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In this work, a Cu/h-BN self-lubricating coating was prepared on cemented carbide by electrospark deposition (ESD). *e
microstructure and properties of the coating were examined.*e results showed that no decomposition of or reactions with h-BN
occurred. As the h-BN content and capacitance increased, the number of pores and microcracks in the coatings increased.
Additionally, as the capacitance increased, the electrode mass loss increased. However, the specimen mass increased first and then
decreased. *e coating thickness was affected by the capacitance, deposition time, and volume ratio of h-BN to Cu. *e results
exhibited were consistent over the tests. *e self-lubricating coating exhibited excellent tribological behavior under the test
conditions, and the worn surface showed features consistent with shear slippage and abrasive wear.

1. Introduction

Cemented carbides are composed of tungsten carbide grains
as the aggregate and a ductile metal binder matrix such as
cobalt or nickel. Cemented carbides have been widely used
in turning tools, molds, and mineral applications because of
their high hardness, high toughness, high thermal con-
ductivity, low coefficient of thermal expansion, high thermal
shock resistance, and good wear resistance [1–5]. Carbide is
more expensive per unit mass than other typical tooling
materials and steel. *erefore, to justify this investment, it is
necessary for the tool to have a long life. Heavy wear can lead
to machinery failure, meaning that many engineering
components require high wear properties compared to the
substrate material to meet demanding operating environ-
ments [6]. One approach to improving the wear properties
of a surface involves self-lubricating coatings [7, 8]. Self-
lubrication is the process of becoming lubricated without
external factors. Self-lubricating coating is usually fabricated
by soft metal and solid lubricants, which have low shear
strength. *e friction coefficient is proportional to the
critical shear stress at the interface [9]. When there is a self-
lubricating coating on the worn surface, the load is borne by
the substrate and the friction is dominated by the self-

lubricating coating. Since the shear strength of the self-
lubricating coating is much smaller than that of the sub-
strate, the friction coefficient can be reduced. So, self-
lubricating coatings can provide lubrication and reduce
friction without any external lubrications.

Solid self-lubricating coatings are mainly employed to
control friction and wear, especially under harsh application
conditions, such as aerospace, high vacuum, high speeds,
high pressure, and very low or high temperatures [10, 11].
Under extreme conditions, conventional lubricants cannot
provide the desired performance or durability, and in some
cases, they cannot be used. At present, PVD (physical vapor
deposition) [12, 13] and CVD (chemical vapor deposition)
[14] are the most popular and familiar surface technologies
to fabricate solid self-lubricating coatings. Additionally,
significant attention has been paid to thermal spraying [15]
and laser cladding [7, 16] in recent years. However, there is
no low-cost preparation method to achieve thick coatings
with a strong bonding strength that exhibit good self-
lubricating performance. Electrospark deposition (ESD)
has some distinct advantages, such as minimal damage to the
underlying substrate, metallurgical bonding at the interface,
no pollution, high energy density, and low cost. When self-
lubricating coatings are fabricated by ESD, the coatings will

Hindawi
Advances in Materials Science and Engineering
Volume 2018, Article ID 8150791, 12 pages
https://doi.org/10.1155/2018/8150791

mailto:caotk@163.com
http://orcid.org/0000-0002-5717-8622
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/8150791


achieve a strong bonding strength because of the “cold
welding” that occurs between coating and substrate. For soft
metals, as matrix will envelope solid lubricants, soft metals
and solid lubricants can cooperate with each other to in-
crease the tribology and wear performance. *us, ESD can
be used to achieve thick coatings with a strong bonding
strength and good self-lubricating performance in a con-
venient and cheaper way. However, ESD coating technology
has presently focused on coatings such as Ti6Al4V [17] and
TiC [18], instead of self-lubricating coatings.

Hexagonal BN is a well-known solid lubricant [19].
Hexagonal BN has a lamellar crystalline structure similar to
graphite and MoS2. However, hexagonal BN has been
considered less effective than other solid lubricants, with the
exception for high-temperature applications. Hexagonal BN
shows remarkable chemical and thermal stability. For ex-
ample, h-BN is resistant to breakdown at temperatures up to
1000°C in air, 1400°C in vacuum, and 2800°C in an inert
atmosphere. *erefore, h-BN is a good lubricant at high
temperatures (up to 900°C, even in an oxidizing atmo-
sphere). Some studies have been focused on h-BN-based
self-lubricating coatings. Ni60-hBN self-lubricating coatings
[20] have been prepared by laser cladding. Under dry sliding
conditions, these coatings exhibited excellent wear re-
sistance compared to a Ti6Al4V alloy at relatively high
temperatures (300°C and 600°C). A Co-BN (h) nano-
composite coating was prepared using conventional elec-
trodeposition [21]. *e results showed that Co-BN (h)
nanocomposite coatings exhibited a higher hardness and a
lower friction coefficient for the same conditions.

Copper is a soft, malleable, and ductile metal with very
high thermal and electrical conductivity [22]. Copper is also
a lubricant due to its low shear strength. Along with the self-
lubricating properties of graphite, MoS2, etc., copper self-
lubricating composites have been widely used in many in-
dustrial applications, such as in brushes, contact strips, and
bearing materials [22, 23]. Additionally, copper has been
used in a self-lubricating coating as a matrix [24].

In our previous work [9, 25, 26], Cu/h-BN and Cu/Cu-
MoS2 self-lubricating coatings were prepared on steel and
high-speed steel, respectively, by ESD. *e production
process, microstructure, and tribological behaviors of the
self-lubricating coatings have been preliminarily in-
vestigated, with the results showing that the self-lubricating
coatings could reduce the friction coefficient and wear loss.
However, cemented carbide is still not used as a substrate for
preparing self-lubricating coatings by ESD. Additionally,
compared with the Cu/h-BN coating prepared in [9], a
different production method was used. Moreover, more self-
lubricating coatings should be prepared by ESD and in-
depth studies should be carried out on these coatings.

In this paper, a Cu/h-BN self-lubricating coating was
prepared on cemented carbide by ESD. *e microstruc-
ture of the coating was studied. Additionally, this paper
focused on the effects that the capacitance, deposition
time, and/or the volume ratio of the h-BN to the Cu had
on the coating thickness, friction properties, and the
electrode’s and specimen’s mass variations. Also, wear
mechanism was discussed.

2. Experiment

2.1.Materials and Procedures. Cemented carbide YT15 (15%
TiC and 6%Co, Zhuzhou Cemented Carbide Group Co.,
LTD, China) was used as the substrate material with the
dimensions of 12 × 12 × 4mm. Prior to deposition, acetone
with a concentration of 99.5%was used to clean the substrate
surface and the electrode to remove any oil. *ese were then
washed with anhydrous ethanol and dried by hot air.

Five copper pipes filled with h-BN solid lubricant were
bound together as the electrode. Figure 1 shows the sche-
matic diagram of the electrode. *e purity of copper was
greater than 98%, and the average particle size of the h-BN
was approximately 1 μm with a purity greater than 99%.*e
area ratio of h-BN to copper on the electrode cross section
represented the volume ratio of h-BN to Cu.When the outer
diameters of the copper pipes were Φ1.6, Φ1.8, Φ2.0, Φ2.2,
or Φ2.5, the volume ratios (area ratios) of h-BN to copper
were 6.7%, 12.5%, 19%, 26%, or 37%, respectively. All the
h-BN powder supplied into the electrode is transferred onto
the substrate with the molten copper as a result of the
electrode vibrating effect during the process, meaning that
the volume ratio of h-BN to Cu in the electrode is equal to
the volume ratio in the coating.

An ESD machine (model D91350, made in China) was
employed during the deposition process with 6 grades of
capacitance (80–160–240–320–400–480 µF) and a vibration
electrode. *e deposition of the Cu/h-BN coating was
conducted in multiple consecutive passes in the atmosphere.
*e movement of the electrode is shown in Figure 2. Two
movement paths were used alternately for multiple con-
secutive passes during the deposition process. *e duration
of the deposition process was from 5 to 15 minutes. During
the experiments, the pulse parameters were as follows: ca-
pacitance from the 1st grade to the 6th grade (from 80 to
480 µF), an output voltage of 75V, and a frequency at
400Hz.

*e coating thickness was measured by a TT260 coating
thickness meter (made in China). Six repeated tests were
performed for each coating at different positions, and the
data reported in this article were the averaged results of these
six repeated tests.

2.2. Friction and Wear Testing. Just discussed in in-
troduction, Cu/h-BN and Cu/Cu-MoS2 self-lubricating
coatings were prepared on steel and high-speed steel, re-
spectively, by ESD in our previous works. In this paper, we
used the same methods for friction and wear testing. We
followed the methods of Cao et al. [25]. *e details are as
follows.

An SFT-2M ball-on-disc tribometer (Jinan Shidai Shijin
Testing Machine Group Co., LTD, China) was employed in
friction and wear testing. *e diameter of the ball specimen
is Φ3mm, which was made of alloy steel (GCr15:
0.95∼1.05%C, 0.2∼0.4%Mn, 0.15∼0.35%Si, and 1.3∼1.65%
Cr) with a hardness of HRC60. All the tests were carried out
at the temperature of 20°C. *e disk specimens were made
of the coated YT15.*e ball surface was polished to obtain a
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final surface roughness of Ra � 0.1 μm. *e balls and plates
were washed with hexane, and then ultrasonically cleaned
in fresh hexane and acetone sequentially.*e alloy steel ball
was fixed, while the coated YT15 disk was rotated. *e
normal load was 5N, rotation radius was 4mm, and ro-
tational speed was 400 r/min. Each test was conducted for
the duration of 20 minutes. *e friction and wear tests were
repeated 3 times for each condition, and the averaged
results were used in this article. *e friction coefficient was
recorded robotically by the tribometer. Wear weight loss
was weighed by an electronic balance (minimum 0.1mg). A
scanning electron microscope was employed to obtain the
images of the microstructures and the worn regions of the
coating.

3. Results and Discussion

3.1. XRD Analysis and Spark Phenomena during the ESD
Process. A phenomenon was observed during electrospark
deposition. At the beginning of the deposition process,
electric discharges between electrodes and substrate were
very powerful, and large sparks were observed and splashed
far away. With further preparation of the coatings, the spark
discharge phenomenon weakened bit by bit. After a Cu layer
had covered the substrate surface, the splashing sparking
reached a stable stage. *ere may be 3 reasons for the
changes in the splashing spark and discharge status. First,
the discharge occurred between the copper electrode and
YT15 substrate at the beginning of deposition. *is will
produce bigger sparking due to the polarity effect of electric
spark discharge. During the stable sparking stage, a thin

copper layer was already deposited, and sparking discharge
occurred between copper and copper.*erefore, the polarity
effect of the electric sparking weakened. Second, with the
deposition of copper on the substrate surface, the h-BN
powder would also be deposited on the substrate surface and
mixed with the copper. h-BN is an insulating material,
meaning it weakened the electric discharge. Finally, as the
coating was built up, the contact area between the electrode
and the substrate also increased, which resulted in an overall
current density reduction [27]. As a result of all these factors,
the spark discharge phenomenon was weakened.

Figure 3(a) shows the X-ray diffraction patterns of Cu/h-
BN coating. *e results from the XRD indicate that the
major phase constituents of the self-lubricating coating are
BN, Cu, TiC, and WC. No reactions occurred between these
elements and other substances during the ESD process.
Figure 3(b) shows an SEM image and EDS spectrum of the
Cu/h-BN coating with B, N, Cu,W, C, and Ti elements in the
coating. *is result further confirms those in the X-ray
diffraction patterns. As discussed in Introduction, hexagonal
BN has outstanding chemical and thermal stability. In fact,
there was no decomposition or reactions of the h-BN. TiC
and WC are the main materials of the substrate, meaning
that the substrate materials were transferred into the coating
by diffusion and splashing effects during the preparation
process.

Figure 3(c) shows the EDX analysis results of the area of
A, and the element’s distribution of N and Cu is shown. As
can be seen from Figure 3(c), N and Cu elements are quite
uniformly distributed throughout the coating. *is indicates
that the h-BN phase is uniformly distributed with copper

Figure 2: Schematic diagram of the electrode movement.

Figure 1: Schematic diagram of the electrode.
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and the second phase aggregates are very few.*e results are
similar with that of the h-BN/Cu coating prepared on AISI
1045 steel [9]. *is means that whether the coating is
prepared on AISI 1045 steel or YT15 cemented carbide, and
coating with uniform distribution of elements can be
achieved under the test condition.

3.2. Microstructure of Self-Lubricating Coating. Figure 4(a)
shows the SEM images of the coating cross section. *ere is

no clear boundary between the coating and the substrate.
*e coating is not flat but contains some convex and concave
features on the surface. Figure 4(b) shows the SEM mi-
crograph of the coating after etching with 98% vol sulfuric
acid. *e coating thickness is approximately 50 μm. In our
previous work, we verified that there was severe elemental
diffusion between coating and substrate during deposition
[25], as ESD is a microarc welding process. *erefore, the
metallurgical combination will result in a high bonding
strength between the coating and the substrate.
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Figure 3: (a) X-ray diffraction patterns; (b) SEM image and EDS spectrum of the Cu/h-BN coating; (c) N and Cu elements distribution
corresponding to area A of (b).
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Figure 5 shows the typical microstructures of the self-
lubricating coating (the capacitance is 3rd grade, and
preparation time is 15minutes). From an examination of the
surface characteristics, it is observed that the coating surface
had distinct ESD characteristics, such as melted drops,
varying size craters, pores, and microcracks, resulting in an
uneven surface profile. Figure 5(a) shows the best surface
quality with fewer pores and no obvious cracks. As the h-BN
content increased, the surface did not change significantly,
except that the number of pores and cracks in the coatings
were increased. Figure 5(c) shows that when the volume
ratio of h-BN to Cu increased to 37%, the coating surface
exhibited a large number of cracks. *is is mainly because as
the volume ratio of h-BN to Cu increased, the strength of the

coating decreased. *us, cracks were generated easily on the
coating surface from thermal stress.

Figures 6(a) and 6(b) show the surface microstructure
of self-lubricating coating prepared under the 1st grade and
5th grade capacitances, respectively (the volume ratio of
h-BN to Cu is 26%). From Figures 5(b) and 6, we see that
the coating is roughest when prepared under the 1st ca-
pacitance. Compared with Figures 5(b) and 6(a),
Figure 6(b) shows that the coating exhibited more pores
and microcracks when the coating was prepared under the
5th grade capacitance.

*ere is a smaller release of energy during the 1st grade
capacitance than for the other capacitance grades.*erefore,
smaller pieces of metal were melted and dropped onto the
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Figure 4: (a) SEM images of the coating cross section and (b) after etching with 98%.vol sulfuric acid.
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Figure 5: Microstructure of the coating with different volume ratios of h-BN to Cu. (a) 12.5%. (b) 26%. (c) 37%.
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substrate surface. However, the melted metal drops will soon
solidify due to the short discharge time, the excellent thermal
conductivity of the substrate, and effect of air cooling.
During this process, little melted metal splashed away. As a
result, the solidified drops on the surface were high and the
coating surface was rough. However, bigger pieces of metal
were melted and dropped on the substrate surface when the
capacitance was either 3rd or 5th grade. Bigger melted metal
drops were difficult to solidify in a short time. *erefore, the
drops spread over the substrate as a result of the splash force
and gravity, causing a more smooth coating. Moreover,
more gas was generated and trapped in the drops during the
ESD process for greater discharge energies. *is led more
pores in the coating. As the capacitance increased, higher
heat shocks led to more microcracks. In summary, the
overall surface quality of the coating was best when prepared
using the 3rd grade capacitance. However, the capacitance
effect on the coating surface roughness is different than the
results in our previous work [26]. Under certain test con-
ditions, the amount of melted metal is different for different
electrodes and substrate materials. Additionally, when the
melted material is the same, the size of the solidified drops
depends on the thermal conductivity of the substrate if the
other conditions remain unchanged. *ese differences led to
irregularities in the two works.

3.3. Effect of Capacitance on the Electrode and Specimen
Weight Variations

3.3.1. Effect of Capacitance on the Electrode Weight
Variation. Figure 7 illustrates the effect of capacitance on
the electrode and specimen weight variations. It is indicated
that the decrease in electrode weight accelerated with an
increase in the capacitance, with the exception of the 1st
grade. *e reduction in electrode weight reached a maxi-
mum under the 6th grade capacitance and was at a mini-
mum under the 2nd grade capacitance. Discharge energy
increased within the capacitance. *erefore, the melted
material of the electrode increased, and splashing-away
materials also increased. *e discharge energy for the 6th
grade capacitance was the largest, and the correspondingly
reduction in the electrode material was also the largest under
the 6th grade capacitance.

In fact, some splashing-away materials were reflected to
the electrode’s surface because of the small clearance be-
tween electrode and coating surfaces. *e weight reduction
of the electrode was affected by the splashing-away materials
and reflected materials. When the capacitance is large, the
splashing-away materials dominated the results. However,
when the capacitance is small, the reflected materials ob-
viously affected the results. *erefore, the decrease in the
electrode material under the 1st grade capacitance was
greater than under the 2nd grade capacitance.

3.3.2. Effect of Capacitance on the Specimen Weight
Variation. Figure 7 shows that when the capacitance grade
was under 3, the specimen’s weight increment increased
overall with the capacitance grade. However, the specimen’s
weight increase for grade 2 was less than that of grade 1,
although they were close. With further increases in the
capacitance grade, the increases to the specimen’s weight
tapered off. Specimen’s weight variation is caused by two
factors. One is the quality of the deposited material and the
other is the splashing-away quality of the substrate material.
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Figure 6: Microstructure of the coating under different capacitances. (a) 1st grade. (b) 5th grade.
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Figure 7: Effect of capacitance on the electrode and the specimen’s
weight variation (the volume ratio of h-BN to Cu is 19%, and
deposition time is 15min).
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During deposition, a part of the substrate material will splash
away. Additionally, the melted electrode material was not
deposited completely on the surface of the substrate. *ere
was also a part of melted electrode material splashing away.
*erefore, the specimen’s weight variation and its trend did
not correspond with those of the electrode.

3.4. 2ickness of the Coating

3.4.1. Effect of the Capacitance on the Coating 2ickness.
Figure 8 shows the effects of capacitance on the coating
thickness. When the capacitance grade was under 4, the
coating thickness increased with the capacitance grade
overall. With further increases in the capacitance grade, the
coating thickness decreased. During electrospark deposition,
when material removal was less than the transferred amount
of electrode material to the substrate, the coating thickness
exhibited an upward trend and vice versa.

*ese results are because that melted electrode materials
increased with the capacitance and the discharge energy. As
a result, the deposited material on the substrate surface
increased. *erefore, the thickness of the coating increased
firstly. With further increases in the capacitance, the
splashing effect of the melted drops was also enhanced. As
the discharge energy increased, vaporized materials and gas
increased, and the splashing-away materials also increased.
At the same time, this increases the pores of coating surface,
as shown in Figure 6(b). However, the material deposited on
the substrate surface decreased. Additionally, as the dis-
charge energy increased, the effect of thermal shock was
enhanced, and the stress in the coating increased. Under
high capacitance, high stress can result in microcracks as
shown in Figure 6(b). Figure 6(b) shows, when coating was
prepared under 5th grade capacitance, there are obvious
microcracks and more pores on coating surface. *ese pores
and microcracks can cause the coating to peel down easily
and can decrease the coating thickness.

3.4.2. Effect of Deposition Time on the Coating 2ickness.
Figure 9 shows the effect of deposition time on the coating
thickness.*emaximum coating thickness was 58.5 μm for a
deposition time of 10min. When the deposition time was
less or more than 10min, the coating thickness decreased.
*e coating thickness was very thin during the initial stage,
and more material was deposited on the substrate as the
deposition time increased, leading to an increase in the
coating thickness. Electrospark deposition coating is com-
posed of numerous deposition points.With further increases
in the deposition time, the thermal shock times at every
deposition point of the coating also increased. As the de-
position time increased, the effect of the thermal shock was
enhanced, which can lead to increased thermal stresses in the
coating. Finally, fatigue cracks, which are similar to the
cracks in Figure 6(b), would be produced in the coating, and
broken fragments would be separated from the deposition
layer and fall off under the effect of the electric spark ex-
plosion and the mechanical force of the electrode.*is led to
the decrease in the thickness of the coating.

3.4.3. Effect of the Volume Ratio of h-BN to Cu on the Coating
2ickness. Figure 10 shows the effect of the volume ratio of
h-BN to Cu on the coating thickness. When the ratio of
h-BN to Cu was under 19%, the coating thickness exhibited
an increasing trend overall as the ratio of h-BN to Cu in-
creased. With further increases in the ratio of h-BN to Cu,
the coating thickness decreased. *e reason for this is that
during the deposition process, the copper pipe constituting
the electrode was melted by the electric sparking. However,
the h-BN powder filled in the copper pipe was not affected by
the electric sparking, as the h-BN is nonconductive and not
in the plasma channel. *e same conclusion has been drawn
in our previous work [25]. *e h-BN powder was deposited
onto the substrate together with the molten Cu to form a
coating. Under certain deposition conditions, the deposition
volume of Cu per minute is essentially unchanged. As the
volume ratio of h-BN to Cu in the electrode increased, the
h-BN volume in the coating will increase. Accordingly, the
total coating volume increased. *erefore, the coating
thickness increased with the volume ratio of h-BN to Cu.
When the h-BN content was high in the coating, the strength
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of the coating was low, resulting in cracking and spalling
fragments on the coating surface. Moreover, as the h-BN
content of the coating increased, the chance of h-BN de-
composition also increased during the deposition process.
*e gas generated by the decomposition could producemore
pores in the coating, which could further damage the
structure and strength of the coating. As shown in Figure 5,
there are fewer pores and no obvious cracks on the coating
surface when the volume ratio of h-BN to Cu is 12.5%.When
the volume ratio of h-BN to Cu increased to 26%, there are
some pores and obvious microcracks on the coating surface.
When it is 37%, there are more cracks and pores on the
coating surface. *erefore, the coating thickness decreased
with further increases in the volume ratio of h-BN to Cu.

From the above discussion, it can be seen that capaci-
tance, deposition time, and volume ratio of h-BN to Cu all
have an effect on coating thickness. Under this test condi-
tion, the 4th capacitance grade, deposition time of 10min,
and volume ratio of h-BN to Cu of 19% are the optimal
parameters for coating thickness. In fact, besides the three
factors, there are still some other factors to affect coating
thickness, such as substrate material and preparing method.
In our previous work [26], the coating thickness can be
100 μm, which was prepared by another method on AISI 45
steel. *e coefficient of thermal expansion of AISI 45 steel is
closer to copper than YT15. So the thermal stresses of
coating prepared on AISI 45 steel is less than that of coating
prepared on YT15. *is contributes to an increase in the
coating thickness.

3.5. Friction and Wear Properties of Coating

3.5.1. Effect of the Capacitance on the Friction and Wear
Properties. Figure 11 shows the effect of the capacitance on
the friction coefficient and wear weight loss. Figure 11(a)
shows that, during the friction running-in stage, the friction
coefficient of the self-lubricating coating was unstable. After
5minutes, the friction entered the stable phase. *e friction
coefficient showed a slightly decreasing trend with an in-
crease in sliding friction time. From Figure 3(c), copper and

h-BN were distributed homogeneously in the coating.
*erefore, materials homogeneity is not the main factor to
affect friction. However, the flatness of coating can affect
friction greatly. As discussed above, the coating surface with
distinct ESD characteristics is uneven. So, at the beginning of
sliding, friction was not stable. With continuation of sliding,
coating surface was planished and the friction coefficient was
stable.

It can be seen from Figures 11(a) and 11(b) that the
friction coefficient and the wear weight loss of the self-
lubricating coating first decreased and then increased with
an increase in the capacitance. From Figures 5(b) and 6, for a
smaller capacitance, the self-lubricating coating surface was
rougher and had no clear microcracks. *erefore, the fric-
tion coefficient was larger, but the wear weight loss was
smaller when the capacitance was smaller. When the ca-
pacitance was increased to the 3rd grade, the surface
roughness of the coating decreased, as did the friction co-
efficient. However, only a few microcracks were generated
on the surface, suggesting that the coating’s mechanical
properties would be slightly weakened compared to the
coating prepared under 1st grade. Under the combined
action of the roughness and mechanical properties, the wear
weight loss decreased too. With further increases in ca-
pacitance, many cracks and pores were generated on the
coating surface. *erefore, the friction coefficient and the
wear weight loss both increased. Figure 11(b) shows the wear
weight loss of the uncoated substrate was more than that of
the 1st grade and 3rd grade capacitances, meaning that the
self-lubricating coating has better wear resistance than
uncoated cemented carbide. However, the wear weight loss
of the 5th grade was more than the uncoated cemented
carbide. As discussed, the coating prepared under the 5th
grade has many cracks and pores on the coating surface. *e
cracks and pores led to a higher wear weight loss than the
uncoated cemented carbide.

Compare with our previous work [9, 26], the roughness of
coating prepared on the AISI 45 steel is bigger than that of
coating prepared on the YT15 under the same condition.
Electrical conductivity of YT15 is lower than that of AISI 45
steel. Under the same electrical parameters, more electrode
material will be transferred to AISI 45 steel. *ermal con-
ductivity of YT15 is also lower than that of AISI 45 steel.
Lower thermal conductivity means that molten electrode
materials transferred to substrate need more time to solidify.
*ese two mean that there is more time to flow before so-
lidification of molten electrode materials. *is can lead to
bigger roughness of coating prepared on the AISI 45 steel. On
the contrary, this also can lead more pore and microcracks on
the coating. So, the friction coefficient and wear loss of the
coating prepared on the AISI 45 steel increase with the in-
crease in capacitance. However, the coating prepared on the
YT15 showed different trends just as mentioned above.

3.5.2. Effect of the Volume Ratio of h-BN to Cu on the Friction
and Wear Properties. Figure 12 shows the effect of the
volume ratio of h-BN to Cu on the friction coefficient and
wear weight loss. *e friction coefficient and wear weight

65

60

55

Co
at

in
g 

th
ic

kn
es

s (
μm

)

50

45
0 10 20 30

Volume ratio of h-BN to Cu (%)
40

Figure 10: Effect of the volume ratio of h-BN to Cu on coating
thickness (capacitance is the 3rd grade, and deposition time is
10min).
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loss of the self-lubricating coating first decreased and then
increased with the volume ratio of h-BN to Cu. *e friction
coefficient was minimized (0.1) when the volume ratio of
h-BN to Cu was 26%. *e wear volume was minimized at
1.6mg when the volume ratio of h-BN to Cu was 19%. As the
volume ratio of h-BN to Cu increased, the h-BN content in
the self-lubricating coating also increased. *erefore, the
self-lubricating effect of the coating was enhanced. *e wear
volume and friction coefficient of the coating decreased with
an increase in the volume ratio of h-BN to Cu (up to 26% and
19%, respectively). However, as previously described, the
strength of the coating decreased with the increase in the
volume ratio of h-BN to Cu and easily resulted in cracks on
the coating surface under thermal shock, as shown in
Figure 5(c). *is easily results in coating spalling, which
caused the self-lubricating effect to decrease. Finally, with
further increases in the ratio of h-BN to Cu, the friction
coefficient and wear weight loss both increased.

3.5.3. Worn Surface. Figure 13 shows a typical worn surface
from self-lubricating coatings. Compared with the uneven

coating surface, the wear scar was smooth, and craters and
convexities were planished. Figure 13(a) shows the worn track
and clear boundary between coating and worn track.
Figure 13(b) shows theworn track of the coating. As can be seen
from Figure 13(b), the worn surface is smooth. *ere were no
obvious peaks, craters, and pores, and there were some obvious
traces of shear slippage on the wear scar. From Figure 13(c),
there were some scratches on the wear surface, an obvious
characteristic of abrasive wear. During the wear process, the
coating did not fell off in whole because of the metallurgical
combination between the coating and the substrate.

*e elements of the worn surface were analyzed by the
EDS spectrum. *e result showed that the elemental com-
position of the worn surface was not clearly changed
compared with the original coating. However, there were
some additional elements from the coating on the worn
surface of the ball specimen. Figure 14 shows an SEM image
and EDS spectrum of the worn surface of the ball specimen.
*e SEM image showed that there were some materials
squama-like on the worn surface. From the EDS spectrum,
there were B, N, Cu, and Ti elements from the Cu/BN
coating originally on the worn surface of the ball,
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Figure 12: Effect of the volume ratio of h-BN to Cu on (a) friction coefficient and (b) wear weight loss (capacitance is the 3rd grade).
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meaning that coating materials transferred to the ball. *us,
friction occurs between the transfer film and the coating,
which reduces friction, prevents adhesion, reduces the
friction temperature, and reduces wear.

Figure 15 shows the schematic of wear surface evolution.
Figure 15(a) shows the state before the beginning. When
slide begins, due to the good ductility of copper matrix, the
plastic flow of copper will occur under the action of friction
force and friction heat, which makes the convex part of
the coating surface slide toward the craters, as shown in

Figure 15(b). After repeated friction on the friction surface,
the convex part of self-lubricating coating is smeared on the
wear surface and the craters and pores are filled. *us the
worn surface becomes smooth and some coating material
can be transferred to ball surface to form transfer film, as
shown in Figure 15(c). Even when part of the surface of
coating is destroyed and peeled off to form craters during the
wear process, copper and solid lubricants on other surfaces
will “flow” to the damaged area, filling the craters. So the
local damage can be repaired to a certain extent.
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Worn track
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Coating
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Figure 13: Worn surface (duration of 20 minutes, normal load 5N, rotation radius 4mm, and rotational speed 400 r/min).
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Figure 14: SEM image and EDS spectrum of the worn surface from the ball specimen.
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With the friction time increase, due to the different
thermal expansion coefficients between coating and sub-
strate, friction heat is generated during the friction process,
resulting in thermal stress between the coating and the
substrate. *e coating is also subjected to load and friction
force. So with the increase of friction time, the coating will
produce fatigue cracks. Moreover, under various stresses,
hard particles will fall off from worn surfaces and enter the
interface between coating and ball, as shown in Figure 15(d).
*e cracks are continuously expanded under various
stresses, resulting in the damage of the coating. At the same
time, under the action of load and friction, the hard particles
will penetrate into the coating and cause sculpture damage to
the coating, as shown in Figure 15(e). *e furrow action of
hard particles will increase friction. With the continuous
damage of the coating, the whole coating will be destroyed in
large area, as shown in Figure 15(f ).

4. Conclusions

In this work, Cu/h-BN coatings were fabricated successfully
by ESD on cemented carbide. *ere was a metallurgical
combination, which usually has high bonding strength,
between the coating and the substrate. *e coating has
distinct ESD characteristics, and the h-BN content and
capacitance affect the coating microstructures. During the
deposition process, the lessened electrode material is not
completely transferred to the substrate and is obviously
affected by the capacitance. *e effects that the capacitance,
the volume ratio of h-BN to Cu, and the deposition time
have on the coating thickness exhibited similar trends: in-
creased first and then decreased. *e capacitance and vol-
ume ratio of h-BN to Cu had a clear effect on the wear weight
loss and friction coefficient. *e friction coefficient and the
wear weight loss first decreased and then increased with the
capacitance and volume ratio of h-BN to Cu. However, the

friction coefficient and the wear rate decreased with an
increase in the speed. *e friction coefficient decreased and
the wear rate increased with an increase in the load. *e
worn surface exhibited obvious traces of shear slippage and
characteristics of abrasive wear.
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