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A B S T R A C T

Nano-Ni encapsulated h-BN/Ni-based alloy (Ni60) self-lubricating composite coatings on a medium carbon steel
were fabricated by laser cladding using two types of lasers: a 5 kW continuous wave (CW) CO2 laser and a 400 W
pulsed Nd:YAG laser, respectively. A high-energy ball milling method was adopted to clad nano-Ni onto nano-h-
BN with an aim to enhance the compatibility between the h-BN and the metal matrix during laser cladding
processing. The microstructure, phase structure and wear properties of the self-lubricating composite coatings
were investigated by means of scanning electron microscopy (SEM) and X-ray diffraction (XRD), as well as dry
sliding wear testing. The research indicated that laser cladding of the self-lubricating composite coatings de-
monstrates sound cladding layers free of cracks and porosities. It was found that a reaction between h-BN and Ni-
based alloy occurred, which generated hard phase CrB and Ni3B leading to the increasing of the microhardness of
the coatings by CO2 laser cladding, while laser molten pool suppressed h-BN floating up to upper regions of
coating for lower temperature and rapid solidification by YAG laser cladding. The high energy ball milling of
nano-Ni onto nano-h-BN significantly improved the interfacial compatibility between h-BN and Ni60 matrix. The
friction coefficient of the laser-clad Ni60/nano-Ni encapsulated h-BN coating was reduced obviously.

1. Introduction

Metal matrix lubricating composites combining both good wear
resistance/toughness of metal matrix and excellent lubricating char-
acteristic of lubricants, exhibit excellent tribological characteristics and
good suitability to different atmospheric, chemical, electric and ther-
mometric environments [1–3]. Cu-, Ag-, Ni-based alloys composites are
extensively used in friction devices of various machines and mechan-
isms because of good heat conductivity, wear resistance, and stable
chemical properties. Solid lubricants, such as graphite, metal sulfides
(WS2, MoS2, MnS), hexagonal BN, CaF2 etc., can be added into Cu (Ag,
Ni) matrix for improving wear resistance [4–9].

Hexagonal boron nitride (h-BN) has a lamellar crystalline structure
which is similar to those of graphite and molybdenum disulfide (MoS2).
This kind of structural properties of h-BN could be easily sheared along
the basal plane of the h-BN and used as solid lubricant additives. Metal
matrix h-BN lubricant composites are generally utilized in a form of
coating or film instead of bulk composite because friction/wear always
takes place on work piece surfaces. It has been used in different anti-
wear applications. Several surface coating techniques such as thermal

spraying [10–13], electroless plating [14,15], and laser cladding
[16–19] have been reported for producing metal matrix h-BN compo-
site coatings. I. Ozdemir et al. reported that FeB/h-BN coatings [11] and
Al-12Si/TiB2/h-BN composite [12] were deposited onto an aluminum
substrate by atmospheric DC plasma spraying to improve its tribological
properties. O.A. Leon et al. [14,15] reported that Ni-P-BN(h) coatings
with thickness ranging from 7 μm to 20 μm were coated onto a AISI
316L stainless steel by electroless plating in a thermostatically con-
trolled bath, and the composite Ni-P-BN(h) coating with an optimum
BN(h) volumetric percentage of approximately 35% exhibits the best
friction coefficient. Shitang Zhang et al. [16] prepared Ni/hBN coating
on 1Cr18Ni9Ti stainless steel substrate by means of laser cladding on a
10 kW transverse flow continuous-wave CO2 laser processing system. In
our previous work [19], Co-based alloy/TiC/CaF2 self-lubricating
composite coatings were successfully prepared on a Cr-Zr-Cu alloy for
continuous casting mold by Nd:YAG laser cladding. In general, various
surface modification techniques can be employed to produce composite
coatings, among which laser cladding is very effective and offers dis-
tinct advantages such as lower porosity, improved microstructure and
strong metallurgical bonding.
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It has been already widely accepted that developing lubricating
additives with high efficiency and without pollution by using nano-
particles as lubricating additives is a new way. Unfortunately, very few
data are currently available on the self-lubricating properties of laser
cladding composite coatings containing nanoparticles h-BN. The
synthesis of nickel based h-BN composite lubrication coatings was in-
vestigated with different laser cladding processes in this paper, and a
novel method was developed for improving the material compatibility
between the metal matrix and h-BN by encapsulating h-BN with nano-
Ni, and controlling the reaction of nano-h-BN with other elements. And
the effects of laser cladding process on composite coating morphology
and properties were discussed.

2. Experimental procedure

A medium carbon steel with a composition of Fe-0.45C-0.3Si-0.6Mn
(wt%) was adopted as the substrate for laser cladding treatment, the
surface of which was ground to a surface finish of Ra 0.8 μm, then
rinsed with ethanol followed by acetone before laser cladding. Coating
materials used in the experiment were the mixture of nano-Ni/h-BN and
Ni60 self-fluxing powders, as tabulated in Table 1.

Two types of powder mixtures were prepared for laser cladding
treatment. The first types of Ni60 with nano-h-BN mixtures were
blended by a low energy ball milling manner to ensure a uniform dis-
persion of the metal powder and the lubricant. Considering the physi-
cochemical characteristics of the nano-sized lubricant h-BN, i.e., high
specific surface of the nano-sized h-BN, poor wetting property of the h-
BN by metal melt because of their totally different chemical structures
and much lower density (2.27 g·cm−3) in comparison with that of the
metal matrix (about 8.9 g·cm−3), the light h-BN particles easily float up
to the top of the laser-clad coating, which results in a hard synthesis of
nano-sized h-BN into the metal matrix coating during fast laser cladding
process. Consequently, the nano-sized h-BN particles were clad with
nano-Ni powder by high energy milling at a high mass ratio of ball to
power 20:1 for 3 h to enhance the interfacial compatibility between h-
BN and Ni60 matrix. Therefore, the second type of power mixtures was
blended with nano-Ni-clad nano-h-BN and Ni60 alloy by low energy
ball milling. Different powder mixtures for laser cladding treatment are
listed in Table 2.

To fabricate Ni-based alloy self-lubricating composite coatings,
0.7 mm-thick powder mixture coatings were preplaced onto the sub-
strate by an organic binder and then oven-dried before laser cladding.
Laser cladding experiments were carried out by 400 W Nd:YAG laser
and 5 kW continuous-wave CO2 laser, respectively. The YAG laser was
operated at an average power level of 370 W while pulse width, fre-
quency, scanning velocity and laser beam diameter were fixed at

0.5 ms, 60 Hz, 120 mm s−1 and 3 mm respectively. The average power
of CO2 laser cladding process for different components was fixed at
1800 W and 2100 W, respectively. And scanning velocity was
200 mm s−1. Large cladding surface was achieved by multi-track
treatment at an overlapping ratio of 30%. Laser beam was defocused
into a diameter of 6 mm.

The cross sections of laser-clad samples (polished to 3 μm) were
characterized by scanning electron microscopy (SEM) incorporating
energy dispersive X-ray analysis (EDX). The corresponding component
phases of coatings were determined using X-ray diffraction with Cu-Ka
radiation. Microhardness at the cross-section of the coatings was mea-
sured with Vicker microhardness testing machine (Buchler-III) under
100 g load and 10 s dwell time.

Friction coefficients of coatings were evaluated using a pin-on-ring
friction tester (MMS-1G). The ring with a dimension of
Ø400 mm × 30 mm was hardened ball bearing steel AISI E52100 with
a hardness of HRC 60–62. The pin specimens with a dimension of
10 mm (long) × 5 mm (wide) × 20 mm (high) were fixed in a holder
of the test rig. The friction coefficient of the cladding layer was eval-
uated by using sliding speed 2 m·s−1 at a constant normal load 20 N
under dry friction/wear condition. The friction coefficient μ was cal-
culated using the expression:

=μ T RP (1)

where T is the friction moment, R the radius of the ring, and P the
normal load acted on pin specimens.

3. Results and discussion

3.1. Microstructure of laser-clad coatings

The cross-section SEM photographs of laser-clad Ni-based alloy/
nano-Ni encapsulated h-BN self-lubricating composite coatings are
displayed in Fig. 1. On the basis of scale in the SEM photographs, the
thickness of the coatings can be estimated. The thickness of the coatings
by Nd:YAG laser cladding and CO2 laser cladding was about 0.4 mm
and 0.55 mm, respectively. The defect-free coatings were prepared by
laser cladding using two types of lasers: a 5 kW CW CO2 laser and a
400 W pulsed Nd:YAG laser.

Fig. 2 shows the typical microstructures at three different regions of
the Nd:YAG laser-clad coatings, i.e., the upper region, the intermediate
region and the bottom region. For Mixture No.1 component, many
white and grey particles were distributed in the Ni-based alloy solid
solution matrix, and with more near to the top surface of coating, larger
grey particles were generated, but fine white particles mainly existed in
the bottom regions. The compositions of both larger grey particles and
fine white particles (see Fig. 1(a)) analyzed by EDX indicate that the
larger grey particles and the white grains are B-rich and C-rich alloys,
respectively. The component phases of the laser-clad coatings were
identified by X-ray diffraction analysis, the main phases were nickel
based solution γ-(Ni, Fe) with a face centered cubic (fcc) structure, and
some complicated compounds, such as CrB, Ni3B, or even possibly
Cr7C3, and almost no h-BN phase was detected in the coating, as shown
in Fig. 3. It could be interesting to note that there existed obvious dif-
ferences in the cross-sectional microstructures of the coatings along the
depth direction. It is because part of h-BN was floating on the top
surface of the coating after laser cladding, owing to its softness and
smaller density, leaving behind a lot of irregular pores near the top
surface and rapid directional solidification microstructure was formed
perpendicular to the interface showing columnar cellular/dendrite
structures [18].

Fig. 4 shows the typical microstructures at three different regions of
the CO2 laser cladding coatings. Many dendritic structures were found
in the intermediate and bottom regions, and nearly no dendrites at the
top region of coating. For Ni60-5 wt% h-BN coating, dendrites in the
bottom region grew perpendicularly to the interface between coating

Table 1
Characteristics of the as-received powders for laser cladding.

Powder type Composition (wt%) Powder size (μm) Melting point (°C)

Ni60 Ni-16Cr-4B-4Si-0.7C 35–60 960–1040
Nano-h-BN Purity 98.5% ~0.1 –
Nano-Ni Purity 99.99% 0.01–0.04 –

Table 2
Mixtures of powders used for laser cladding treatment.

Mixture No. Components (wt%)

Ni60 h-BN Nano-sized Ni

1 95 5.0 –
2 90 10.0 –
3 87.5 5.0 7.5
4 75.0 10.0 15.0
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and substrate, and these dendrites grew up to coarse structure in the
intermediate region. In addition, a few white particles were imbedded
in the intergranular regions, which were restricted to be coarse pre-
cipitates. With the increasing of h-BN content, intermetallic compound
of borides further grew into dendrite crystals, and some secondary
dendrites formed vertically along the primary dendrite arms, as shown
in Fig. 4(f). Which maybe attribute to higher laser energy, laser molten
pool maintained at a higher temperature, more fine grains nucleated on
primary dendrites, and gradually grew up into secondary dendrites.
Besides, fine white intermetallics could be found on the top of coating,
but no dendrites in this region. The findings are in line with the results
of researches by Niu [17] and Yan [18].

Fig. 5 shows the microstructure of Ni-based nano-Ni encapsulated h-
BN coating with YAG laser cladding process. In which some micron-
sized grey particles and nano/submicron sized white particles are dis-
tributed on the Ni-based alloy dendrite. The micron-sized grey particles
are Cr7C3 because of its much rich Cr content while the nano/sub-
micron sized white particles are nano-Ni encapsulated h-BN or inter-
metallic compound of borides because of its much rich B and nickel
content revealed by SEM and EDX analysis (listed in Table 3).

For the laser-clad Ni60-BN coatings (seen in Fig. 3), the main phase

(a) (b)

50µm 100µm

Fig. 1. Cross-section morphology of laser-clad Ni-based
alloy/nano-Ni encapsulated h-BN self-lubricating compo-
site coatings: (a) Nd:YAG laser-clad and (b) CO2 laser-clad.

5µm 5µm

5µm

Fig. 2. Typical microstructure at different re-
gions of the Nd:YAG laser-clad Ni60-5 wt% hBN
coating: (a) upper region, (b) intermediate re-
gion, (c) bottom region.

Fig. 3. XRD spectra of Ni60-hBN coatings with different laser cladding processing.
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for all laser-clad coatings is Ni-based solid solution with a fcc structure
and no h-BN diffraction peaks are found in the XRD spectra. While
apparent h-BN diffraction peaks are observed for the laser-clad Ni60-
hBN coatings at both BN content of 5 wt% and 10 wt%(seen in Fig. 6).
This supports that nano-sized h-BN can be effectively added into the
laser-clad coatings after high-energy ball milling of nano-sized Ni onto
h-BN surface.

3.2. Microhardness and tribological behaviors

Fig. 7 shows the microhardness of Ni-based h-BN composite coating.
From the top surface of coatings to interface between coating/substrate,
the hardness of coatings presented a descending tendency, and reached
the minimum values in the heat affected zones, which conformed to the
distributions of phases in coatings. For h-BN and nano-nickel are soft
materials in coatings, the hardness of Ni60-10wt%BN (nano-Ni-en-
capsulated) coating was lower than that of others, but the decreasing

trend of which was smooth. This indicated that h-BN particles were
prevented from floating up to the upper regions of coating when en-
capsulated with nano-nickel. On the opposition, h-BN non-encapsulated
with nano-nickel mostly rose up to the upper zones of coatings, and
took chemical reaction with nickel, chrome and other elements in the
melting laser pool, and these borides with higher hardness enhanced
the microhardness of the top layer. In CO2 laser cladding processing,
higher power laser and higher energy density promoted a higher tem-
perature molten pool, which was beneficial to the floating of h-BN and
generation of borides and carbides in the sequent solidification stage.

Fig. 8 presents the friction coefficients of two typical laser-clad
coatings. The friction coefficient of the CO2 laser-clad Ni60-hBN coating
increases from 0.5 to 0.6 gradually with an increase in sampling time.
In YAG laser cladding processing, the addition of nano-Ni-encapsulated
nano-h-BN into the laser-clad Ni60 coating dramatically decreases the
friction coefficient to about 0.36. This indicates that the frictional
performance was significantly improved by effective addition of nano-

(1) (2)

10µm

10µm

10µm

10µm

10µm

10µm

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4. Typical microstructure at different regions of the CO2 laser-clad coating: (1) microstructure of the laser-clad Ni60-5 wt% hBN coating at 1800 W (a) upper region, (b) intermediate
region, (c) bottom region; (2) microstructure of the laser-clad Ni60-10 wt% hBN coating at 2100 W (d) upper region, (e) intermediate region, (f) bottom region.
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Ni-clad BN into Ni60 matrix.

4. Conclusions

1) For laser cladding of the Ni60-hBN coating, the high-energy ball
milling of nano-Ni onto nano-h-BN significantly improved the in-
terfacial compatibility between h-BN and Ni60 matrix, and Ni-based
alloy matrix nano-h-BN composite coatings were successfully syn-
thesized.

2) The main phases in laser-clad coating are composed of hard

precipitates CrB, Ni3B, Cr7C3 and nickel based solid solution (γ),
which are mostly distributed in the upper layer of laser cladding
zone, and greatly promote the microhardness of the coatings.

3) Compared with CO2 laser cladding process, Nd:YAG laser molten
pool suppressed h-BN floating up to upper regions of coating for
lower temperature and quick solidification.

4) The friction coefficient of Nd:YAG laser-clad Ni60-10 wt% hBN
(nano-Ni encapsulated) coating was reduced significantly to about
0.36, which was lower than that of the laser-clad Ni60/h-BN coating
without nano-Ni-clad.
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5µm 5µm

10µm

Fig. 5. Microstructure of the laser-clad Ni60-10 wt% hBN
(nano-Ni-encapsulated) coating: (a) upper region, (b) in-
termediate region, (c) bottom region.

Table 3
Compositional analysis of the laser-clad Ni60-BN (nano-Ni-clad) coating.

Area Composition (wt%)

B Si Cr Fe Ni

White particle 15.61 03.67 04.98 14.96 60.78
Grey particle 0.0 00.60 88.89 07.67 02.83

Fig. 6. XRD spectra of Ni60-nano-Ni encapsulated hBN laser-clad coatings.

Fig. 7. Microhardness of Ni-based h-BN composite coating.
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