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Abstract—Zr—B—N coatings have been obtained by high-power impulse magnetron sputtering (HIPIMS) in
Ar, Ar + 15% N,, and N, gaseous media using a ZrB, target made by self-propagating high-temperature syn-
thesis (SHS). Sputtering is carried out at the following parameters: mean power of 1 kW, peak power of 70 kW,
peak current of 130 A, frequency of 100 Hz, and pulse duration of 200 us. The working pressure in the vacuum
chamberis 0.1—0.2 Pa, the distance between the substrate and the target is 80 mm, and the coating deposition
time is 40 min. Glass, silicon, and high-speed steel are used as substrates. For comparison with the HIPIMS
method, the coatings are also applied by direct current magnetron sputtering (DCMS) at an average power of
1 kKW. The composition and structure of the coatings are studied by scanning electron microscopy (SEM),
glow discharge optical emission spectroscopy (GDOES), Raman spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), and X-ray diffraction (XRD) analysis. The mechanical, tribological, and optical prop-
erties of Zr—B—N coatings, as well as the resistance to dynamic impact loading, are studied. All coatings are
characterized by a dense structure and the absence of columnar grains. With the help of spectroscopic struc-
tural studies of the coatings, it is revealed that, during deposition in a reaction medium, the BN phase is
formed, which has a significant effect on the microstructure and characteristics of the coatings. An increase
in the nitrogen concentration in the gas mixture during the deposition of Zr—B—N coatings leads to an
increase in the optical transmittance of the coatings up to 97%, resistance to cyclic dynamic impact loads by
40%, and a decrease in the starting value of friction coefficient by 60%. The nonreactive coating is found to

have a maximal hardness of 19 GPa and elastic modulus of 221 GPa.
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INTRODUCTION

Ceramic materials based on zirconium diboride are
used in the production of metal-working equipment,
components of microelectronic devices, the aerospace
industry, and other fields due to their high melting
point of 3027°C [1, 2], low resistivity of 4.6 u€2 cm [3],
high thermal stability [4] and resistance to oxidation to
1200°C [5], hardness of about 35—45 GPa, Young’s
modulus from 350 to 400 GPa, and elastic restitution
of 70% |6]. Coatings based on ZrB, show a high
absorption factor of 0.92 and low emission factor of
0.11 [7], and can be used as spectrally selective optical
coatings [8, 9].

Mechanical, tribological, and optical properties of
Z1B, coatings can be modified by the controlled intro-
duction of nitrogen atoms into the composition during
deposition in the reaction medium or straight into the
target material [10, 11]. The addition of nitrogen is
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known to enhance the optical features of ZrB, coat-
ings: transmittance may achieve 99—100% due to the
formation of the BN phase [12]. The amorphization of
the coatings caused by the insertion of nitrogen in
Z1B, leads to the appearance of interference colors,
which enables decorative usage [13].

The barrier layer of Zr—B—N efficiently blocks the
mutual diffusion of copper and silicon atoms at tem-
peratures below 650°C, which may be of use in micro-
electronic devices [14]. Zr—B—N coatings are also
used in metal cutting, since they show high wear resis-
tance and do not form chips and thermal cracks during
operation [15]. As the nitrogen content grows, the
hardness of Zr—B—N coatings slightly decreases, but
their resistance to corrosion increases [13, 16].

The development of these coatings requires an
investigation into their tribological properties in the
sliding friction regime and under dynamic impact
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loading, which simulates the interaction of the surface
of an instrument and a treated element or impact
influence of abrasive particles on optical devices (solar
cells, windows, etc.).

Direct-current magnetron sputtering (DCMYS) is
the most widely used method for obtaining Zr—B—N
coatings [10, 14]. The advantages of this method are as
follows:

—Ilow density of defects on the coating [17];

—versatile character (coatings may be deposited
onto almost any material) [18, 19].

One of the main drawbacks of DCMS is the rela-
tively low adhesive strength of the resulting films,
which is due to the low ionization degree of the flow,
typically below 1% [20].

The use of the high-power impulse magnetron
sputtering (HIPIMS) method allows improving the
adhesive strength of the coatings by increasing the
plasma density, which ionizes the atoms knocked out
from the target and leads to an increase in the flow
ionization degree [20]. In addition, an increased den-
sity of the coatings created by the HIPIMS technology
enhances their mechanical and tribological character-
istics and thermal and corrosion resistance [21—23].

The aim of this work was to obtain Zr—B—N coat-
ings by HIPIMS with a varied N, content in the gas
medium and an investigation into their structure and
optical, mechanical and tribological characteristics, as
well as of the resistance to dynamic impact load. Pos-
itive effects were found which appear in the HIPIMS
technology as compared to DCMS.

EXPERIMENTAL

The deposition of coatings by the HIPIMS method
was performed on a modernized magnetron sputtering
apparatus based on the vacuum system UVN-2M
(Russia). Magnetrons and an ion source with slit aper-
ture are mounted in the vacuum chamber. The target
made of ZrB, was used for sputtering; the target was
prepared by self-propagating high-temperature syn-
thesis (SHS). The process was carried out in Ar
(99.9995%), N, (99.999%), and the mixture Ar + 15%
N, with the following parameters:

— average power 1 kW,
— peak power 70 kW,

— peak current 130 A,
— frequency 100 Hz,

— pulse duration 200 s,

— working pressure in the vacuum chamber 0.1—
0.2 Pa,

— distance between the substrate and the target
80 mm,

— deposition process duration 40 min.
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To compare the efficiencies of two technologies,
the films were also obtained by the DCMS method
with the following parameters:

— current 2 A,

— voltage 500V,

— power 1 kW,

— deposition process duration 40 min.

The substrate was made from silicon of the
KEF-4.5 type (100) in structural and mechanical
studies, glass for determining the optical properties,
and R18 high-speed steel for tribological tests. The
substrates were cleaned by sonication in isopropanol
on an UZDN-2T sonicator at the frequency of 22 kHz
for 3 min. Before deposition by the HIPIMS and
DCMS methods, the substrates were subject to ion
etching with argon ions for 10 min using the ion source
working at the acceleration voltage of 2 kV and current
of 70 mA.

Structural studies of the films were conducted by
scanning electron microscopy (SEM) using an
S-3400N instrument equipped with a NORAN 7 unit
for energy dispersive spectroscopy (EDS) (Hitachi,
Japan). Optical microanalysis (OM) of the coating
surface was carried out on an AXIOVERT 25CA
microscope (Carl Zeiss, Germany). Elemental analy-
sis was performed by glow discharge optical emission
spectroscopy (GDOES) on a Profiler 2 instrument
(Horiba Jobin Yvon, France). X-ray diffraction
(XRD) studies of the films were carried out using
CuK, radiation on a Phaser D2 diffractometer
(Bruker, Germany). Raman scattering spectra were
obtained on an NTEGRA instrument (NT-MDT, Rus-
sia) equipped with a red laser (wavelength 633 nm).

Infrared spectroscopy was performed in the reflec-
tion mode at the angle of 120° in the wavenumber
range from 400 to 4000 cm~! on a Vertex 70 vacuum
FTIR spectrometer (Bruker). Transmittance was
determined on a KFK-3 spectrometer (Russia) by
comparing the studied coating with the uncoated sub-
strate in the wavelength range of 350—950 nm.

Hardness (H), Young’s modulus (F), elastic resti-
tution (W), plasticity index (H/E), and the resistance
to plastic deformation index (H*/E?) of the coatings
were estimated by a Nano-Hardness Tester (CSM
Instruments, Switzerland); the indenter was loaded by
the force of 4 mN. Tribological tests were made on an
automated Tribometer instrument (CSM Instru-
ments) at a speed of 10 cm/s and under the following
conditions:

— counterbody SUS316 (stainless steel), load 2 N;

— counterbody 100Cr6 (roller-bearing steel), load
5N.

Resistance to cyclic dynamic impact loads was
tested by an Impact Tester device (CemeCon, Ger-
many) at loads of 100 and 300 N and the constant fre-
quency of 50 Hz. The number of impacts was 10°. The
size of the wear tracks and craters after tribological and
Vol. 62
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Table 1. Elemental composition of coatings
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Composition, at %
Sample no. Medium Thickness, um Growth r.ate,
Zr B N um/min
1 Ar 28.9 71.1 — 1.6 0.04
2 Ar+ 15% N, 12.5 38.0 49.5 1.5 0.0375
3 N, 18.2 13.0 68.8 0.1 0.0025

dynamic tests was estimated by optical profilometry
on a WYKO-NT1100 device (Veeco, United States).

RESULTS AND DISCUSSION

Table 1 presents the elemental composition aver-
aged over the thickness of the coatings. The content of
the main elements in sample / was 28.9 at % Zr and
71.1 at % B. As the partial pressure of nitrogen
increased, the concentration of Zr and B decreased by
56 and 46%, respectively, in sample 2 and by 37 and

Concentration, at % @)
80 Fe
B
60 -
40 -
Zr
20 -
0 0.5 1.0 1.5 2.0 2.5
Thickness, pm
(©

Concentration, at %

80 1

60 '\’M\

40-

0.15
Thickness, pm

0.10

0.20

0.25

82% in sample 3. The fraction of nitrogen was 49.5 and
68.8 at % for films 2 and 3, respectively.

Profiles of the elements distribution over the thick-
ness of the coatings /—3 deposited onto the R18 sub-
strates are shown in Fig. 1.

Evidently, all elements are uniformly distributed
inside the coatings. The thickness values and growth
rates of the coatings, determined by GDOES, are
listed in Table 1. The decrease in these parameters
with increased nitrogen content in the gas phase may
be due to the low ionization degree of nitrogen com-

(b)

Concentration, at %

80 -

60

40 -

20

1.0 1.5
Thickness, pm

2.5

Fig. 1. GDOES profiles of coatings (a) /, (b) 2, and (c) 3.
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(b)
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Fig. 2. Cross-section SEM images of coatings (a) 7, (b) 2, and (c) 3 deposited in (a) Ar, (b) Ar + 15% N,, and (c) N,.

pared to argon and by the target poisoning by nitrogen
atoms [10, 17].

According to the SEM data (Fig. 2), all HIPIMS
films possessed dense structure without prominent
columnar elements.

The thickness determined from the SEM images of
the films /—3 grown on Si substrates was found to be
0.8, 1.4, and 0.5 um, respectively. The difference
between the values obtained by SEM and GDOES can
be explained by a higher roughness degree of the R18
substrate and by a strong strain, exfoliation, and
repeated deposition of the coating in the case of the Si
substrate. Note that usually ZrB, films obtained by
DCMS have a columnar structure, which has a nega-
tive effect on their properties. No columnar growth
was observed in our case.

An analysis based on optical microscopy showed
that Zr—B—N coatings, which had been deposited

Fig. 3. Optical microscopy data on the microstructure of
the coating obtained in the Ar + 15% N, environment by
(a) DCMS and (b) HIPIMS.

RUSSIAN JOURNAL OF NON-FERROUS METALS

onto silicon substrates by DCMS [25], had exfoliated
areas. This indicates low adhesion strength of the
coatings (Fig. 3a). Samples obtained by the HIPIMS
method demonstrated a high degree of continuity and
few surface defects (Fig. 3b).

Diffraction patterns of all coatings (Fig. 4) con-
tained peaks from the substrate components (Fe and
WC). The sample obtained in the Ar medium con-
tained the hexagonal phase ZrB, (ICDD 034-0423).
The grain size was 9 nm, as followed from the Debye—
Scherrer equation applied to the most intensive line
(001). Nitrogen-containing films did not give rise to
peaks of ZrB,; only a broad peak in the angle range
20 = 25°-35° remained, which can be attributed to
the presence of an amorphous phase. Note that this
phase can be characterized by the presence of B—N
and Zr—N bonds, because lines of the maximal inten-
sity of the BN phase (ICDD 085-1068) and ZrN
(ICDD 035-0753) fall into the mentioned 26 angle
range. X-ray diffraction spectrum of the sample 3 did
not show any peaks from the coating, probably due to
its very small thickness of about 100 nm. Thus, the
introduction of nitrogen into the composition of the
films resulted in amorphization and a decrease in the
grain size. A similar effect was observed in [24, 26, 27]
as well.

Results of the Raman scattering studies are pre-
sented in Fig. 5. Peaks of ZrB, observed from coatings
obtained in Ar and N, media are located at v ~ 200 and
500—600 cm~' [28]. Sample 2 showed peaks at v =
169, 230, and 510 cm™!, which can be assigned either
to the phase ZrB, or ZrN [29]. A broadened peak at
v = 1300—1500 cm~! proves the presence of the boron
nitride phase, since it is characterized usually by sig-
nals at v = 1200, 1365, and 1381 cm~!' [30—32]. In the
range of v = 800—879 cm™!, peaks appear which prob-
Vol. 62
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Fig. 4. XRD patterns of coatings deposited in (/) Ar,
(2) Ar + 15% N,, and (3) N,.

ably belong to the phase of B;OHj; [33, 34] arising due
to interaction of boron-containing phases of the coat-
ing with the atmospheric oxygen and water vapor on
the sample surface. Only peaks from the Si substrate at
v =300, 520, 810, and 970 cm~! [35—37] were revealed
for sample 3, which is explained by its small thickness
of ~0.1 pm.

Infrared spectroscopic data on the studied films are
shown in Fig. 6. Two signals at v ~ 800 and 1500 cm™!
were observed for sample 2, which point to the forma-
tion of B—N bonds [38]. Since these bonds appear in
the spectroscopic data but no peaks from crystalline
BN are observed in the XRD data, we can conclude
that the BN phase is amorphous.

Optical studies revealed that samples / and 2
obtained in Ar and Ar + 15% N, had an optical transmis-
sion coefficient of 20% at the wavelength A = 350 nm,
which decreased to zero as A increased. Coating 3
showed a constant transparency level in the wave-
length range from 350 to 950 nm; its average value was
97%. Increasing nitrogen content during the deposi-
tion process of Zr—B—N coatings was found to
increase optical transmittance, which is explained by
the decreased thickness of the films and the growing
content of the BN phase possessing a nonmetallic
bond character [12, 39].

Results of nanoindentation and tribological tests
are listed in Table 2.

Values of H/E and H3/E?* were determined to pre-
dict the behavior of the coatings under the conditions
of sliding friction and dynamic impact loading. Note
that sample / demonstrated the highest hardness
(19 GPa) and elastic modulus (221 GPa). The hard-
ness decreased by 47% upon the addition of nitrogen;

RUSSIAN JOURNAL OF NON-FERROUS METALS
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Fig. 5. Raman spectra of coatings.

the corresponding loss in the elastic modulus was 37%;
in the ratio H/E, 15%; and, in the ratio H*/E?, 64%.
Elastic restitution increased 80% at the same time. An
analogous decrease in the mechanical properties was
also observed in [10, 13, 16], which was attributed to
the formation of the soft amorphous BN phase in
nitrogen-containing films.

A comparison of the features of coatings obtained
in Ar in the DCMS and HIPIMS modes showed that
in the first case the hardness of the samples was
22 GPa, and their elastic modulus was 342 GPa. These
values are 16 and 55% higher than those for the sample
1 (HIPIMS) [25]. If the DCMS method is used in the
atmosphere Ar + 15% N,, we obtain H = 23 GPa and
E = 266 GPa, which exceed the properties of the

Absorbance, rel. units

0.8
0.6
0.4
0.2
0 7] T T T 1
0 1000 2000 3000 4000
v, cm™!

Fig. 6. Results of FTIR spectroscopy of coatings.
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Table 2. Mechanical and tribological properties of coatings
Mechanical properties Tribological properties
Sample no.| Medium Wo
H,GPa E, GPa W, % H/E |H?*/E? GPa
SUS316 100Cr6

1 Ar 19 221 41 0.085 0.14 0.207 0.165

2 Ar+ 15% N, 13 147 64 0.088 0.10 0.212 0.145

3 N, 10 139 74 0.072 0.05 0.085 0.165

HIPIMS films by 77 and 81%, respectively. This dif-
ference may be related to the decreased growth rate of
the coatings in the HIPIMS mode, which leads to a
reduction of internal stress and increasing content of
oxygen and nitrogen impurities. This, in turn, has a
negative effect on the mechanical properties.

Table 2 presents the initial friction coefficient y, for
the coatings using SUS316 and 100Cr6 steels as the
counterobjects at loads of 2 and 5 N, respectively. In
the case of SUS316 and a load of 2 N, the initial fric-
tion coefficient for the substrate is 0.258; for sample /
it was found to be p, = 0.207. If the nitrogen medium
was used, the value of L, decreased by ~60%. In the
case of 100Cr6 and the force of 5 N, the initial friction
coefficients for the coatings / and 3 were 0.165, which
is close to the value of 0.166 found for the substrate.
Coating 2 deposited in the mix Ar + 15% N, showed
the smallest L, = 0.145. Thus, the lowest friction coef-
ficients in contact with the counterobjects SUS316
and 100Cr6 belong to the nitrogen-containing coat-

ings. This may be due to the BN phase, which serves as
a solid lubricant [40].

Dynamic impact loading tests showed that no
wearing signs appear on the coating surface at a weak
load of 100 N. The destruction of the surface is
detected only for the uncoated substrate (crater vol-
ume V= 2.16 X 103 um?). Data on the investigation
into wearing craters after testing with a load of 300 N
are shown in Fig. 7.

Brittle failure in the crater was observed for the
nonreactive coating, whereas nitrogen-containing
coatings were characterized by wearing products accu-
mulated on the boundaries of the tribocontact zone.
Table 3 presents the results of calculation of the width
(B), depth (D), and crater volume (V) after a dynamic
impact test with a load of 300 N.

We can conclude that addition of nitrogen leads to
an increased resistance to the dynamic impact loading
by 50%. A similar effect of the addition of nitrogen was
found for Ti—B—N coatings [41]. The positive influ-
ence of nitrogen can be explained by an increased

(b)

Fig. 7. 3D profiles of craters for the coatings (a) 1, (b) 2, (c) 3, and (d) for the substrate.
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Table 3. Results obtained in the dynamic impact tests of coatings
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Sample no. Medium D, um B, um V%1073, um?3
1 Ar 2.63 400 54.1
2 Ar+15% N, 2.50 350 49.0
3 N, 1.85 250 26.9
cracking resistance and viscosity of the films [42]. REFERENCES

Note that the volume of the crater in the substrate
(V=141.7 x 10° um?) is 2.6, 2.9, and 5.3 times larger
than the values found for the coatings of 7, 2, and 3,
respectively.

CONCLUSIONS

Coatings of the Zr—B—N system obtained by
HIPIMS technology had a dense structure without
prominent columnar elements. The addition of nitro-
gen led to a decrease in the grain size of 4-ZrB, and to
the amorphization of the coatings.

Raman and infrared spectroscopic methods
revealed that the BN phase appears upon depositions
in the nitrogen-containing medium, which somewhat
affects the mechanical characteristics, but has a posi-
tive influence on the tribological and optical proper-
ties of the coatings. For the nonreactive coatings, the
hardness of 19 GPa and elastic modulus of 221 GPa
were measured; these values are 47 and 37% lower,
respectively, upon the addition of nitrogen.

Increasing nitrogen content resulted in the growth
of the optical transmittance up to 97% in the wave-
length range of 350—950 nm.

When the coatings are deposited in the atmosphere
of N,, the initial sliding coefficient decreased by ~60%
with the counterobject made from SUS316 steel.
Dynamic impact load tests showed the increase in
the wear resistance by 50% when nitrogen was intro-
duced into the coatings. The coatings obtained by the
HIPIMS method possessed better adhesion strength
when compared to the samples deposited by DCMS.
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