48
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