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Abstract—Objective to
resistance of ZrB: coating by doping proper amount of soft

improve the toughness and wear

phase copper, and to reveal the effect of copper content on the
structure and performance of ZrB: coating by changing the
target power of ZrB:.Methods ZrB:-Cu thin films were
prepared by pulsed DC magnetron sputtering technology. X-ray
diffractometer, scanning electron microscope, nano indentation
tester, scratch tester and high temperature friction machine
were used to study the influence of ZrB: target power on the
microstructure, mechanical properties and friction properties of
ZrB>-Cu thin films. Results With the increase of ZrB: target
power, the grain size of ZrB:-Cu film decreased gradually, and
the surface roughness decreased. The film is dominated by ZrB:
phase growing along the (101) crystal plane. With the increase of
ZrB: target power, the crystallinity of Cu is inhibited. When the
ZrB: target power was 2.4kW, the hardness and critical load of
the film reached the maximum, which were 4.4GPA and 23.4N,
respectively. When the target power of ZrB: is 1.6kW, the film
has a smaller average friction coefficient of 0.49 and a wear rate
of 11.32x10°'* m3/N-m. The wear marks are narrow and shallow,
and there are fewer debris and microcrack defects. Conclusion
When the target power of ZrB: is 1.6W, ZrB:-Cu film has the
best comprehensive performance.

Key words: Pulsed DC magnetron sputtering; ZrB: - Cu thin
film; Toughening; Mechanical properties ;

[ . INTRODUCTION

With the rapid development of the extreme working
environment and processing technology of modern aerospace
and weapons, more and more requirements are put forward
for lightweight and high temperature resistant materials.
Boride ultra-high temperature ceramic materials have a wide
range of application prospects because of their excellent
properties such as ultra-high temperature resistance, low
density and high strength. Among them, ZrB, high
temperature ceramics are highly concerned by researchers [,
Due to both ionic bond and covalent bond, ZrB, crystal has
the dual properties of ceramics and metals. It has excellent
physical properties such as high melting point (3245 °C),
high hardness (23GPa), electrical and thermal conductivity,
good corrosion resistance and oxidation resistance. These
excellent properties make it widely used in machining tools,
cutting tool coating materials, wear-resistant,
corrosion-resistant coating and ultra-high temperature coating,
as well as various molding mold protective coating and

turbine blade coating in aviation industry 1. ZrB, thin films
have been developed since 1970s. The main preparation
methods include magnetron sputtering®®!, chemical vapor
deposition, thermal spraying!®, laser cladding®), etc. Gong
Jie ' and others deposited ZrB, / AIN nano multilayers by
RF magnetron sputtering technology. The effects of working
pressure and substrate bias on the structure and properties of
the coating were studied. The results show that with the
increase of substrate bias and the decrease of working
pressure, the hardness and crack resistance of the film are
improved. Shappirio, J. R 1 and others prepared ZrB, thin
films by RF two-stage sputtering, and studied their oxidation
characteristics and compatibility with aluminum. It was
found that the oxide film formed slowly at 600 ‘C and
quickly at 675 C, and the film had excellent stability for
aluminum at 600 C.

Although ZrB, coating has high hardness, it has a
disadvantage of low toughness, which makes the coating easy
to crack or even peel off from the substrate under the impact
of external force, which greatly hinders its wide application.
Therefore, it is very important to study the toughening
methods of ZrB; films. The toughening effect of hard coating
is realized by the principle that interfacial strength,
dislocations and defects of two phases hinder the generation
and propagation of cracks. So far, hard coatings have been
toughened by many methods, including second phase
toughening, phase transformation toughening, compressive
stress toughening, optimizing coating structure toughening °!.
In recent years, the research of two-phase composite structure
in second phase toughening is more extensive. The second
phase toughening is toughened by multi-phase nano
composite. Its structure includes at least two phases: one
phase is crystal, the other phase is amorphous; or both phases
are crystal. In general, ceramic is used as crystal and soft
metal as amorphous layer in ceramic gold nanocomposite
coating to form a two-phase cellular structure. Due to the
high toughness of soft metal, it can absorb the energy of
plastic deformation to prevent the crack generation; when the
crack is generated, it can bypass the mechanism or cut
through mechanism to expand in the film; at the same time,
the interface between the two phases can also hinder the
crack growth. At present, soft metals commonly used in
research include Cu, Ni, Ag, CO U9 such as Zr-Cu-N['!,
Ti-Ni-NU21, Ti-Ag-NU3 ete. Li Zhuguo U4 et al. Studied the
effect of Cu content on the structure and properties of
Ti-Cu-N thin films by changing the sputtering current of Cu
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Target by double target magnetron sputtering method. The
results showed that when the Cu content was 2%, the crack
length between grain boundaries was shortened due to the
uniform distribution of Cu grains between tin columnar
grains, which made the thin films have superhard properties,
and the hardness increased to twice that of pure tin thin films.
However, with the increase of Cu content, the hardness of the
films decreases obviously. Similar results have been reported
in Cu doped TiB; films ', This shows that the content of
doped metal phase has a great influence on the performance
of the coating.

At present, a few scholars at home and abroad have
studied the ZrB,-Cu composite. They used hot pressing
sintering method to explore the influence of ZrB, content and
temperature on the compactness and conductivity of the
composite %7, The influence of doped metal on the
structure and properties of ZrB,-Cu film and the existing
form have not been discussed. Therefore, it is very important
to study the effect of copper on ZrB,-Cu films. To solve this
problem, ZrB,-Cu thin films were deposited by pulsed DC
magnetron sputtering. Because the sputtering yield of Cu is
obviously higher than that of Zr, and the previous
experiments show that even at the lowest starting power
(0.3kW), the sputtering yield of Cu from Cu target is still too
much, resulting in a significant decrease in the hardness of
the film. Therefore, the effect of the relative content of Cu on
the structure and properties of ZrB, thin films was studied
indirectly by changing the target power of ZrB: and keeping
the minimum starting power of Cu unchanged.

IT. EXPERIMENTAL

2.1 Coating preparation

ZrB,-Cu thin films were deposited on mirror polished
cemented carbide (25 mm % 25 mm x 3 mm), 304 stainless
steel (40 mm x 30 mm x 1 mm) and single crystal Si (100)
substrates by pulsed DC magnetron sputtering (pdcms). The
Z1B; target (99.5%, Zr/B stoichiometry= 1:2) and Cu target
(99.99%) were connected to the magnetron sputtering source.
Before charging, the substrates were cleaned by ultrasonic
cleaning in degreaser, ultrapure water and absolute ethanol
for 15 minutes, dried with high purity N», clamped on the
sample plate, hung on the central rotating frame in the
vacuum chamber, and the distance between the target and the
substrate was about 80 mm. Vacuum to 3.5x10Pa with
rotary pump and turbo molecular pump, heat to 400 C in
the vacuum chamber, inject argon to keep the working
pressure at 1.2Pa, turn on - 800V bias, and glow discharge for
15min to remove impurities in the furnace and on the sample
surface. Keep the bias voltage of - 800V, change the pressure
to 0.6Pa, turn on the pulsed DC Cu Target for 8 min. In order
to avoid re-sputtering, the bias voltage was adjusted to - 150V,
the pulsed DC ZrB, target was turned on, and the ZrB,-Cu
thin film was deposited. The rotating speed of the rotating
frame was set to 40rpm, and the deposition time was 240min.
ZrB,-Cu thin films with different relative copper contents
were prepared by changing the sputtering power of ZrB,

target. The deposition parameters of ZrB,-Cu thin films are
shown in Table 1.

2.2 Structure characterization and mechanical properties test
(1) X-ray diffraction (XRD) was used to analyze the
phase composition of the films. The monochromatic K o ray
(A= 0.154nm) from Cu target was used to radiate. The power
was 40 kV x 40 ma. The scanning range of diffraction angle
(20) was 20 ° to 80 ° and the step width was 0.02. The
counting time of each step was 0.2 s. The surface and
cross-section morphology of ZrB,-Cu films were observed by
s-4800 field emission scanning electron microscope (SEM).

(2) The hardness and elastic modulus of the coating were
measured by the nano indentation instrument (ttx-nhtcsm
instruments) under the dynamic continuous linear loading
and unloading mode. In order to eliminate the influence of
the substrate on the measurement results, the indentation
depth was not more than 1/ 10 of the film thickness ['®]. Each
sample was indented 10 times and the average value was
selected.

(3) The film / substrate bonding strength was tested by
Anton Paar rst-3 scratch tester. The tip angle of diamond
scratch needle was 120 ° and the tip radius was 200 u M.
During the test, the normal load gradually increases from
zero to 100 N, the stroke rate is 1.0 mm / s, and the scratch
length is 5 mm. The optical microscope attached to the
scratch tester was used to observe the scratch morphology.
The critical load of the film was defined as the load at the
position where the film began to peel off from the substrate.
The average value was obtained by measuring the same
sample five times.

Tab.1 Deposition parameters of ZrB,-Cu thin films prepared by pulsed
magnetron sputtering

Parameter Value
Base pressure/Pa 3.5x10°
Working pressure/Pa 0.6
Deposition temperature/‘C 400
Pulsed DC sputtering power(ZrB, 12, 16, 20, 24
target)/kW
Pulsed DC sputtering power(Cu 0.3
target)/kW '
Ar flow ratio /mL/min 150
Distance between target and 80
substrate/mm

(4) The friction coefficient of the film was tested by
Anton Paar tht at room temperature of about 20 ‘C and
relative humidity of 25% ~ 30%. The diameter of alumina
ball with 6 mm was selected as the grinding pair, the normal
load was 2n weight, the sliding linear velocity was 0.1 M /s,
the rotation radius was 8 mm, and each sample was rotated
for 200 cycles. During the test, the computer records the
friction coefficient in real time, and the average friction
coefficient is expressed by the arithmetic mean value of the
friction process entering the stable stage [%l. The
cross-sectional area of wear scar was measured by surface
profiler, and the wear rate was calculated according to the
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formula k = V / (SL), where V is the wear volume, s is the
slip distance, and | is the normal load. Ultra depth of field
microscope (KEYENCE, vhx-1000c) was used to observe the
wear morphology of the films.

[T RESULTS AND DISUSSION

3.1 Deposition rate

Figure 1 shows the deposition rates of ZrB,-Cu films at
different ZrB, target powers. It is obvious that the deposition
rate increases linearly from10.4 nm/min to16.3 nm/min with
the increase of ZrB, target power from 1.2 kW to 2.4 kW.
When the target power is between 1.2 kW and 1.6 kW, the
deposition rate increases slowly; when the target power is
between 1.6 kW and 2.0 kW, the deposition rate increases
fastest; when the target power is between 2.4 kW, the
deposition rate increases slowly. When the substrate
temperature, bias voltage and working pressure are the same
with the incident angle of the particles, the bombardment
intensity of the film is mainly determined by the energy of
the incident particles, and the energy of the incident particles
is closely related to the target power %1, With the increase of
target power, the incident particle flux density and sputtering
yield increase, which makes the splashed Zr, B and Cu ions
combine more fully, and the thickness of deposition on the
substrate surface increases. According to the related theory of
thin film growth Y, when the power of ZrB, target is high,
because the energy of incident particles exceeds a certain
threshold, the implantation effect occurs. At the same time,
the collision between ions heats the gas on the target surface

a 1.2kw b 1.6kwW

and dilutes the ion density, which reduces the sputtering yield

and limits the increase of deposition rate.
£T13, power (KW )

Fig.1 Deposition rate of ZrB,-Cu thin films deposited at different ZrB, target

powers

3.2 Surface topography

Figure 2 shows the surface morphology of ZrB,-Cu films
at different sputtering power of ZrB, target. It can be seen
from Fig. 2 (a) that there are spherical particles with uneven
size on the surface of the film at low power, and the surface is
rough. With the increase of ZrB, target power, the surface
roughness of the film decreases, and the average size of
surface particles decreases, which reaches the minimum
when the target power is 2.0kW, indicating that the increase
of target power can refine the surface particles of the film.
The reason may be that, on the one hand, under the condition
of constant temperature, bias voltage and working pressure,
the gradually increasing target power improves the
bombardment effect of incident ions on the film, thus
improving the particle size and flatness of the film surface;
on the other hand, as a soft metal, Cu has a certain effect on
the grain growth. Wei Chunbei et al. ??! found that when the
content of Cu is high, it is easy to aggregate Therefore, the
surface roughness of ZrB, films is related to the relatively
high content of Cu in the films when the target power is
small.

d 2.4kw

¢ 2.0kwW

Fig.2 Surface morphology of ZrB,-Cu thin films deposited at different ZrB, target powers

3.3 Phase analysis

Figure 3 shows the XRD diffraction patterns of ZrB,-Cu
films at different sputtering power of ZrB, target. It can be
seen from the figure that the diffraction peaks of dense
hexagonal structure ZrB, and face centered cubic structure
Cu appear in all films, which indicates that both ZrB; and Cu
exist in crystal state. When the target power of ZrB, is 1.2kW,
ZrB, shows obvious (001), (100) and (101) diffraction peaks,
and grows preferentially along the (101) crystal plane. With
the increase of ZrB, target power from 1.2kW to 2.4kW, the
intensity of the three diffraction peaks of ZrB. increases
gradually, and the FWHM of the diffraction peak increases.
This is mainly because the increase of ZrB, target power
improves the energy and activity of Zr and B ions, and
promotes the crystallization of the deposited particles The

sputtering power reported by Jin et al. 1 is helpful to
improve the atomic mobility of the growth surface, and the
crystallinity is higher at higher target power. When the target
power is small, Cu (111) and weak (200) diffraction peaks
appear in the films. Similar phenomena also appear in the
studies of Guo Jun ¥ and Wei Keke >, When the target
power increases from 1.2kW to 2.0kW, the diffraction peak
intensity of Cu decreases and widens, indicating that the
increase of ZrB, target power will inhibit the crystallinity of
Cu and refine the grain size to a certain extent. Zou cunlei ¢
believes that Zr and B, as refiners, have significant refining
effect on Cu grains.
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Fig.3 XRD patterns of ZrB,-Cu thin films at different ZrB, target powers

3.4 Mechanical property

The hardness h and elastic modulus E of ZrB,-Cu thin
film under different sputtering power of ZrB, target are
shown in Fig. 4. It can be seen that when the target power of
ZrB; is 1.2kW, the film has the minimum hardness of 1.4GPa
and elastic modulus of 117GPa. With the increase of target
power, the hardness and elastic modulus of the films increase
nonlinearly, reaching the maximum at 2.4kW, which are
4.4GPa and 185GPa, respectively. The reason may be that the
target power increases the bombardment intensity of the film,
and more B elements are splashed out to form strong covalent
B-B bond, which increases the hardness of the film The
hardness of the film increases with the decrease of grain size
271, Combined with XRD analysis results, the increase of
target power can achieve the effect of grain refinement. At
the same time, doping a small amount of Cu can hinder the
growth of grains and refine the grains. According to Griffith
microcrack theory, fine Cu grains are dispersed between ZrB,
columnar crystals, which shortens the crack length between
columnar crystals and improves the quality of the film The
fracture strength and hardness of the film were studied %%, so
the hardness of the film reached the maximum at 2.4kW.
Some scholars found that the hardness corresponding to (001)
crystal plane was the maximum for diboride with close
packed hexagonal structure. In this experiment, when the
target power of ZrB, was 2.4kW, the diffraction peak
intensity of ZrB> (001) was the maximum, and the hardness
was the highest.

200
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Elastic modulus (GPa)
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100

Fig.4 Hardness and elastic modulus of ZrB,-Cu films deposited at different

ZrB, target powers

Figure 5 shows the critical loads of ZrB,-Cu films at
different target powers. In order to reduce the influence of the
hardness of the film and the substrate, the thickness of the
film and the interface properties on the critical load, the
critical load of the film was determined by comprehensively
considering the failure mode of acoustic emission signal and
scratch morphology ). It can be seen from the figure that
the critical load of the film shows an obvious growth trend.
When the target power of ZrB; is 1.2kW, the critical load of
the film is the smallest, only 13.8N. When the target power is
further increased to 1.6kW, the critical load of the film is
greatly improved, and the critical load of the film increases
gently with the increase of the target power. This is mainly
due to the high target power, which improves the activity and
diffusion ability of the deposited ions, and makes the
structure of the film substrate interface become compact.

24}

21

18

Critical load/ (N)

1.2 1.6 20 24
ZrB: power/ (kW)

Fig.5 Critical loads of ZrB,-Cu films deposited at different ZrB, target
powers

3.5 Tribological properties

Figure 6 shows the friction coefficient of ZrB,-Cu films
prepared under different sputtering power of ZrB, target. The
friction coefficient is the average value of the stable stage in
the selected wear process. It is obvious from the figure that
the average friction coefficients of the films are between 0.46
and 0.51. When the target power of ZrB, is 1.2kW, the film
has the lowest friction coefficient, which is about 0.47.
However, the surface of ZrB,-Cu film prepared at this power
is relatively rough and loose, and the compactness is poor.

051

0.50 ¢

049

048

047 -

Average friction coefficient

0.46 1 ~ + B
1.6 2.0 24

ZrB, power (kW)

[

Fig.6 Friction coefficient of ZrB,-Cu films deposited at different ZrB, target
powers

Combined with the step tester test, it is found that the

maximum wear scar depth of the film is greater than the

thickness of the film, indicating that the film is broken. The
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friction coefficient at this time is considered to be the
comprehensive average friction coefficient between the
substrate and the film, not the thin film The friction
coefficient of the membrane is not considered in the analysis.
When the target power of ZrB, is 1.6kW, the average friction
coefficient of the film is about 0.49. At this time, the relative
content of soft phase copper in the film is the most, which

inhibits the grain boundary sliding. At the same time, the soft
phase metal fills the uneven surface in the friction process,
which has a certain anti friction effect BY., With the increase

of target power, the average friction coefficient increases
slightly. This may be due to the relative content of copper

reduction is not enough to provide the necessary lubrication
[31]

Fig.7 Surface wear scar morphology of ZrB,-Cu thin films prepared at different ZrB, target powers

Ultra depth of field microscope was used to observe the
wear scar morphology of ZrB,-Cu film after friction and wear
experiment, as shown in Figure 7. When the target power of
Z1B; is 1.2kW, the wear scar of the film is the widest, and a
large amount of wear debris accumulates on both sides,
which is more serious. This may be due to the relatively high
content of Cu in the soft phase of the film at a small target
power of ZrB,. At this time, the hardness of the film is low,
and the adhesion is small. Under the action of shear, the film
has a large area of spalling, and the spalling wear debris can
not be removed in time, and is pressed into the surface of the
wear scar, thus causing new damage to the film Abrasive
wear of P2, When the target power of ZrB; is 1.6kW, the
wear scar of the film is narrow and shallow, and the wear
debris and microcrack defects are less. Combined with the
friction coefficient and wear rate, the wear resistance of the
film is the best. With the increase of target power, the wear
scar of the film becomes wider and wider, accompanied by
local peeling off. The reason is that with the increase of
power, the relative content of ZrB; in the film increases, the
brittleness of the film increases, and it is easier to shear on
the surface, which leads to the increase of wear. Therefore,
doping appropriate amount of soft phase Cu can improve the
wear resistance of the films.

In order to more specifically characterize the wear
condition of ZrB,-Cu film after friction test, the
cross-sectional area of wear marks is measured by a step
meter, and the wear volume of the film is calculated, so as to
comprehensively reflect the wear resistance of the coating.
The variation law is shown in Fig. 8. When the target power
of ZrB; is 1.2kW, combined with the step meter test, it is
found that the maximum wear scar depth of the film exceeds
the film thickness, indicating that the film is broken, so it is
not considered. When the target power of ZrB; is 1.6 kW, the
wear rate of ZrB>-Cu coating is about 11.32x10'* m*/N-m.
with the increase of target power, the wear rate of the film
increases greatly. This is because the increase of ZrB, target
power increases the content of ZrB; in the film. Due to the

high brittleness of ZrB,, the film is easy to break under the
action of friction load, resulting in many fine ZrB, hard
particles. In the process of friction, these small particles that
are not discharged in time rub the film back and forth with
the friction pair, thus aggravating the wear of the film.

17F

16 |

15

Wear rate ( 10 m‘(N-m))

L L L
1.6 2.0 2.4

/.rB: power (KW)

Fig.8 Wear rate of ZrB,-Cu films prepared at different ZrB, target powers

IV. CONCLUSION

In this paper, ZrB,-Cu thin films were deposited by pulsed
DC magnetron sputtering. The effects of different copper
content on the microstructure, mechanical properties and
Tribological Properties of the films were studied indirectly by
changing the target power of ZrB,. The main results are
summarized as follows:

(1) The results show that the grain size of the films
decreases with the increase of ZrB, target power, and the
surface roughness decreases. The ZrB,-Cu films mainly grow
along the (101) crystal plane. Meanwhile, the increase of
ZrB; target power will inhibit the crystallinity of Cu and
refine the grain size to a certain extent.

(2) With the increase of ZrB, target power, the hardness
and critical load of the films increase. When the target power
of ZrB; is 2.4kW, the maximum hardness is 4.4GPa, and the
corresponding Cu content in the film is the least.

(3) The results show that the average friction coefficient
and wear rate of ZrB,-Cu thin films increase with the
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increase of ZrB; target power. Doping appropriate amount of
soft phase Cu can improve the wear resistance of the thin
films.
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