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Abstract Cu-boron nitride nanosheets (BNNSs) composite
coating was fabricated by mechanical alloying and then
cold spray. The microstructure, mechanical properties and
tribological performance of the composite coating were
investigated. The addition of BNNSs into Cu leads to a
decrease in the deposition efficiency and microhardness of
the coating. However, the introduction of BNNSs reduces
the coefficient of friction evidently and improves the wear
resistance significantly (by 34%) due to the sliding and
lubricating effects of the BNNSs. Hence, the Cu-BNNSs
composite coatings could be excellent candidates for low
friction and high wear-resistance applications.
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Introduction

Cold spray has broad application prospects in repair,
remanufacturing, and 3D additive manufacturing because
of its high efficiency and easy scalability (Ref 1-4). During
the cold spray process, particles are accelerated to a high
velocity and then deposited onto the substrates with strong
plastic deformation (Ref 5). Compared with conventional
thermal spraying methods, cold spraying has a low pro-
cessing temperature, which can greatly reduce the defi-
ciencies caused by thermal input such as oxidation, residual
tensile stress and chemical reactions (Ref 6-9). Thus, it has
become a suitable approach for the deposition of the
readily oxidized and heat-sensitive materials (Ref 10-12).
In view of these advantages, cold spray is a viable depo-
sition technique for the preparation of ductile metal-based
coatings, especially for copper (Ref 9, 13, 14).

Cu-based alloys are widely used as bearing materials,
which can reduce friction and wear on the bearing surface
(Ref 15-17). However, frequent start and stop will damage
the lubricating film and lead to dry friction between the
bearing and bushing, which will aggravate the wear of
copper-based bushing (Ref 18). Therefore, it is necessary to
improve the wear resistance and self-lubricating perfor-
mance of bearing bush. One solution is to add reinforce-
ments into Cu matrix to form composites or coatings. In
recent years, hard ceramic particles were added to cold-
sprayed Cu-based coatings to improve the wear resistance.
Liuyan et al. Ref 14 studied the tribological behavior of the
cold-sprayed method to fabricate Cu-Al,O5 coatings. The
results showed that the Cu-Al,O3 coatings exhibited lower
wear rate than the Mg alloy substrate. However, the dis-
advantage of the Cu-based coatings with the addition of
hard ceramic reinforcements is the relatively higher friction
coefficient than that of the Cu coatings (Ref 10, 19). In
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order to obtain good solid lubricity, some solid lubricants
have been added to the coatings. For instance, Chromik
et al. Ref 20 deposited a Cu-MoS, composite coating by
cold spray, and it exhibited a low friction coefficient.
Nevertheless, the micron-sized solid lubricant added into
Cu matrix might diminish the wear resistance (Ref 21). To
solve the incompatibility problem of wear resistance and
self-lubricating performance for the cold-sprayed Cu-based
coating, it may be a feasible way to add the nanoscale solid
lubricant into Cu matrix.

Boron nitride nanosheet is considered as an attractive
reinforcement for composites due to its outstanding
strength, high thermal conductivity, superb thermal stabil-
ity and self-lubricating properties (Ref 22-24). Recently,
Cu-BNNSs composites have been prepared using spark
plasma sintering (Ref 25), which possess improved yield
strength, tensile strength and modulus compared with that
of the pure Cu. Due to the potential use as bearing mate-
rials, their wear resistance properties are also of great
interest. BN has been reported to significantly improve the
wear resistance of other materials, like Al, Mg and poly-
ether ether ketone (Ref 26-28), because of its superb self-
lubricating and wear resistance properties. Thus, it is
expected that the addition of BNNSs into Cu can also
improves its wear resistance. However, the role of BNNSs
in the wear resistance of Cu-based composites has not been
verified experimentally.

In this work, BNNSs were added to the Cu matrix to
form Cu-BNNSs composite coatings. The effects of
BNNSs on the microstructural evolution, microhardness
and tribological behaviors of the coating were examined.

Experimental Procedures
Preparation of the Feed Powder and Coatings

The procedure of the experiments is schematically shown
in Fig. 1. Commercially available hexagonal boron nitride
powder (99% purity) with an average particle size of
10 um and the electrolytic copper powder (99.9% purity)
with a size of less than 10 um were used as starting
materials in this study. Both of them were supplied by
Beijing Xing Rong Yuan Technology Co. Ltd. BNNSs
were obtained through wet milling of h-BN powder in
ethanol using stainless steel milling media and with a ball-
to-powder weight ratio of 40:1 at 350 rpm for 40 min. In
this process, BNNSs were exfoliated from the h-BN pow-
der through the shear and impact forces during ball milling
process (Ref 22, 29, 30). The ball milled slurries were
sonicated for 2 h and then allowed to stand for 24 h.
Finally, the suspension containing BNNSs was taken out
and dried in a vacuum dryer. Ball milling method was used
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Fig. 1 Schematic representations of the experimental procedure

Table 1 Principal parameters used during cold spraying

Parameters Values
Spraying temperature, °C 400+£15
Accelerating gas pressure, MPa 2.5
Power feed gas pressure, MPa 2.8
Spraying gun traversing velocity, mm/s 50
Standoff distance, mm 20
Number of spraying circles 3

to disperse 1 wt.% BNNSs in the Cu powder in argon-
protected environment for 3 h at 130 rpm with a ball-to-
powder weight ratio of 10:1. The ball milled Cu-BNNSs
composite powder was then sifted with n0.500 and no.1500
wire mesh prior to spraying. For comparison, pure copper
was also prepared by the same method.

The cold spray system (CS-2000) was employed to
prepare Cu-BNNSs composite coating on the surface of the
TU1 copper plate. A spray gun with a converging—di-
verging de-Laval-type nozzle of a throat diameter of 2 mm
was adopted. N, was used as the accelerating gas and
powder feed gas. The spraying parameters used to deposit
the coatings are shown in Table 1. In order to assure a
strong bonding between the coating and the substrate, the
substrates were blasted with 20 mesh alumina for 30s prior
to the cold spray deposition.

Characterization

The microstructure of the feedstock powder and coating
was characterized by Hitachi S-3400 N scanning electron
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microscope (SEM), and field emission scanning electron
microscopy (JSM-7001F, JEOL, Japan) equipped with an
energy dispersive x-ray spectrometer (EDS). High-resolu-
tion transmission electron microscope (HRTEM, FEI
Tecnai G2 F20) was employed to characterize the BNNSs
in detail. Cross-section of the powder particles was pre-
pared according to the standard metallographic method
(ASTM E3-11) (Ref 31). The Cu-BNNSs composite
powders were cold mounted in EpoFix resin, and then the
specimens were ground and polished. The inlaid samples
were finally etched by aqueous ferric chloride-hydrochloric
acid solution to observe the microstructure. The porosity of
the coatings was measured by Image] software with 10
scanning electron microscope (SEM) images of 1000x
magnification. The phase of the milled powder and coat-
ings was identified by an x-ray diffraction (D8 ADVANCE,
BRUKER, Germany) with Cu Ko radiation at a step of 1°.
The microhardness was measured with Vickers hardness
testing machine (HXS-1000TAC, Shoufeng, Shanghai,
China) with the load of 100 g for 15 s. Forty measurements
were taken from each sample for statistical analysis. In
order to reduce the influence of surface roughness on
microhardness, all the tested samples were polished care-
fully before the microhardness test.

A rotating ball-on-disk tribometer (HT-1000, China)
was used for the wear test. Before this test, each specimen
was ground using #5000 abrasive paper and then polished
using diamond slurries down to an average surface
roughness (Ra) of 0.3 pm. GCrl5 ball with a diameter of 6
mm was used as the counterparts, which was sonicated in
ethanol to remove any contaminants. The applied load is 4
N under the frequency of 560 rpm with a rotating radius of
3 mm for 15 min. All the tribological tests were performed
in the air environment at room temperature. For each
sample, the wear tests were repeated three times to get an
average wear rate. The wear rate was calculated by the
wear equation of W=V/(S-L), where W, V, S and L are
wear rate (mm3~N’1~m’l), wear volume (mm3 ), load (N) and
sliding distance (m), respectively. The wear volume of
tested coatings and the surface profiles of the as-sprayed
samples was obtained by a confocal laser scanning
microscope (VK-X200, Keyence, Japan).

Results and Discussion
Microstructure of Feed Powder

Figure 2 shows the morphology of the pristine Cu, BNNSs
and Cu-BNNSs composite powder. It can be seen that the
pristine Cu powder (Fig. 2a) had a size from 5 pm to 10 um
with globular protrusions on the surfaces. Fig-
ure 2(b) shows a typical HRTEM image of the exfoliated

BNNSs by a combination of ball milling and sonication.
Due to ultimately thin shapes, the BNNSs were semi-
transparent when irradiated by the electron beam. There
were scratches and wrinkles on the surface of ultrathin 2D
BNNSs. The individual BNNS has an average size of 0.7
pm x 0.7 pum and a thickness of approximately 20 nm.
Unlike as-received Cu powder, the Cu-BNNSs composite
powder (Fig. 2c) had a flake-like shape with sharp edges
and flat surfaces. The inset in Fig. 2(c) shows that BNNSs
were well dispersed on the surface of Cu particles. Fig-
ure 2(d) is a micrograph of the cross-section of composite
powder (Cu-BNNSs). It can be seen that Cu-BNNSs
composite powder showed a lamellar microstructure due to
intensive collision and cold-welding effect during ball
milling process and BNNSs were embedded into Cu
matrix. In addition, some discrete BNNSs could be
observed between the layers as indicated by the white
arrows (Fig. 2d).

Coating Morphology and XRD

Figure 3(a) and (b) show the cross-sectional SEM image of
pure Cu and Cu-based composite coating on Cu substrate.
It is found in Fig. 3(a) that the pure copper coating has a
dense microstructure (porosity: ~ 0.8%) and a thickness of
890 £+ 60 um. Nevertheless, when the BNNSs were added
into copper powder, the porosity of cold-sprayed Cu-
BNNSs composite coating is as high as ~ 2.6%. Addi-
tionally, the thickness decreased to 620 + 34 pm. This
agrees well with Edward’s and Wenyuan’s findings (Ref
9, 10) that nanosheets can reduce the deposition efficiency.
Pores were distributed between deformed particles, which
was caused by the poor deformation between the deposited
particles.

Due to their brittle nature, Cu-BNNSs composite coat-
ings were bent 60 degrees using a thimble moving at a
speed of 0.1 mm/s to create fracture surfaces, which were
used to evaluate the distribution and state of BNNSs in the
coatings. Figure 3(c) presents the schematic diagrams of
bending the samples and the fractured sample. Fig-
ure 3(d) shows the fracture surface of Cu-BNNSs coating.
It seems that de-cohesive rupture occurred in the coating,
as no pit was observed. In addition, many BNNSs were
seen on the particle boundaries, as marked with white
arrows in Fig. 3(e).

The deformation and bonding behavior of two types of
particles is schematically shown in Fig. 4. In the deposition
process, Cu particles could deform freely with unaffected
adiabatic shear (Fig. 4a), while BNNSs may hinder the
local adiabatic shear of the composite particles and weaken
their bonding, even making some particles rebound
(Fig. 4b). This resulted in a higher porosity and lower
deposition rate of the composite coating.
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Fig. 2 Morphology of
feedstock: (a) Cu; (b) BNNSs;
(c) Cu-BNNSs Composite
powder; (d) cross-section of
composite powder (Cu-BNNSs)

The surface micrography and 3D topographies of the
cold spray coatings are shown in Fig. 5. The surfaces of the
coatings displayed plateau-like and crater-like features.
However, there is a clear difference in the surface rough-
ness between the two coatings. The arithmetical mean
height (Sa) and average maximum height (Sz) of the pure
Cu coating were around 28 pm and 220 um (as shown in
Fig. 5a and b), while those of the Cu-BNNSs composite
coating reduced to 14 um and 125 pum (as shown in Fig. 5¢
and d). It can be inferred that the existence of BNNSs on
the particle surface weakens the deposition ability of par-
ticles. Some Cu-BNNSs composite particles played a role
of “shot peening”, making the coating surface be tamped.

The XRD spectra of the Cu powder, Cu-BNNSs powder,
pure Cu coating and Cu-BNNSs composite coating are
exhibited in Fig. 6. The diffraction peaks of the XRD
patterns clearly exhibit the cubic structure of Cu. Further-
more, there were no conspicuous variation of XRD patterns
of the ball milled powders and coatings. This suggests that
the manufacturing process did not result in evident oxida-
tion or phase transformation, thus making cold spray
advantageous over other thermal spray technologies like
plasma spraying, high velocity oxy-fuel spraying, etc. As
reported in previous studies (Ref 24, 32), the XRD patterns
of pure BNNSs have peaks at 26.4°, 41.5°, 55.1° and 76.0°.
However, the peaks of BNNSs became inconspicuous
when a low volume fraction of BNNSs and copper was
mixed.

@ Springer

Microhardness

Figure 7(a) shows the microhardness of Cu substrate, Cu
coating and the composite coating. The average micro-
hardness value of Cu coating (138.9 HV ;) is higher than
that of Cu substrate (100.8 HVy ), as a result of intense
work hardening. However, the hardness of the Cu-BNNSs
composite coating (119.2 HV, ;) was slightly lower than
that of the pure Cu coating. This is consistent with Hong-
yan’s and Wen’s findings (Ref 33, 34) that nanosheets may
reduce the microhardness when used as reinforcement of
composite materials. Nagabandi et al. Ref 35 fabricated
Ag-BNNSs composites via co-electrodeposi-
tion/chemisorption and found that the composite hardness
tended to decrease due to the BNNSs weakened the contact
area between matrix particles. In the present study, the
presence of BNNSs disrupted the bonding between Cu
particles and increased the porosity of the coating slightly.
Indentation stress promoted the detachment between
BNNSs and Cu particles. Comparing the indents from the
two deposits—with and without BNNSs as revealed in
Fig. 7(b) and (c), microcracks were observed around the
indentation of Cu-BNNSs composite coating. It could be
inferred that a weak binding of BNNSs to the matrix would
lead to particle de-bonding (limited interfacial bonding)
(Ref 20) and thus reduced the hardness.
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Fig. 3 The cross-sectional
micromorphology: (a) Cu
coating, (b) Cu-BNNSs
composite coating;

(c) schematic diagrams of
bending the samples and the
fractured sample; the fracture
surface of the Cu-BNNSs
composite coating: (e) low
magnification, (f) high
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Fig. 4 Schematic diagram showing the impact behavior of (a) Cu,
(b) Cu-BNNSs

Wear and Tribological Behavior of the Cu-BNNSs
Composite Coating

Figure 8(a) shows the coefficients of friction (COFs) of the
Cu substrate, Cu coating and Cu-BNNSs composite coat-
ing. For the Cu substrate, the COF increased to a high value
(about 0.95) in the first 0.5 min and then decreased and
finally stabilized. The variation of COF of Cu coating in
the testing cycle is very complex. It experienced first a
sharp increase and then a moderate decrease followed by a
steady rise with large fluctuation and finally stabilization.
By contrast, the change of COF of the Cu-BNNSs coating
is quite simple. It stabilized immediately after a short rising
period. Cu-BNNSs coating had a COF of 0.51 + 0.01
during stable wear stage, lower than those of the pure
copper coating (0.76 =+ 0.02) and the Cu substrate (0.57 £
0.01). In general, the addition of BNNSs resulted in a
smaller fluctuation of COF and a lower COF in the steady
state friction period of the composite coating. This reflects
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Fig. 5 SEM images and 3D
topographies of the surfaces of
the coatings
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Fig. 6 XRD spectra of powders and coatings

the improved lubrication of the composite coating and the
reduced frictional forces, which was attributed to the
presence of the BNNSs.

The comparison of the wear rates of the Cu substrate and
coatings is presented in Fig. 8(b). The wear rates of the
coatings are lower than that of Cu substrate: the values of
Cu coating and Cu-BNNSs coating are around 0.86 and
0.69 of that of Cu substrate, respectively. This indicates
that the cold-sprayed coatings can be employed to improve
the wear resistance of Cu. It is worth to mention that the
wear rate of Cu-BNNSs coating is about 20% lower than
that of Cu coating, despite the composite coating yielding
lower surface hardness values. Table. 2 compares the wear
rate of our coating with those published in recent reports
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(Ref 10, 14, 36). It can be seen that the Cu-BNNSs coating
exhibited better wear resistance compared with that of the
reported Cu-based cold spraying coatings.

To investigate the friction and wear mechanisms of the
samples, the SEM images and EDS mapping were
employed (Fig. 9). For the Cu substrate, its worn surface is
characterized with large wear debris, fracturing, deep
grooves and plastic deformation (Fig. 9al-a3). The accu-
mulation of stress during the friction test led to the prop-
agation of cracks, and the material was finally removed
from the contact surface in the form of delamination.
Besides, repeated sliding of the delaminated layers results
in the formation of deep grooves. This suggests that the Cu
substrate suffered adhesive wear and severe abrasion wear
(Ref 37, 38), which resulted in high wear rate. The wear
characteristics of the Cu coating were presented in
Fig. 9(b1-b3). Clearly, the tracks were distinct from those
of the substrate. Few debris were present on the track of Cu
substrate, while there were many fine debris on the wear
track of Cu coating. This can be attributed to the hardness
and brittleness of Cu deposit. In addition, features such as
debris, abrasive grooves and delaminated scar can also be
observed (Fig. 9b3), which indicates micro-abrasion and
delamination mechanisms operating simultaneously in Cu
coating (Ref 39). The arithmetical mean height (Sa) of the
wear tracks of the substrate, Cu coating and Cu-BNNSs
composite coating was 3.41 pm, 4.19 pm and 2.97 pm,
respectively. By contrast, as shown in Fig. 9(c1-c3), the
wear track of the Cu-BNNSs coating was smooth with
fewer grooves, debris and delamination, indicating the
milder wear. Figure 9(a4, b4, c4) shows the EDS mapping
of the wear tracks. It reveals that the oxygen content is
higher in the worn region of Cu coating than in Cu-BNNSs
coating. This suggests that the protective film of BNNSs,
which avoids the oxidation of the worn surface.
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Fig. 7 (a) Microhardness of Cu
substrate, Cu coating and Cu- 1601 (a)
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Table 2. Comparison of wear Coatings Wear rate, mm>/N m Ref
rate of copper-based cold
spraying coatings

Cu-45wt.%Al1,03 ~8.7 x 107* [14]
Cu-10wt.%Al,03-5wt.%Cu-coated graphite ~25x 107* [10]
Cu-5wt.%Cu-coated graphite ~102 x 107* [36]
Cu-1wt.%BNNSs ~2.1 x 107 This work

Figure 10 shows the SEM image of BNNSs on the worn ~ of the sheets shows that boron and nitrogen together with

surface and the corresponding EDS analysis. Some flat  Cu exist at the selected zone. Obviously, Cu was due to the
sheets are present on the worn surface, as indicated by the

signal from Cu matrix, as the area covered in the analysis
white arrows in Fig. 10(a). The element analysis (Fig. 10b)
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Fig. 11 Schematic diagram of wear/friction behavior: (a) Cu coating (b) Cu-BNNSs composite coating

was beyond the sheet. This confirms that the small
translucent sheet in Fig. 10(a) was BNNS.

The schematic diagrams of the wear and friction
behavior of Cu and Cu-BNNSs composite coatings are
depicted in Fig. 11. Clearly, the wear mechanism of both
coatings is abrasive wear, with oxidized wear debris on the
wear track (Fig. 11a and b). However, the presence of
BNNSs makes a big difference: in the process of friction,
BNNSs were gradually exposed and acted as a lubricant.
The similar phenomenon is also reported in the literature
(Ref 32, 40). The weak bonding between the BNNSs layers
enables the interlayer sliding induced by the shearing
between the countersurfaces and correspondingly reduces
the friction coefficient (Ref 30). It is also worth noting that
the flat BNNSs adhered to the worn surface can isolate the
contact of ball and sample. This “protective film”
improved the wear resistance effectively. Thus, there were
few deep grooves on the composite coating.

Conclusions

Copper and copper matrix composites reinforced by
BNNSs were successfully deposited on the copper sub-
strate by cold spray. According to the samples studied, the
following points can be highlighted:

e BNNSs were widely distributed throughout the coating
and no evident oxidation or phase transformation
occurred during the fabrication process.

e Under the same spray conditions, the thickness and
surface roughness of Cu-BNNSs composite coatings
are smaller than those of Cu coating, because the
existence of BNNSs hindered the adiabatic shear. Some
particles cannot bond to the existing coating, but play
the role of “shot peening”, making the coating surface
flatter.

e The addition of BNNSs into the copper matrix could
reduce the microhardness. There are some microcracks
around the indents in Cu-BNNSs composite coating
because of the de-bonding between the BNNSs and Cu
particles.

e Tribological tests suggest that Cu-BNNSs composite
coating has lower COF and wear rate than those of Cu
substrate and Cu coating. BNNSs play the part of the
lubricant and barrier, which improve the wear resis-
tance of the coating.
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