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In order to solve the problems of low hardness and poor wear resistance of
titanium alloy, laser cladding technology was used to prepare NiCrBSi coat-
ings with different amounts of B4C on the surface of Ti-6Al-4V alloy. The
effects of B4C content on the microstructure evolution, hardness, fracture
toughness, and wear resistance of NiCrBSi coatings were investigated. The
results showed that with an increase of B4C addition, the size and number of
ceramic phases TiB2, TiC, and CrB in the coating increased, and the ceramic
phases were dispersed in the coating. The average microhardness of the
coating with 9 wt.% B4C addition was the highest, reaching 1250.3 HV0.2,
which is 15% higher than that of the coating without B4C addition. After
adding B4C, the fracture toughness of the coating increased. When the addi-
tion of B4C was 3 wt.%, the fracture toughness of the coating was the highest,
reaching 1.42 MPa m1/2, which is 178.4% higher than that of the coating
without B4C. With the increase of the addition of B4C, the wear loss of the
coating decreased and the wear resistance increased.

INTRODUCTION

Titanium alloy has many advantages, such as
high specific strength and good corrosion resistance,
so it is widely used in aerospace, biomedical, and
military fields. In practical use, titanium alloy has
some problems such as low hardness and poor wear
resistance, which limits its application in friction
and wear environments.1 Titanium has strong
adhesion and a high friction coefficient, and it is
easy to produce serious adhesive wear in use. This is
related to its electronic configuration, crystal struc-
ture, and lubrication properties.2 In order to solve
the above problems, many researchers have chan-
ged the surface properties of titanium alloy by using
thermal spraying technology,3 gas phase deposi-
tion,4 ion implantation,5 laser remelting,6 laser
cladding,7 and so on. Among them, laser cladding
uses laser irradiation to melt and rapidly solidify
materials with special properties and substrates to
form metallurgical bonds. Laser cladding has been

widely used in industrial production because of its
high uniformity, high deposition rate and low
matrix dilution.

The composite coating obtained by laser cladding
metal and ceramic particle reinforced phase on the
surface of titanium alloy has always been a research
hotspot. The metal or alloy in the composite coating
has good strength and toughness, and functions as a
region of transition and buffer. As the bonding
phase between the ceramic reinforcing phase and
the substrate, it effectively reduces the residual
stress and cracking tendency of the coating. The
ceramic phase plays the role of wear resistance and
high temperature resistance. In addition, the cera-
mic particles may participate in chemical reactions
in the process of laser cladding to form new phases
with required properties. Yang et al.8 prepared
three kinds of pure coatings, Co, Co-Ti3SiC2, and
Co-cu/Ti3SiC2, on the surface of Ti-6Al-4V by laser
cladding. The coatings produced high microhard-
ness (CoTi2/TiC) and good toughness (CoTi), and the
microhardness increased to 2.1–2.5 times that of the
substrate (370 HV0.5). Zhou et al.9 prepared Ni60-
TiC-WS2 mixed powder composite coating on
Ti6Al4V alloy by laser cladding. The experimental
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results showed that the microhardness of the com-
posite coating was higher than that of the substrate,
and the wear resistance and antifriction properties
of the composite coating were better than those of
the substrate at 20�C, 300�C, 600�C, and 800�C, due
to the synergistic effect of in-situ synthesized solid
lubricant and hard phase.

Nickel-based alloy is an alloy with excellent all-
round properties: high strength, excellent oxidation
resistance, and corrosion resistance. Li et al.10

studied the strengthening mechanism of spherical
WC and non-spherical WC reinforced Inconel 625
composite coatings by laser melt deposition. Partial
decomposition of WC occurs in the process of laser
deposition, in which the decomposition of non-
spherical WC was more serious, and the C and W
elements in WC were diffused into the IN625
matrix. The decomposition of WC and other ele-
ments in the coating formed new phases such as
WC, W2C, NbC, W6C2.54, M23C6, and so on. The
microhardness, wear resistance and corrosion resis-
tance of the matrix were improved. Xia et al.11 used
circular oscillating laser deposition of GH3536
nickel base superalloy, GH3536-16 wt.% coarse
WC, and GH3536-16 wt.% fine WC composites.
Compared with GH3536, the average microhard-
ness of the composite increased by 59.70% (coarse
WC) and 74.66% (fine WC), and the wear rate
decreased by 84.87% (coarse WC) and 89.17% (fine
WC), respectively.

TiB2 is a very hard (25–35 GPa) ceramic with a
high melting point (3225�C) and low density (4.52 g/
cm3).12 These excellent properties make TiB2 a
cutting-edge strengthening material to improve
the mechanical properties of metal matrix. TiC
has strong combining power and good stability, so it
is easy to grow in situ. Also, the Vickers hardness of
TiC is higher than 3000 HV and the melting point is
3160�C, which is beneficial in improving the wear
resistance of the coating.13 Therefore, TiC is often
used as a coating reinforcement. Bai et al.14 pre-
pared the composite coatings containing TiC and
Ti2Ni matrix on Ti-6Al-4V by laser cladding. The
composite coating consisted of Ni-based alloy and
different contents of B4C (0 wt.%, 5 wt.%, 15 wt.%,
and 25 wt.%). The coating was mainly composed of
matrix TiNi/Ti2Ni and reinforcing particles TiC/
TiB2. The average microhardness of the coating
increased with the increase of B4C content. The
addition of B4C (5 wt.% and 15 wt.%) reduced the
wear volume of the coating. Diao et al.15 prepared
TiC/TiB2 composite coating on the surface of TC2

titanium alloy by Ti/TiC/TiB2 powder laser cladding
technology. The cladding layer was composed of Ti,
TiC, and TiB2. After laser cladding, the maximum
hardness of the laser cladding surface layer reached
1100 HV, which is more than 3 times higher than
that of the TC2 substrate (300 HV).

Because of its strong Cr-B and zigzag B-B bonding
network, CrB has excellent mechanical properties
and Vickers hardness up to 2100–2200 HV.16 Com-
pared with carbide ceramics, boride ceramics have
stronger oxidation resistance at high temperature
and can work at 1400�C. In some studies,17,18 a high
hardness laser cladding layer was obtained on the
surface of titanium alloy by presetting nickel-based
powder and B4C powder, but the influence of
different composition powders on its mechanical
properties and composition phase was not explored.
In order to further improve the wear resistance of
NiCrBSi coating on titanium alloy, on the basis of
previous research,19 B4C powder was added to
NiCrBSi alloy powder which contained 30 wt.%
Cr3C2 to form TiB2, TiC, and CrB reinforcement
phase by in-situ reaction. The effect of different
amounts of B4C on the microstructure and proper-
ties of laser cladding NiCrBSi composite coating on
titanium alloy surface was investigated, and an
obvious improvement in wear resistance of laser
cladding B4C composite coating on titanium alloy
surface was expected.

EXPERIMENTAL

Materials and Laser Cladding Process

The base metal was annealed Ti-6Al-4V, and its
chemical composition is shown in Table I. An angle
grinder was used to smooth the surface, then it was
polished with 240 grit sandpaper and scrubbed with
alcohol and acetone. The coating material was
NiCrBSi alloy powder, its chemical composition is
shown in Table I, and the particle size range of the
powder was 75–105 lm. The metal powder was
expelled by coaxial powder feeding under the action
of argon flow. The amount of powder was adjusted to
15 g/min. The purity of the Cr3C2 and B4C powders
was 99.99%, and the particle size range was 75–
105 lm. B4C was added to the NiCrBSi powder with
30 wt.% Cr3C2 added (0 wt.%, 3 wt.%, 6 wt.%,
9 wt.%), respectively. The powder with the required
ratio was mixed in a ball mill for 1.5 h, then dried in
a drying box at 60�C for 2 h.

The laser cladding equipment used was an IPG
fiber laser (model: YLS-6000-S2), laser wavelength

Table I. Chemical composition of Ti-6Al-4V and NiCrBSi (Ni45) powders (wt.%)

Materials Al V Fe C N H O Ti

Ti-6Al-4V 6.1–5.9 4.2–3.9 0.30 0.10 0.05 0.015 0.20 Bal
Ni45 3.05 Si 1.89 B 5.28 0.33 10.01 Cr Ni: Bal
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1070 nm. A square spot with size 5 mm 9 5 mm
was output through the laser lens, and the laser
power was 2000 W. ABB’s six-axis linkage robot
was used to control the cladding head to carry out
the cladding tests according to a set program, and
the scanning speed was 5 mm/s. During the exper-
iment, high purity argon was used to protect the
molten pool from oxidation. The gas flow was set to
15 l/min. The sample number and composition
(mass fraction, %) of the composite coatings were
designated as follows: B0 (Ni45 + 30 Cr3C2 + 0
B4C), B1 (Ni45 + 30 Cr3C2 + 3 B4C), B2 (Ni45 + 30
Cr3C2 + 6 B4C), and B3 (Ni45 + 30 Cr3C2 + 9 B4C).

Microstructure Analysis

The samples were mechanically polished to 2000
grit and polished with a polishing cloth. Then the
samples were etched in a mixed solution of HF,
HNO3, and H2O at 1:3:7 for about 15 s. An optical
microscope (OM, OLYMPUS BX51M) and field
emission scanning electron microscope (SEM,
SUPRA55) were used to observe the macroscopic
morphology and microstructure of the coating, and
an energy dispersive spectrometer (Oxford) was
used to determine the element distribution and
phase composition. After ion thinning, the samples
were observed by transmission electron microscope
(TEM, JEM-2100F); bright field images and diffrac-
tion spots were obtained, and the phase was deter-
mined. Using a Bruker D8 diffractometer, the phase
structure at 40 kV and 40 mA was analyzed by XRD
using copper Ka radiation (radiation wavelength
1.54056 nm) as the x-ray source. In the range of 2h
(20–80�), the step-scanning mode (0.02�/step) was
used to scan the sample.

Mechanical Properties and Wear Test

The microhardness was tested by a digital micro-
hardness tester (MICROMET-5103, load 200 g,
residence time 10 s). In the direction of the cross
section of the cladding layer, the microhardness was
measured at different distances from the upper
surface of the coating, and three points were
measured and averaged at the same depth. Fracture
toughness refers to the ability of materials to resist
unstable crack propagation under certain loads. The
fracture toughness of the coatings was measured by
the Vickers indentation method to evaluate crack-
ing sensitivity. First of all, Vickers indentation was
done on the cross section of the coating under a load
of 5 kg for 15 s using an HVS-30ZC Vickers micro-
hardness tester. Then, the indentation and cracks
around the indentation were observed and mea-
sured under the optical microscope (OM) to obtain
the size of the indentation and the length of the
crack. A schematic diagram of an indentation with
cracks is shown in Fig. 1.

Fracture toughness was calculated by using the
Evans Wilshaw model.20 Laser cladding coating
containing a large number of ceramic reinforced

materials is hard and brittle, and the fracture
toughness of cladding coating 621,22 has been mea-
sured in many studies. The fracture toughness of
the coating is derived from the following formula:

KIC ¼ 0:079 P=a3=2
� �

log 4:5a=cð Þ ð1Þ

where KIC is the fracture toughness (MPa m1/2), P is
the applied load (N), a is half the diagonal length
(m) of the indentation, c is half the diagonal length
plus half the crack length (m). The value of a should
be between 0.6 and 4.5.

The wear test for the coating was carried out by
using a high-speed ring block friction and wear
tester (MRH-3w). The specific parameters were:
rotational speed 200 r/min, ring block made from
GCr15 steel, ring block hardness 60 HRC, test load
196 N, wear time 2 h. The weight of the sample was
found using an analytical balance with an accuracy
of 0.1 mg, and the wear data were the average of
three tests. The reciprocal of weight loss is used to
characterize the wear resistance of the coating.
After the wear experiment, the morphology of the
worn surface was observed and analyzed by scan-
ning electron microscope (SEM) and laser confocal
microscope (OLS40-CB).

RESULTS AND DISCUSSION

Microstructure and Phase Analysis

The surface of the cladding coating with different
amounts of B4C was polished and analyzed by XRD.
The diffraction peaks were calibrated according to
the results of the JCPDS card index of the Joint
Committee of Diffraction Standards. The coatings
were mainly composed of c-Ni, Ni3Ti, NiTi, TiB2,

TiC, CrB, and so on, as shown in Fig. 2. In the
process of laser cladding, the added Cr3C2 and B4C
undergo decomposition reactions (2) and (3) to
produce Cr, C, and B elements. Due to the dilution
effect of laser cladding, the Ti elements in the

Fig. 1. Schematic of crack formation by Vickers indentation.
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matrix were fully mixed with the cladding powder
under the action of Marangoni convection.23 Reac-
tions (3), (4), and (5) occurred.

Cr3C2 ! 3Cr þ 2C ð2Þ

B4C ! 4B þ C ð3Þ

Ti þ 2B ¼ TiB2 ð4Þ

Ti þ C ¼ TiC ð5Þ

Cr þ B ¼ CrB ð6Þ

It was calculated in reference24 that the Gibbs
free energy change of the above reaction Eqs. 2–6,
within a certain temperature range, was negative
and could occur spontaneously. It was also found
that the addition of B4C could enhance the intensity
of the CrB phase diffraction peak. In addition, the
intensities of the diffraction peaks of TiB2 and TiC
phases were also slightly enhanced.

The microstructure of the coating with B4C
addition was observed under a scanning electron
microscope. There were mainly medium-gray and
black bulk particles in the coating, and they showed
compound growth. In addition, there were long
strips of a light-gray hue. The size and number of
black bulk particles increased with the increase of
the mass fraction of B4C. At the same time, the
number of medium-gray particles grew, and were
dispersed in the coating. In addition, the light-gray
strips also grew in numbers after the addition of
B4C, as shown in Fig. 3b–d. The content of ceramic
reinforcement phase in Fig. 3 was calculated by
ImageJ software, as shown in Table II. With the
increase of B4C content, the TiB2 content increased
from 1.5 vol.% to 11.9 vol.%, the TiC content

increased from 10.3 vol.% to 20.7 vol.%, and the
CrB content increased from 6.4 vol.% to 18.7 vol.%.

The precipitates in the cross section of the B2
coating were analyzed by EDS surface scanning and
point scanning. The microstructure was mainly
composed of cellular dendritic precipitated phase
(A), black massive precipitated phase (B), strip
precipitated phase (C), light gray matrix (D) and
dark gray matrix (E), as shown in Fig. 4 and
Table III. The cellular dendritic phase (A) was
mainly composed of Ti, C and B elements, as shown
in Fig. 4a. Similar phases have been found in many
studies.14,25 Combined with the results of the spot
scan and XRD in Table III, it was inferred that the
cellular dendritic phase (A) was TiC, and some
boron elements existed in TiC in the form of solid
solution. The primary crystal of TiC is a regular
octahedral crystal composed of Ti and C atoms, and
a pyramid is formed because of its different growth
rate in the<100> direction. New bulges are pro-
duced under the action of the tip temperature
gradient, and continue to split and grow to form
dendrites.26 The massive precipitated phase (B)
mainly contains Ti element and B element, and it
is generally quadrilateral and hexagonal, and it was
inferred that it had a three-dimensional hexagonal
prism structure. TiB2 has a close-packed hexagonal
structure. Combined with the results of XRD, it was
inferred that the black bulk precipitate was TiB2.
Further observation showed that most of the cellu-
lar dendritic phase TiC and black massive particles
TiB2 grew with each other. Because the Gibbs free
energy of the reaction to form TiB2 is lower than
that of TiC, the bulk TiB2 precipitates preferen-
tially. At the same time, Ti and C elements were
enriched around it, and when the condition of TiC
nucleation was reached, TiB2 nucleation began and
increased by way of non-uniform nucleation. The
precipitate strips (C) are mainly rich in Cr and B
elements. It can be seen in Table III that the atomic
ratio of Cr element to B element is about 1:1.
Combined with the results of XRD scanning, the
strip precipitates (C) were judged to be CrB. The
light gray matrix (D) was also mainly composed of
Ti and Ni elements. The atomic ratio of Ti to Ni was
1:3, which was inferred to be Ni3Ti. The gray petal
phase (E) was mainly rich in Ni elements, and some
elements such as Al and Fe were dissolved in the
form of solid solution. Combined with XRD, it was
inferred that it was c-Ni.

The bright field phase and selected area diffrac-
tion picture of the cladding layer of the B3 sample
under the transmission electron microscope are
shown in Fig. 5. The long strip phase can be
observed in Fig. 5a, combined with the morphology
observed by SEM. It was found that it was similar to
the long strip rich in Cr and B elements under the
scanning electron microscope. Figure 5c shows the
selected area diffraction picture of the long strip
phase. The results showed that the interplanar
spacing of (200), (221) and (021) is 1.52, 1.29 and

Fig. 2. X-ray diffraction of cladding layers with different B4C content.
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2.44, respectively. The standard crystal plane spac-
ing of CrB in the control PDF card was 1.49, 1.26,
and 2.35, respectively. It was found that the data
gap between the two groups was small. The small
increase of crystal plane spacing might be due to
lattice distortion caused by the solid solution of a
small amount of Ti and Ni elements. Finally, it was
determined that the long strip phase rich in Cr and
B elements was CrB. A block phase with smooth
edges could be observed in Fig. 5a, and the selected
area diffraction picture of the block phase is shown
in Fig. 5d. The results showed that the spacing of
(200) and (220) crystal planes were 2.17 and 1.55,
respectively. The standard crystal plane spacing of
TiC in the control PDF card was 2.16, and 1.53,
respectively, so the crystal plane spacing was
slightly increased, which was presumed to be
caused by B element in the solid solution part. A
bulky phase in the form of regular polygons,

accompanied by dislocations, can be observed in
Fig. 5b. Compared with the EDS images under the
scanning electron microscope, it was found that it
was similar to the block rich in Ti and B elements.
Figure 5e shows the diffraction picture of its
selected area. The results showed that the spacing
of (002), (102), and (100) crystal planes were 1.59,
1.35, and 2.58, respectively. The standard crystal
plane spacings of TiB2 in the control PDF card were
1.61, 1.38, and 2.63, respectively. Combined with
EDS elemental analysis, this was determined to be
TiB2.

Microhardness Analysis

Figure 6 shows the microhardness distribution of
the coating from the substrate to the coating surface
with different amounts of B4C added (0 wt.%,
3 wt.%, 6 wt.%, 9 wt.%). The large fluctuations of
hardness might be due to the difference in hardness
between ceramic reinforced phase particles and
softer matrix phase. The average microhardness of
the cladding layer of the B0 sample without B4C
addition was 1031.8 HV0.2. With the increase of B4C
addition, the average microhardness of the coating
increased to 1087.1, 1203.6, and 1250.3 HV0.2,
respectively. The average hardness of the B3 sam-
ple with the highest average hardness was 15%
higher than that of the B0 sample without B4C
addition. The main reason was that the added B4C

Fig. 3. SEM images of cross sections of different B4C content coatings: (a) 0 wt.%; (b) 3 wt.%; (c) 6 wt.%; (d) 9 wt.%.

Table II. Content of ceramic reinforcement phase
in different B4C content coatings (vol.%)

Ceramic phase B0 B1 B2 B3

TiB2 1.5 2.0 8.1 11.9
TiC 10.3 12.5 17.4 20.7
CrB 6.4 17.1 18.3 18.7
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was decomposed into B and C atoms in the cladding
process. C atoms combined with Ti atoms in the
molten pool to synthesize more high-hardness rein-
forcing phase TiC, in situ. At the same time, Ti, Cr,
and B elements in the molten pool reacted to form
TiB2, CrB and other reinforcing phases. The
increase of the number and volume of these hard
phases improved the overall hardness of the
coating.

Fracture Toughness

The fracture toughness of the coating was deter-
mined by using the Vickers indentation method.
The indentation morphologies of different coatings
were observed under an optical microscope, and the
fracture toughness was measured by measuring the
crack length caused by the indentation machine.
The average fracture toughness of coating B0 was
0.51 MPa m1/2. The average fracture toughness of

Fig. 4. EDS scanning results of different elements in B2 cladding coating: (a) BSE image; (b) Ti; (c) Cr; (d) Ni; (e) C; (f) B.

Table III. EDS elemental analysis of different positions marked in Fig. 4a (at.%)

Marked locations Ti B C Cr Ni Al Si Fe

A 53.60 21.45 24.95 – – – – –
B 37.04 61.38 – 1.58 – – – –
C 3.05 39.26 1.82 43.15 6.34 1.67 1.09 3.61
D 18.33 – – 6.01 63.27 3.53 1.64 7.22
E 21.49 – – 5.13 51.67 11.85 5.68 4.17
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coatings B1, B2, and B3 after adding B4C were 1.58,
1.42, and 1.24 MPa.m1/2, respectively. The above
results showed that the fracture toughness of the
coating increased and the cracking sensitivity
decreased with the addition of B4C. However, with
the increase of B4C content, the fracture toughness
decreased gradually. The existence of ceramic mate-
rials in metals could hinder crack propagation, thus
achieving the effect of strengthening toughness.27

After the addition of B4C, more long CrB and other
ceramic phases were formed in the composite coat-
ing, which might contribute to crack tip passivation,
crack deflection, and bridging.28 However, the
increase in the amount of B4C added also increased
the size and number of ceramic particles in the
coating. The larger the size and number of ceramic
particles, the greater the brittleness of the cera-
mic.29 In addition, due to the difference of thermal
expansion coefficient between ceramic phase and

Fig. 5. The TEM of sample B3: (a–b) morphology of CrB, TiC and TiB2; (c–e) selected diffraction lattice of CrB, TiC, and TiB2 ceramic particles.

Fig. 6. Microhardness distribution curves of coatings with different
B4C additions.
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matrix phase, the increase of reinforcement phase
also led to stress concentration and increased the
probability of defects in the composite coating. The

increase of reinforcement phase led to the decrease
of TiNi with simple cubic structure and c-Ni phase
with good plasticity and toughness in the composite
coating, which showed as a decrease of toughness of
the composite coating.

Wear Resistance

Figure 7 shows the wear weight loss of the
coating under a 196-N load with different B4C
addition (0 wt.%, 3 wt.%, 6 wt.%, 9 wt.%). The wear
loss of the coating decreased and the wear resis-
tance of the coating increased with the increase of
B4C addition. When the addition of B4C was 9 wt.%,
the wear weight loss of the coating was the lowest,
which was 1.6 mg, and the wear resistance was the
best. The wear resistance of the cladding layer was
33.3% higher than that of the cladding layer
without B4C addition.

In order to further evaluate and analyze the wear
resistance of the coating, the samples were observedFig. 7. EffectofB4Cadditiononwear lossandwear resistanceof coating.

Fig. 8. Worn surface morphology of coating under laser confocal microscope: (a) B0; (b) B1; (c) B2; (d) B3.
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under laser confocal microscope. Figure 8 shows the
3D contour reconstruction of the worn surface. The
color contrast in the picture represents the depth
difference. It can be seen that, with the addition of
B4C, the blue parts in the images decreased and the
wear depth became shallower. In addition, there
were a large number of zigzag peaks and valleys on
the worn surface; these furrows showed obvious
abrasive wear. With the increase of ceramic rein-
forcement phase in the coating, in addition to the
increase in hardness, the protruding ceramic phase
also reduced the contact area between the friction
pair and the substrate, and reduced the extent of
furrows on the worn surface.

Figure 9 shows the worn surface morphology of
the coating under a 196-N load. The main wear
failure modes of the cladding layer were adhesive
wear and abrasive wear. As shown in Fig. 9a, the
coating without B4C had furrows and a small
amount of debris. The formation of the furrows
was mainly due to the existence of hard carbides in
the friction ring. Due to the small contact area
under the action of pressure, the surface of the

coating was cut during sliding. At the same time,
some of the hard particles in the coating continued
to cut the friction surface, resulting in a lot of
furrows. Indentations due to adhesive wear can also
be observed in Fig. 9b. In the process of friction, the
surface of the coating was in contact with the
grinding ring, and the temperature increased due to
the accumulation of friction heat at the interface.
Some contact parts might have welded with each
other and, as the sliding progressed, the contact
points disconnected and were transferred to the
surface of the grinding ring. Cracks and lamellar
structures caused by surface fatigue due to repeated
loading can be clearly seen in Fig. 9c and d, which
show the compaction layer produced by repeated
compaction of wear debris under the action of
friction heat and pressure. The EDS analysis of
the dimension points in the diagram showed that
there were O and Fe elements in the wear debris.
The results showed that the grinding ring material
was transferred to the surface of the coating
through adhesive wear, accompanied by oxidation
wear. The wear debris and compaction layer of the

Fig. 9. Wear morphology of coating under 196-N load: (a) B0; (b) B1; (c) B2; (d) B3.
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coating increased after the addition of B4C, mainly
due to the increase of ceramic reinforcements such
as TiB2, TiC, and CrB in the coating. After the
softer matrix phase in the coating was worn, the
ceramic phase was prominent, especially the CrB
ceramic phase with long strips and a large aspect
ratio, which was not easy to peel off, and which
hindered the formation of furrows. Debris frag-
ments also accumulated in the spaces between hard
protruding particles and were compacted in the
process of repeated friction to form a compacted
layer, as shown in Fig. 9d. It was found that the
compacted layer was also concentrated near the
ceramic phase. These compacted layers played a
protective role and helped to reduce the wear of the
coating. Periodically, the ceramic phase broke
under the wear load and, at the same time, the
compacted layer became worn and the coating was
exposed; then the wear process continued. The
existence of reinforcing phase in the cladding layer
improved the hardness of the cladding layer and
increased the compression yield limit, which led to
an improvement of adhesive wear resistance of the
coating. With the increase of B4C addition, the
microhardness increased from 1152.9 HV to 1265.1
HV0.2, and the fracture toughness decreased from
1.58 MPa m1/2 to 1.24 MPa m1/2. High hardness
improved resistance to micro-cutting. Low fracture
toughness increased the occurrence of brittle
debonding. Overall, wear resistance was enhanced
under these different actions.

CONCLUSION

(1) In the laser cladding composite coatings with
different B4C content, the main phases were c-
Ni, Ni3Ti, NiTi, TiB2, TiC, and CrB. With the
increase of B4C addition, the strip-like CrB
phase in the coating increased obviously.

(2) With the increase of B4C addition, the average
microhardness of the coating increased grad-
ually. The average hardness of the B3 sample
was 15% higher than that of the B0 sample
without B4C addition.

(3) The average fracture toughness of the coating
B0 was only 0.51 MPa m1/2. With the addition
of B4C, the fracture toughness of the compos-
ite coating was significantly improved and
increased to 1.24–1.58 MPa m1/2.

(4) With the increase of B4C addition, the wear
weight loss of the composite coating decreased
and the wear resistance increased. When the
addition of B4C was 9 wt.%, the wear resis-
tance of the cladding layer was 33.3% higher
than that of the cladding layer without B4C
addition.
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