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Abstract — With the rapid development of modern
manufacturing industry, the emergence of all kinds of difficult to
machine materials and the continuous improvement of cutting
accuracy demand, the tool coating gradually evolves from binary
to diversified nanocomposite coating, and the demand for
superhard coating with high hardness is also increasing. Among
them, titanium alloy materials are widely used in aerospace and
other military fields. Therefore, higher and higher requirements
are put forward for the heat resistance of coated tools. In many
coating systems, metal boride coatings have attracted much
attention due to their good wear resistance and high temperature
thermal stability.
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I. PREPARATION TECHNOLOGY OF HARD COATING
Coating technology refers to the use of thermal spraying,
laser cladding, vapor deposition and other preparation
technologies to coat a coating on the surface of the substrate
with corrosion resistance, oxidation resistance, good
conductivity and other strengthening effects, which can
protect the matrix material and improve its service life. At
present, chemical vapor deposition (CVD) and physical vapor
deposition (PVD) are commonly used to prepare hard coatings.
At first, CVD technology developed rapidly due to the
advantages of low internal stress, dense structure and tight
membrane / substrate bonding [1]. However, with the passage
of time, the disadvantages such as high deposition temperature
and high roughness of coating surface are becoming more and
more obvious, which limits the application of CVD
technology on tool surface. Moreover, the exhaust gas from
CVD technology will pollute the environment, which further
restricts the application and development of CVD technology.
A. Physical vapor deposition (PVD)
Physical vapor deposition technology refers to the
evaporation / sputtering of solid targets into vapor phase atoms
or ions by physical processes such as high-temperature
evaporation, glow discharge, ion bombardment sputtering in
vacuum environment, and re aggregation of these particles on
the surface of the substrate, so as to realize the controllable
transfer of material atoms [2]. This highly closed vacuum
environment can reduce the content of reactive gas (O2) in the
chamber and reduce the damage of oxygen impurities on the
microstructure of the coating. In addition, higher vacuum will
reduce the collision between gas molecules and the porosity
of the film, which will affect the deposition rate, grain growth
and phase distribution of the coating. Compared with CVD
technology, PVD technology has lower preparation
temperature (200~600℃), which can reduce the influence of
temperature on the bending strength of the substrate and
improve the stability of the coating [3]. In addition, the coating
prepared by PVD technology also has the advantages of dense
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structure, high strength, adjustable internal stress and smooth
surface. Compared with CVD technology, PVD is more
suitable for the preparation of precision and complex tool
coating [4]. With the successful application of this technology
in the field of high-speed cutting, the hardness, wear resistance,
high-temperature stability and service life of the tool are
effectively improved, and the further development of PVD
tool coating technology is promoted. At present, the most
commonly used physical vapor deposition technologies are
vacuum evaporation, sputtering and ion plating.
B. Composite high power pulsed magnetron sputtering
technology
High power pulsed magnetron sputtering (HiPIMS) is a
high ionization rate physical vapor deposition (PVD)
technology developed in recent years. In order to improve the
low metal ionization rate (< 10%) of traditional magnetron
sputtering, Kouznetsov et al. [5] of Sweden first proposed the
high power pulsed magnetron sputtering technology in 1999.
HiPIMS uses 2~3 orders of magnitude higher pulse peak
power and lower pulse duty cycle (0.1%) than traditional
magnetron sputtering technology to obtain higher metal
ionization rate (>50%) [6]. The high ionization rate makes it
ionize a large number of high-energy metal ions during
discharge, which helps to promote the diffusion of deposited
particles on the coating surface and the repeated nucleation
and recrystallization of nanocrystals, thus improving the
uniformity and density of the coating surface [7]. The highdensity plasma produced by HiPIMS impacts the substrate
surface under bias voltage, which can clean the surface
impurities and etch the substrate surface, so that the local
epitaxial growth of the coating can be achieved, and the film /
substrate bonding strength can be improved obviously. In
addition, HiPIMS technology also has the advantages of good
diffraction, low temperature deposition and adjustable internal
stress [8]. However, there are still some defects such as easy
arc striking and low deposition rate when the coating has poor
conductivity, and the low deposition rate is the main reason
limiting its industrial application. Mishra et al. [9] considered
that the lower deposition rate of HiPIMS was related to the
negative high potential cathode target which has certain
desorption effect on ions. According to the Research Report of
Christie et al. [10] during deposition sputtering, due to the low
potential of the target, some metal cations (M+) with low
kinetic energy near the target are absorbed by the cathode
target with low potential, resulting in the decrease of the
number of film-forming particles reaching the substrate
surface, thus reducing the deposition rate of HiPIMS
technology.
In order to make full use of the advantages of high power
pulsed magnetron sputtering technology, the application range
of HiPIMS technology is expanded. Many scholars began to
combine HiPIMS technology with traditional PVD technology.
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For example, HiPIMS technology was combined with arc ion
plating, DC magnetron sputtering, pulsed DC magnetron
sputtering and other technologies, and their respective
technical advantages were given full play according to the
principle of complementary advantages. Paulitsch et al. [11]
prepared CrN/TiN multilayer films by combining high-power
pulsed magnetron sputtering with unbalanced magnetron
sputtering (UBMS). High ion density can be obtained at a
lower deposition rate in plasma by HiPIMS, which makes up
for the defect of serious hole phenomenon in unbalanced
magnetron sputtering coating, improves the density of the
coating, and improves the hardness of the coating from 12 GPa
to 26 GPa. In addition, Paulitsch et al. [12] found that the
addition of DC magnetron sputtering technology can greatly
improve the deposition rate of the coating, while other
properties are still equivalent to pure HiPIMS coating. This
discovery will undoubtedly make up for the defect of low
deposition rate of HiPIMS technology. In order to make full
use of the advantages of DC pulsed magnetron sputtering, the
researchers focused on the DC pulse technology. For example,
Kang et al. [13] and Wang et al. [14] respectively deposited
Cr-Al-Si-N and Cr-Si-N nanocomposite coatings by highpower pulsed (HiPIMS) and pulsed DC co magnetron
sputtering, respectively. Finally, hard wear-resistant coatings
with high hardness (29.4 GPa) or low wear rate (3.24
μm3/(N·m)) were obtained. Compared with HiPIMS
technology, pulsed DC magnetron sputtering technology can
provide a stable deposition rate for the coating, and can inhibit
the accumulation of surface charges on the target and suppress
the arc discharge phenomenon. The combination of these two
preparation technologies is expected to produce high-quality
coatings with excellent performance and adjustable
composition.
II. RESEARCH STATUS OF TRANSITION METAL
BORIDE
A. Research status of binary metal boride coating
At the beginning of the development of tool coating
technology, transition metal boride and nitride coatings have
attracted wide attention due to their high hardness and high
wear resistance. ZrB2 and TiB2, as one of the ultra-high
temperature ceramic materials, have high melting temperature
(Tmelt >3040℃), good conductivity and corrosion resistance,
which are widely used in the preparation of high-temperature
structural materials and functional materials [15].
Parthasarathy et al. [16] established ZrB2, TiB2 and HfB2
material models, and evaluated the oxidation behavior of the
models using existing thermodynamic data in the range of
1000~1800℃. It is found that when the deposition
temperature exceeds 1400℃, boron gradually evaporates, and
the oxidation rate is mainly limited by the columnar block
spacing between MO2 oxides. Zhao Dan et al. [17] prepared
ZrB2 coating on C/SiC surface by reaction sintering method,
which provided good ablation protection for C/SiC
composites. The whole preparation process of the coating was
carried out in the high temperature environment of
1200~1600℃. The sintering resistance of the substrate was
improved by oxidation of the coating to B 2 O3 and ZrO2 fusion
layers. Because of its high hardness, ZrB 2 coating can also be
used as a protective coating on the surface of precision tools.
In order to ensure the purity of the coating and reduce the
doping of impurity elements in the coating, the ZrB 2 coating
is usually prepared by physical vapor deposition (PVD) in a
IJERTV9IS120115

vacuum sealed environment. Samuelsson et al. [18] deposited
ZrB2 coating on Si substrate by high power pulsed magnetron
sputtering (HiPIMS). The variation of the micro properties
and resistivity of the coating was discussed by changing the
pulse repetition frequency, current and ionization degree while
keeping the sputtering power of the target unchanged. The
results show that the higher atomic mobility makes the coating
show stronger (0001) texture, and it is found that the residual
stress state in the coating can be changed by changing the
ionization degree.
As a transition metal element of the same family as Zr,
TiB2 and ZrB2 coatings have similar crystal structure and
mechanical properties. Sanchez et al. [19] prepared a series of
TiB2 coatings by DC magnetron sputtering. With the increase
of coating density and compressive stress, the hardness of the
coatings gradually increased, and finally reached 23 GPa. It is
found that the oxygen pollution is serious in the low-density
coating, which is mainly caused by the reaction of oxygen
adsorbed on the surface of the coating to form TiO2 . With the
popularization of HiPIMS preparation technology, Nedfors et
al. [20] sputtered TiB2 composite target with high power pulse
magnetron sputtering technology, and successfully prepared
superhard TiB2 coating with the highest hardness up to 49 GPa.
Compared with pulsed DC, the high ionization rate of HiPIMS
leads to the transition from polycrystalline structure to (001)
textured nano columnar structure. With the decrease of pulse
frequency, the increase of matrix ion flux leads to the increase
of residual compressive stress and the density of coating
structure, which makes the hardness of coating increase.
B. Research status of ZrB2 based boron nitride coating
Although ZrB2 coating has many excellent physical and
chemical properties, the columnar crystal structure of (001)
crystal plane in the coating is anisotropic, and transgranular
fracture occurs easily under the action of complex external
stress, resulting in low fracture toughness and bending
strength of the coating. Therefore, it is necessary to toughen
the coating. Element doping is one of the most effective and
commonly used methods to improve the performance of
coatings. At present, some scholars have incorporated nonmetallic elements such as N, C, O, Si into ZrB 2 coating to
improve the mechanical properties of ZrB 2 coating. In many
toughening methods, doping N element into ZrB 2 coating to
form amorphous BN coated nanocrystalline nanocomposite
structure can play a good toughening effect. Mitterer et al. [21]
used reactive magnetron sputtering to prepare the Zr-B-N
coating for the first time in 1991 and found that the
performance of the Zr-B-N coating is similar to that of the TiB-N coating. The results show that a very wide weak intensity
diffraction peak appears in the XRD spectrum after adding N
element. The grain size is refined gradually with the increase
of reaction gas flow rate, and then amorphous structure is
formed, which makes the hardness of the coating decrease.
The presence of amorphous BN phase also improves the
transmittance of Zr-B-N coating, which can maintain good
corrosion resistance and wear resistance of the coating, and
improve the optical performance of the coating [22]. Zhang et
al. [23] prepared Zr-B-N coatings on Si wafers and cemented
carbide substrates using composite magnetron sputtering
technology to change the target power of ZrB 2. The results
show that a large amount of amorphous BN phase easily
hinders the crystallization of ZrB2 hard phase, and the
hardness of the coating decreases rapidly to 16.1 GPa.
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However, the toughness of the coating is improved. When the
sputtering power is 0.6 kW, the critical load of the coating
reaches the maximum value of 43.85 N, and it has good
tribological properties. Different from ZrB 2 doped N element,
Yu et al. [24] explored the influence of different B content on
the properties of Zr-B-N coating by doping B element into
ZrN coating. The doping of B element makes the grain size
decrease rapidly and inhibits the growth of nanocrystalline.
Due to the different radii of different atoms, the B atoms added
later are easy to dissolve into the original lattice, causing
lattice distortion, which can play the role of solution
strengthening, and the hardness of the coating reaches the
maximum value of 29.3 GPa at 24 W. However, with the
increase of B target power, the hardness decreases to 13.8 GPa.
This is mainly due to the decrease of hard fcc- ZrN phase
content and the increase of amorphous BN phase content in
the coating.
In the aspect of multi-element doping of ZrB2 coating, Li
et al. [25] enhanced the mechanical properties and thermal
stability of the nanocomposite coating by adding NB into the
Zr-B-N coating. Wu et al. [26] found that the toughness, wear
resistance and heat resistance of ZrB 2 coating can be improved
by adding O and N elements to ZrB2 coating. When the N2
flow rate is 5%, the wear rate is the lowest (1.65 μm3/(N·m)),
but the hardness is only 15 GPa. After that, Wan et al. [27]
found that the Zr-B-O-N coating was mainly composed of
ZrO2 and Zr3 N4 phases, showing a nanocomposite structure of
nc-(ZrO 2, Zr3N 4) nanocrystals wrapped in a-(BN, B2O3 )
amorphous layer. With the increase of O2 flow ratio from 2%
to 8%, the hardness of the coating decreases from 16.11 GPa
to 10.37 GPa, which is mainly due to the transformation of
ZrO2 crystal from hard face centered cubic structure to
orthogonal structure.
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III. SUMMARY AND PROSPECT
High power pulsed composite magnetron sputtering
technology is one of the effective methods to prepare hard
coatings, but the technology is still in development and needs
further research and exploration. At the same time, the
difficulty of low hardness of metal boron nitride coating
caused by excessive content of amorphous BN phase has not
been solved, and the research on ZrB2 based boron nitride
coating at home and abroad is relatively small, which is still
in the exploratory stage. It is believed that with the further
development of the research, the metal boride hard coating
will have a broader application prospect in the fields of cutting
tools, dies and aerospace.
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