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Abstract
HfBx coatings were deposited on cemented carbide substrates by direct current
magnetron sputtering (DCMS) and high-power impulse magnetron sputtering
(HiPIMS). The effect of the deposition conditions, i.e., temperature, bias voltage and
gas pressure, on the crystal structure and mechanical properties of HfBx coatings were
analyzed systematically. The results show that DCMS-deposited HfBx has random
orientations of HfB2(001), (100), (101) and (102), whereas HiPIMS-deposited one has
less random orientations with high intensity in HfB2(001). Higher temperature, higher
bias voltage and lower gas pressure lead to HfBx coating with stronger
HfB2(001)-preferred orientation because of higher adatom mobility. The
DCMS-deposited HfBx coatings have a columnar microstructure and rough surface
morphology. In contrast, the HiPIMS-deposited HfBx coatings have an extremely
dense microstructure and smooth surface, mainly due to high ion bombardment.
Attributing to high crystallinity and high density, HfBx coatings deposited by HiPIMS
have superhardness up to 49.3 ± 3.6 GPa and high Young’s modulus of 667.0 ± 9.2
GPa. DCMS-deposited HfBx, on the other hand, have a much lower hardness between
27.3 ± 4.2 and 36.3 ± 2.5 GPa. Moreover, excellent adhesion (> 100 N) of HfBx

coating on the cemented carbide substrate can be obtained, originating from the
chemical diffusion and the mechanical locking in the interface.
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1. Introduction

Hafnium diboride (HfB2) is a well-known ultra-high-temperature ceramic (UHTC)

with a hexagonal structure. HfB2 has excellent physical properties, including a high

melting point (3380 °C), high bulk hardness (28 GPa), high thermal conductivity

(>100 W.(m.K)-1), low thermal expansion (6.3x10-6K-1) and good corrosion resistance

[1-3]. The lattice mismatch between HfB2 and GaN [4] is only 1.4%, suggesting that

HfB2 is possibly an ideal buffer layer for the growth of semiconductors. Therefore,

HfB2 coating is considered to have a high potential to be used in aerospace [5,6],

thermophotovoltaic devices [7], complementary metal oxide semiconductors (CMOS)

[8], and cutting tools. Hence, the study on the growth of high-quality HfB2 coating

has excellent scientific and technological importance.

Obtained by chemical vapor deposition (CVD) from single-source precursor

Hf(BH4)4 [9-11], the texture of HfB2 film is greatly dependent on the substrates like

Si(111), Si(001), c-Si, SiO2, and deposition temperatures which are usually in the

range of 400-900 °C [9] and pressure [10]. Epitaxial HfB2 (0001) was grown on Si

(001) substrate at a high temperature of 1000 °C by etching through a SiO2 layer [15].

For the HfBx (x value is higher or lower than 2) coating deposited by radio

frequencies magnetron sputtering (RFMS) [12-14], its crystallization could be

adjusted from the amorphous, cluster, poor pronounced columnar to columnar, with

the variation of bias voltage and temperature simultaneously [12]. The corresponding

hardness can be increased from 13 GPa for the amorphous film to 44 GPa for the (001)

preferred oriented film [12]. A recent publication reported that the HfB2 coating

deposited by DCMS on the Al2O3 substrate presents a hardness of 47.7 ± 2.7 GPa [16].

Moreover, HfB2 coating was deposited on stainless steel by DCMS with Al2O3 coating

as a top layer [17]. This HfB2/Al2O3 solar absorber coating was thermally stable in

vacuum at 600 °C for 2 h, indicating that HfB2 could be a potential material for

high-temperature solar thermal applications. Bakhit B et al. [18] reported the

synthesis of dense Ti0.67Hf0.33B1.7 thin film with a hardness of ~41.0 GPa grown

without external heating by hybrid HiPIMS and DCMS co-sputtering

(HfB2-HiPIMS/TiB2-DCMS) on Al2O3 substrates. To the best of our knowledge, there

are no reports on the deposition of HfBx coatings, including stoichiometric and

off-stoichiometric compositions, on the cemented carbide substrate (WC/Co) as

coated cutting tools. In addition, microstructure and mechanical properties of HfBx

coatings deposited by magnetron sputtering technology, especially HiPIMS, also
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require further investigation.

In this paper, we adopted direct current magnetron sputtering (DCMS) and

high-power impulse magnetron sputtering (HiPIMS) to deposit HfBx coating on

cemented carbide substrates. The influence of different deposition parameters on the

microstructure and mechanical properties of HfBx coating were studied. Furthermore,

the adhesion mechanism between HfBx coating and cemented carbide was explored.

2. Experimental methods

2.1 Coating deposition

HfBx coatings were deposited on the mirror-polished (Ra < 0.04 μm) substrate of

YL10.2 cemented carbide (manufacturer: ZCC·CT). Before the deposition, all the

samples were ultrasonically cleaned and dried. The industrial-scale physical vapor

deposition (PVD) equipment Domino Mini from Sulzer Metaplas, which is equipped

with arc-enhanced glow discharge (AEGD), dcMS and HiPIMS technologies, was

used for the deposition. The etching process with AEGD using a Ti target with

99.99 % purity was executed prior to the deposition of the coatings. The background

pressure was evacuated to less than 4.0×10-3 Pa before the deposition. HfB2

compound target (manufacturer: Plansee) was used to prepare coatings. The HfB2

target is 456 mm in length, 81 mm in width and 5 mm in thickness, and the purity of

the target is 99.9 %. Magnets were mounted in a closed field configuration behind the

target, and the effective coating area was 400 mm in length. Only one magnetron was

used, and the samples were mounted in front of it. The minimum distance between

sample and target is 87 mm. The working gas Ar had high purity of 99.999 %. The

deposition conditions for different samples prepared using DCMS and HiPIMS are

listed in Tables 1 and 2, respectively. High power magnetron sputtering power supply

was used in power control mode, with an average power of 4 kW. The monitoring

screen showed that the discharge voltage and average current values were about 800

V and 5 A, respectively. The peak power was calculated to be 140 kW.

2.2 Characterization

A Bruker D8 Advance X-ray Diffractometer, with Cu K source and wavelength

= 0.154 nm, was used to measure the phase structures and orientations of HfBx
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coatings. Hitachi SEM S-3400N-II acquired the surface morphology and cross-section

structure of HfBx coatings. The acceleration energy of 15 kV was applied. To observe

the cross-section structure of the coating, wire cutting was used to cut the coating

samples from the cross-sectional direction. Bruker AFM Dimension FastScan

Microscope was utilized to measure the 3D topology of the coating with the scanning

area of 1 um×1 um. The microstructures of the HfBx coatings were observed by

field-emission transmission electron microscopy (Thermo Fisher Scientific Talos

F200S of FEI) with an EDS and an accelerating voltage of 200 kV. The sample used

for transmission electron microscopy (TEM) detection was prepared by the focus ion

beam. The surface chemical bonding states and the composition of the coatings were

investigated using the X-ray photoelectron spectroscopy (XPS) with an Escalab 250Xi

XPS Spectrometer (Thermo Fisher, USA). High-resolution spectra were acquired with

a 0.1 eV step with a pass energy of 20 eV, corresponding to an overall Fermi edge

resolution of 0.39 ± 0.02 eV. The binding energy of C1s (285.0 eV) was used to

calibrate the energy scale of the spectra. A Shirley background subtraction method

was beneficial in analyzing to differentiate the XPS peaks. Concerning the mechanical

properties, Nano Indenter XPTM from Anton Paar was used to measure the hardness

and Young’s modulus of the coatings, with a depth of indention of 100 nm, dwelling

time of 3 s and an applied load of 10 mN. Berkovich diamond indenter was used, with

25 indents per sample for nanoindentation measurement. The scratch tester RST from

Anton Paar was used to evaluate the adhesion of HfBx coatings on cemented carbide

substrates, with scratch loads ranging from 0 to 100 N, scratch length of 5 mm, and

scratch speed of 10 mm/min. Rockwell indenter with a radius of 0.2 mm was used for

the scratch measurement.

3. Results and discussion

3.1 Crystallinity and microstructure
The x-ray diffraction pattern of HfBx coatings deposited by DCMS is shown in

Fig. 1. Heating temperature and bias voltage were changed and the corresponding

XRD patterns were obtained. The peak around 24.5° is assigned to HfB2 with (001)

orientation, and it has the highest intensity relative to all the other peaks. Peaks from

HfB2(100), (101), (002) and (102) orientations are also found and marked in Fig. 1,

which indicate the polycrystalline nature of the HfBx coatings. With the increase of

bias voltage from -50 to -200 V at a heating temperature of 600 °C, the peak intensity

associated with (001) orientation becomes higher. In addition, the peak intensity
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associated with (001) orientation corresponding to a low heating temperature (500 °C)

and a high bias voltage (-150 V) is lower than the peak intensity corresponding to a

high temperature (600 °C) but a low bias voltage (-100 or 50 V). It implies that

heating temperature and bias voltage are critical factors for the crystallinity of HfBx

coatings with (001)-preferred orientation using DCMS. It is also consistent with the

growth principle of the coatings proposed in the literature [19].

Figure 2 shows the XRD pattern of HfBx coatings deposited by HiPIMS with

different bias voltages and argon gas pressure. It can be found that the highest peak of

the HfB2 in the XRD pattern corresponds to the (001) orientation. Unlike the XRD

pattern of HfBx coating deposited by DCMS, fewer peaks can be observed from other

orientations in the XRD pattern of HfBx coatings deposited by HiPIMS. The HfBx

coatings with HfB2(001) orientation and a bias voltage of -100 V possess a peak at

25.0°. The same peak shifts to 25.17° with a bias voltage of -200 V. The shift of the

peak indicates higher compressive stress of the HfBx coating. It is due to stronger ion

bombardment on the coating surface because of higher bias voltage. No noticeable

difference in the intensity of (001) orientation peaks can be observed for different bias

voltages regarding HfBx coatings deposited by HiPIMS.

Moreover, when the working pressures of argon gas changed from 0.65 to 0.5 Pa,

a change in intensity and slight shift of the angle to 25.22° of (001) orientation peaks

can be found. Lower working pressure contributes to a smaller mean free path and

reduced energy loss by the collision of particles in plasma. Particles reaching the

surface of the coating with higher kinetic energies induce better growth of HfB2

grains.

The cross-sectional high-resolution transmission electron microscope (HRTEM)

shows that the DCMS-deposited HfBx coatings possess multiple orientations like

HfB2(001), (100), (101) and others, indicating the polycrystalline nature of the coating.

Moreover, the HiPIMS-deposited HfBx coating crystals are highly oriented in the

HfB2(001) orientation along the c axis. Likewise, the nanocolumnar structure along

the direction of growth of the coating is also found and shown in Fig. 3(b).

HfBx coating with HfB2(001)-preferred oriented can be obtained regardless of

the sputtering methods like DCMS, HiPIMS and RFMS [20]. The texture evolution of

HfBx coatings can be explained by adatom surface diffusion [21], which occurs

among planes and among grains during the initial or growth stages of the surface of

films [22]. It greatly influenced the texture evolution of other transition metal
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diborides like TiB2 [23] and CrB2 [24]. According to the theory reported in [22], in the

case of low surface adatom mobility, grains on the plane that has lower surface

diffusivity parallel to the substrate survive and become the preferred orientation.

However, at higher surface adatom mobility and longer diffusion distances, diffusion

among grains occurs and grains with the lowest-surface-energy plane become the

preferred orientation.

Concerning hexagonal HfB2 (h-HfB2), Zhang et al. calculated the surface energy,

with thermodynamic sense of several HfB2 surfaces, including (0001), (10 0), (10 1)

and (10 3). They found that Hf-terminated (0001) surface and B-terminated (0001)

surface have the lowest surface formation energy at the Hf-rich area and B-rich end

area, respectively [25]. At higher deposition temperatures, atoms gain more thermal

energy and consequently have higher adatom mobility. The growing coating surface

gains additional energy from high ion bombardment by increasing bias voltage.

Consequently, the coating favors the growth of the lowest-surface-energy orientation

(001). Due to this reason, a highly HfB2(001)-oriented coating is obtained after using

high deposition temperature and bias voltage in DCMS. Compared to DCMS,

HiPIMS-deposited HfBx coating exhibits a higher intensity of the peak associated

with (001) orientation, but has fewer peaks assigned to other orientations. It is

because of the continuous ion bombardment on the coating surface from the high

ionization rate of HiPIMS [26]. It leads to high surface adatom mobility [27] and

highly HfB2(001)-oriented HfBx coating.

3.2 Surface and cross-sectional morphology

SEM and AFM were used to observe the cross-sectional view, surface

morphology and 3D-topology of different HfBx coatings deposited by DCMS and

HiPIMS, as shown in Fig. 4 and 5.

HfBx coatings deposited by DCMS, with different deposition conditions, have a

prominent columnar cross-sectional structure, which is of coarse and have low density.

On the other hand, all HfBx coatings deposited by HiPIMS show a highly compact

and smooth structure without macro features.

Based on the surface observed by SEM and AFM, HfBx coatings deposited by

DCMS have small spherical islands. Their arrangement on the surface is random with

non-uniform size. Some small "islands" get together to form an "island clusters", and

a clear boundary of among "island clusters" can be observed. However, HfBx coatings

deposited by HiPIMS have an extremely smooth surface, and no particles can be
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observed in the magnified view, as shown in Fig. 5.

HfBx coatings with significantly different morphologies were obtained by DCMS

and HiPIMS. Due to the high ionization and high peak power density in HiPIMS,

surface adatom mobility is greatly improved compared to conventional DCMS

technology, resulting in a dense and uniform structure. In addition, high ion

bombardment in HiPIMS contributes to grain refining and prevents from the

columnar structure formation .

3.3 Mechanical properties

Hardness and Young’s modulus of HfBx coatings deposited by DCMS are shown

in Fig. 6. For the coatings deposited at low heating temperature (500 °C), relatively

low hardness and Young’s modulus are measured with values of 27.3 ± 4.2 and 470.5

± 6.6 GPa, respectively. It is because of the low crystallinity of the coatings. For the

HfBx coatings deposited at higher heating temperature (600 °C), with the increase of

bias voltage from -50 to -200 V, the hardness increases slightly from about 33.4 ± 2.2

to 36.3 ± 2.5 GPa. For the same increase of bias voltage, Young’s modulus increases

from 470.5 ± 6.6 to 567.4 ± 8.1 GPa. It is due to higher ion bombardment on the

coating surface during the deposition and formation of a structure with higher

crystallinity, as shown in the XRD results in Fig. 1.

Considering the deposition by HiPIMS, all the HfBx coatings have superhardness

(≥ 40 GPa), illustrated in Fig. 7. By increasing the bias voltage from -100 to -200 V

(at working pressure 0.6 Pa), the hardness and Young’s modulus can be increased

from 42.6 ± 3.8 to 45.1 ± 2.5 GPa, and 571.8 ± 8.9 to 583.0 ± 7.0 GPa, respectively.

Additionally, on decreasing the working pressure from 0.65 to 0.5 Pa, the hardness

and Young’s modulus of HfBx coating further increase from 45.1 ± 2.5 and 583.0 ±

7.0 GPa to 49.3 ± 3.6 and 667.0 ± 9.2 GPa, respectively. The different values of

hardness for HfBx coatings under different conditions are consistent with the

crystallinity, as per the XRD results shown in Fig. 2.

From the first principle calculations, h-HfB2 is a material of hard nature with a

calculated Vickers hardness of 40.7 GPa [29] and the weakest ideal strength of 33.3

GPa [30]. Note that the theoretically calculated bulk hardness is based on the ideal

crystal structure of h-HfB2. The mechanical properties of the experimentally deposited

coatings are greatly influenced by crystallinity and microstructure when deposited by

different processes. For example, a previous study [31] reported that nanoindentation
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revealed 15 GPa higher hardness of (0001)-oriented h-WB2 coating as compared to

the (1011)-orientated one.

According to the hardness measuring results in this study, HfBx coating can be

hard or even superhard. As for the coatings deposited by HiPIMS, the ion flux is

much larger than other sputtering methods, such as DCMS and middle-frequency

pulsed MS [28]. High atomic mobility can be induced by bombarding the growing

coating with energetic heavy Hf+ ions generated by HiPIMS sputtering of the

HfB2 target [18]. According to the present study, the deposition rate of the

HiPIMS-deposited HfBx coating (about 5 nm/min) is much lower than the

DCMS-deposited one (about 11~14 nm/min). When HiPIMS is used, the coating

structure is dense and has no micro features, and the coatings would have higher

crystallinity in (001) orientation as compared to DCMS. HfBx coatings deposited by

DCMS have low crystallinity, random orientations and coarse columnar structure, due

to the fast deposition rate and insufficient energy of particles upon reaching the

coating surface. Therefore, the coatings prepared by HiPIMS exhibits higher hardness

than those prepared by DCMS.

In order to explore the effect of the composition ratio in HfBx coating on the

mechanical properties of the coating, high-resolution XPS B1s spectra of HfBx

coatings was observed, as shown in Fig. 8. The peaks at about 192.1, 187.75 and

186.7 eV are attributed to B in the B2O3 [37], HfB2 [35] and metallic boron [38-41]

respectively. Note that air-exposed samples were used for the measurement and

sputtering process was avoided. It was because of the risk of preferential removal or

implantation of low atomic mass species (boron) by sputtering, making accurate phase

identification difficult (impossible). Although most TMB2 coatings are

over-stoichiometric [32-34], some have been reported to be under-stoichiometric

[42,43]. However, the presence of the B-B peak in XPS indicates that these HfBx

coatings are indeed over-stoichiometric. Possible reasons, which need to be verified,

may include the longer mean free path of the B atom than the Hf atom, or the much

higher mass of Hf compared to Ar resulting in slight deflection of Hf. In the study of

the compositional evolution of Ti-B thin films deposited by sputtering a compound

target, Neidhardt J et al. found that the coatings composition Ti/B ratio mainly

https://www.sciencedirect.com/topics/physics-and-astronomy/energetics
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depends on gas pressure, target-substrate distance and angle [44]. HfBx coatings, with

constituents with a large difference in atomic mass or radius, may also have similar

laws of influence [44], and further research studies are needed to verify.

The B-B/B-Hf ratios is calculated from the area of B1s spectra, as shown in Fig. 9.

The calculated results show that the B-B/B-Hf ratio of HiPIMS-deposited coating is

higher than that deposited by DCMS. Considering the higher hardness of

HiPIMS-deposited HfBx coatings as compared to that deposited by DCMS, a higher

amount of boron may be associated with higher hardness.

The mechanism of the enrichment or deficiency of the boron phase on the

hardening of the HfBx coating needs further deep investigation. The contribution of

B-B bonding from B1s spectra was assigned to the thin B-tissue phase encapsulating

the TiB2 nanocrystals observed by TEM [39]. In the present study of HfBx coatings, a

similar structure to the TiB2 coating with B-enrichment [32] was observed by HRTEM

(Fig. 3). Excess B phase tissue along the TMB2 column was also found from the study

of other TMB2 coatings, i.e., TiB2 [32], CrB2 [33] and VB2 [34]. Mayrhofer et al. [32]

and N. Kalfagiannis et al. [36] associated the hardening effect of the coating with the

formation of these B phases. It is reported that higher crystallinity in (001) orientation

for RFMS-deposited HfBx coating has a higher amount of B/Hf ratio and higher

hardness [12]. HfBx coatings might also be under-stoichiometric. In the case of

under-stoichiometric TMBx [42,43], recent publication reports that deficiency of B in

under-stoichiometric HiPIMS-deposited TiB1.43 film is found to be accommodated by

Ti-rich planar defects, and the film exhibit a superior hardness of 43.9 ± 0.9 GPa [43].

The scratch on the surface of the DCMS-deposited coating is shown in Fig. 10a.

Minimal chipping of the coating suddenly occurs at the side of the scratch track at the

critical load of 78.5 N. No apparent delamination or chipping of the coating from the

surface can be observed with scratching from 0 to 100 N, indicating excellent

adhesion of the coating to the substrate.

As shown in Fig. 10b, there is no cohesive failure (i.e., failure of the coating

before delamination) on the surface of HiPIMS-deposited coating under the scratch

loads from 0 to 100 N, suggesting excellent adhesion strength of the coating. Tiny

localized hemispherical chipping of the coating begins to appear at the side of the



10

track at the critical load of 55 N. However, the coating removal inside the scratch

track exacerbates smoothly with the load. It is in contrast to the DCMS-deposited

coating, where chipping of the coating occurs suddenly. It is due to higher damage

resistance and higher hardness of the coating deposited by HiPIMS.

In order to profoundly investigate the adhesion behavior between the coating and

cemented carbide (WC/Co) substrate from a microscopic view, HRTEM was

conducted to observe the interface, as shown in Fig. 11 and 12. The HfBx coating was

deposited directly on the substrate without a buffer layer. Figure 11 shows the

interface of HfBx coating and WC grains. The coating and the WC grain are perfectly

connected. EDS was also conducted on the interface, and the inset in Fig. 11 is the

line-scan EDS signal scanned from the coating toward the substrate. It is found that

both of the heavy elements Hf and W have gradient diffusion towards the other side.

The WC grains are followed by a thin amorphous layer of 2–3 nm thickness before

the formation of HfB2 crystals. It can also be observed that the crystallinity of HfB2 is

low at the start of the nucleation stage.

Due to the etching on the surface of the cemented carbide substrate before

deposition and different etching rates of WC grains and Co phases, a larger amount of

Co is removed than WC grains. Therefore, a “nano-rough” surface with Co phases at

lower positions is obtained. The growth of coating in such an area with surfaces of

different heights contributes to the mechanical “locking” of the coating, as shown in

Fig. 12, and improves the adhesion of the coating on the substrate.

Consequently, element diffusion and mechanical “locking” on the interface lead

to excellent adhesion of HfBx coating on cemented carbide substrate.

4. Conclusion

In this study, HfBx coatings were deposited on cemented carbide substrate using

DCMS and HiPIMS. The effects of the deposition process on the crystal structure,

coating morphology and mechanical properties were analyzed, leading to the

following results.

Higher heating temperature, higher bias voltage and lower working gas pressure,

contribute to more thermal energy and kinetic energy on the surface, leading to higher

adatom mobility and HfBx coating with stronger HfB2(001)-preferred orientation.

Moreover, high ion bombardment of HiPIMS results in the refining of grains, dense

cross-sectional microstructure without obvious micro-feature, and smooth surface
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morphology, whereas the dcMS deposited HfBx coating has a columnar structure and

surface morphology with small non-uniform spherical-like islands.

For both sputtering methods, the hardness of HfBx coatings increases with

crystallinity. HiPIMS-deposited HfBx coatings possess a maximum superhardness up

to a value of 49.3 ± 3.6 GPa. It is because of the coating's hard nature and high

crystallinity. The excellent adhesion strength of the coatings on the cemented carbide

substrates, without cohesive failure, can be obtained for both DCMS and HiPIMS

methods. Further investigation reveals that such an excellent adhesion strength

originated from the thin amorphous layer with diffusing elements in the interface and

the mechanical locking due to the step structure among coating, WC, and Co grains.
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Table 1 Deposition conditions of various DCMS-deposited HfBx coatings

Sample DC-1 DC-2 DC-3 DC-4
Power (kW) 4
Ar (sccm) 160
Pressure (Pa) 0.78
Bias voltage (V) -150 -50 -100 -200
Heating temperature (°C) 500 600 600 600
Deposition time (min) 150

Table 2 Deposition conditions of various HiPIMS-deposited HfBx coatings

Sample HiP-1 HiP-2 HiP-3
Average Power (kW) 4
Ar (sccm) 140
Pressure (Pa) 0.65 0.65 0.5
Bias voltage (V) -100 -200 -200
Heating temperature (°C) 600
On/off (us) 40/1000
Deposition time (min) 300
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Fig. 1 X-ray diffraction pattern of HfBx deposited by DCMS (Deposition parameters: 4 kW, 160
sccmAr, 0.78 Pa.)

Fig. 2 X-ray diffraction pattern of HfBx deposited by HiPIMS (Deposition parameters: 4 kW,
600 °C, 40/1000 us.)
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Fig. 3Microstructure of HfBx coating deposited by (a)DCMS and (b) HiPIMS (Deposition
parameters for DCMS: 4 kW, 160 sccm Ar, 0.78 Pa, -200 V. Deposition parameters for HiPIMS: 4

kW, 0.65 Pa, 600 °C, -200 V, 40/1000 us.)

(a)

(b)
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Fig. 4 Cross-sectional morphology, surface morphology and 3D topology of HfBx coatings deposited by
DCMS with different deposition conditions. (a-c) DC-1 sample; (d-f) DC-2 sample; (g-i) DC-3 sample; (j-l)

DC-4 sample.
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Fig. 5 Cross-section, surface morphology and 3D topology of HfBx coating deposited by HiPIMS with
different deposition conditions. (a-c) HiP-1 sample; (d-f) HiP-2 sample; (g-i) HiP-3 sample.
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Fig. 6 Hardness and Young’s modulus of HfBx coating deposited by DCMS (Deposition
parameters: 4 kW, 160 sccmAr, 0.78 Pa.)

Fig. 7 Hardness and Young’s modulus of HfBx coating deposited by HiPIMS (Deposition
parameters: 4 kW, 600 °C, 40/1000 us.)
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Fig. 8 High-resolution XPS B1s spectra of HfBx coating deposited by (a) DCMS and (b) HiPIMS
(deposition parameters for DCMS: 4 kW, 160 sccmAr, 0.78 Pa. Deposition parameters for

HiPIMS: 4 kW, 600 °C, 40/1000 us.)
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Fig. 9 The B-B/B-Hf ratios calculated from the area of B1s spectra from HfBx coatings deposited
by DCMS and HiPIMS (Deposition parameters for DCMS: 4 kW, 160 sccmAr, 0.78 Pa, -200 V.

Deposition parameters for HiPIMS: 4 kW, 0.65 Pa, 600 °C, -200 V, 40/1000 us)

(a) DCMS

(b) HiPIMS
Fig. 10 Scratch test on the HfBx coating deposited by (a) DCMS and (b) HiPIMS (Deposition

parameters for DCMS: 4 kW, 160 sccm Ar, 0.78 Pa, -200 V. Deposition parameters for HiPIMS: 4
kW, 0.65 Pa, 600 °C, -200 V, 40/1000 us.)
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Fig. 11 The HRTEM images of the interface of the HfBx coating and WC grains. (Deposition
parameters: DCMS, 4 kW, 160 sccmAr, 0.78 Pa, -200 V. The inset is a line-scan EDS signal

scanned from the coating toward the substrate.)

Fig. 12 The HRTEM images of the interface of the HfBx coating and Co grains. (Deposition
parameters: DCMS, 4 kW, 160 sccmAr, 0.78 Pa, -200 V.)
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