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Abstract—The results of studying multilayer CrN/AIN coatings obtained by vacuum-arc plasma-assisted
evaporation at different speeds of rotation of the sample holder, as a result of which the thickness of individual
CrN and AIN layers is assumed to be changed, are presented. The coatings are deposited onto a substrate
made of VK8 hard alloy (WC + 8% of Co). The thickness of all multilayer CrN/AIN coatings is about 3 um.
Using energy-dispersive X-ray spectroscopy, it is shown that the CrN/AIN coatings under study have almost
the same elemental composition. According to the results of X-ray phase analysis, it is found that CrN/AIN
coatings have a two-phase structure consisting of CrN and AIN phases with a face-centered cubic (fcc) lattice.
Nanoindentation revealed that the nanohardness values of CrN/AIN coatings vary from 28 to 33 GPa within
the confidence interval, i.e., practically independent of the evaporation modes. The best tribotechnical char-
acteristics are exhibited by CrN/AIN coatings obtained at a rotation speed of 5 rpm; it is likely that under this
deposition condition, the optimal thickness of the CrN and AIN layers is achieved. By X-ray phase analysis
using synchrotron radiation, it is found that chromium and aluminum nitrides retain thermal stability during
heating to a temperature of ~1110—1115°C in air, and at least to a temperature of 1300°C in vacuum.
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INTRODUCTION

At the end of the 20th century, the TiN, TiCN, and
CrN coatings were widely used in the cutting-tool
industry, but these coatings do not maintain their
properties at high temperatures, which are encoun-
tered during processing under extreme cutting condi-
tions [1—5]. The introduction of Al to the structure of
CrN and TiN coatings allows one to solve this problem
and improve the heat resistance and wear resistance of
the composite coating [6]. The formation of a thin
layer of Al,O; on the surface of the coating prevents
the further diffusion of oxygen into the coating, which
increases the operating properties of the coated tool
[7—11]. The deposition of multilayer coatings with a
periodic nanocomposite structure is another approach
that makes it possible to increase the physical,
mechanical, tribological, and thermal properties of
coatings compared to single-layer coatings of the same
composition [12].

To achieve improved properties of multilayer coat-
ings, alternating layers must have precise interfaces
and optimized periodicity [13, 14]. As a rule, such

coatings have increased hardness on account of the
fact that numerous alternating nanolayers limit the
propagation of dislocations [15] and the layers have
different microstresses of the crystal lattices [16]; this
is also explained by the Kohler effect (difference
between layers in the elastic modulus) [17] and the
Hall—Petch effect [18]. In addition, multilayer coat-
ings with a periodic nanocomposite structure were
found to have increased adhesion and improved
impact strength [19], as well as improved corrosion
resistance [20] and wear resistance [21]. Moreover,
multilayer coatings were found to have improved ther-
mal stability and oxidation resistance due to multiple
interfaces acting as barriers to the internal and external
diffusion of ions/atoms [22].

In [23], multilayer CrN/AIN coatings with a layer
period (L) of 4.8 nm had maximum hardness and
resistance to plastic deformation (H3/E?), which are
equal to 37 and 0.48 GPa, respectively. These values
are 1.6 and 2.5 times higher than those of a single-layer
CrN coating (23.5 and 0.17 GPa), respectively. Multi-
layer CrN/AIN coatings [24] with an optimized layer
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period of 4.1 nm (CrN-layer thickness of 1.5 nm, AIN-
layer thickness of 2.5 nm) had a maximum nanohard-
ness of 42 GPa and the best tribotechnical character-
istics (friction coefficient of 0.35 and wear parameter
of 7 x 1077 mm?® N—! m~!) compared to a homoge-
neous Cr, 4Aly ¢N coating, which had a nanohardness
of about 34 GPa, a friction coefficient of 0.42, and a wear
parameter of 3.2 X 10 mm* N~ m~.

The thicknesses of individual CrN and AIN nano-
layers are varied by changing the target power [12, 25,
26], the rotation speed of the substrate holder [25],
and the switching time of alternating shutters [27].
From published data it was revealed that there are very
few studies on the production of multilayer CrN/AIN
coatings using the vacuum-arc method [28, 29]. How-
ever, the vacuum-arc method of coating deposition
has significant advantages such as a high ionization
rate, good adhesion of coatings to the substrate, and a
dense coating structure.

In [28], CrN/AIN and CrN/AIN/Al,O; coatings
deposited using the pulsed vacuum-arc method were
studied. The hardness values of the CrN/AIN and
CrN/AIN/Al,O; coatings under study were 31.5 £
1.9 GPa and 12.1 = 1.7 GPa, respectively. The lower
hardness of the CrN/AIN/Al,O; coating is due to the
top finishing layer of Al,O;, but this layer increased
chemical inertness and thermal stability.

In [29], the AICrN coating was deposited by the
vacuum-arc method using separate cathodes made of
aluminum and chromium. Both single-layer and mul-
tilayer coatings with different aluminum contents were
deposited. It was shown that the rate of oxidation
decreases with increasing aluminum content. The
results of the above work showed that CrN/(Cr:Al)N
multilayer coatings have both improved physical and
mechanical properties and improved oxidation resis-
tance.

In [30], the phase composition of CrN and CrAIN
coatings was studied using high-temperature synchro-
tron radiation. For CrN coatings, the main phase in
the entire temperature range (25, 200, and 500°C) was
the CrN phase, and at temperatures above 600°C, the
Cr,N phase was formed. For CrAIN coatings, the
main phase over the entire temperature range was the
CrN phase. The cubic phase of c-AIN was observed up
to 500°C. Starting from 600°C the c-AIN phase disap-
peared. Due to the similarity of the crystal lattices of
the CrN and c-AIN phases, it is possible that they form
a solid solution, since a shift of peaks in the diffraction
pattern of CrN was observed with increasing tempera-
ture. Above 600°C, a significant amount of the Cr
phase and a small amount of the AlO, phase appeared.

The aim of this study is to investigate the structure,
phase composition, physical, mechanical, and tribo-
logical properties, and thermal resistance of CrN/AIN
coatings obtained on VK8 hard alloy using vacuum-
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arc plasma-assisted sputtering when changing the
rotation speed of the samples.

EXPERIMENTAL

Coating deposition was carried out using the vac-
uum-arc plasma-assisted method on an modernized
NNV6.6-11 setup equipped with two electric-arc
evaporators with a cathode diameter of 80 mm and an
additional PINK gas-plasma source [31, 32]. The
high-vacuum pumping system of the setup was based
on the TMN-1000 turbomolecular pump. The setup
had a planetary rotation system for the sample holder
and an injection system for two gases (Ar and N,).
Electric-arc sources with chromium (purity 99.5%)
and aluminum (purity 99.8%) cathodes were located
on the side walls of the working chamber. The PINK
gas-plasma source was mounted on the door of the
vacuum chamber. The inner walls of the vacuum
chamber made of stainless steel served as an anode for
the sources of metal and gas plasma. The PINK gas-
plasma source was used for cleaning, heating, and
additional ionization of both the gas component of the
plasma, which provides an assistive effect on the grow-
ing layers of the coating, and the metal component of
the plasma.

The samples with a diameter of 10 mm and a thick-
ness of 7 mm for coating were made of VK8 hard alloy
(WC + 8% of Co). The samples were pre-polished
and, before loading into a vacuum chamber, cleaned
in an ultrasonic bath in gasoline and then in acetone.
During deposition, the holder with the samples was
rotated around the central axis of the chamber at a dis-
tance of 200 mm from it, as well as around its own axis.
Before the experiment began, the vacuum chamber
was evacuated with a turbomolecular pump to a maxi-
mum pressure of 2 X 10-2 Pa. By supplying the work-
ing argon gas through the PINK plasma source, the
working pressure was set at 0.3 Pa. When a gas dis-
charge was ignited and a bias voltage of (—600) V was
applied to the holder with the samples, the samples
were heated to a temperature of about 400°C. After
cleaning the surface of the samples by ion bombard-
ment and its chemical activation, the simultaneous
ignition of discharges in the electric-arc evaporators
was initiated and sputtering of the coating was carried
out. The current of the gas-plasma source did not
change in all sputtering modes and was about 90 A.
The optimal current values for electric-arc evaporators
were selected in a series of preliminary studies and
amounted to 80 A (Cr cathode) and 30 A (Al cathode).
When sputtering nitrides, high-purity nitrogen with a
small, up to 10%, addition of argon was injected. The
sputtering time in all modes was 120 minutes. The
negative bias voltage was 150 V for all deposition
modes. When evaporating the coatings, the table rota-
tion speed was varied to 0.5, 3.5, 5, 8, and 12 rpm in
order to change the thickness of the deposited layers.
The table rotation speed values were used to further
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designate the CrN/AIN coating samples. The thick-
ness of the coatings was about 3 um.

The surface structure of the coated samples was stud-
ied using scanning electron microscopy (SEM-515
Philips). The elemental composition of the coatings
was studied using a Genesis energy-dispersive X-ray
microanalyzer built into a Philips SEM-515 scanning
electron microscope. The phase composition of the
coatings was determined by X-ray diffraction analysis
using a Shimadzu XRD-7000S diffractometer with
CuK,, radiation. The phase composition was analyzed
using the Crystallographica Search-Match program
and PDF 4+ databases, as well as the Powder Cell 2.4
full-profile analysis program [33—35]. Nanoindenta-
tion of the coatings under study was carried out using
a NANO Hardness Tester NHT-S-AX-000X. Using a
Berkovich indenter, the load applied to the sample
surface was increased from 0 to 20 mN at a loading rate
of 1.5 um/min and then decreased at the same rate to
0 at a frequency of 10 Hz. The nanoindentation data
were analyzed using the Oliver—Pharr method. Tribo-
technical tests of the coatings were carried out on a
Tribotechnic tribometer under dry-friction conditions
when the sample moved relative to the counterbody.
An Al,O; ball with a diameter of 6 mm was used as the
counterbody. The sample movement speed during
testing was 25 mm/s. The load on the counterbody was
5 N, the track radius was 3 mm, and the friction path
was 300 m. During testing, the current values of the
friction coefficient were recorded. Tests comply with
ISO 7148, ASTM G99-95a, and ASTM G 133-95
international standards. The surface roughness of the
initial VK8 sample and samples with CrN/AIN coat-
ings was determined using a contact profilometer. The
surface roughness of the VK8 samples was about
53 nm before deposition. The resistance to high-tem-
perature oxidation and stability of the structural-phase
state of CrN/AIN ceramic coatings were studied in the
temperature range from 30 to 1300°C by X-ray phase
analysis using synchrotron radiation. The source of
synchrotron radiation was the VEPP-3 electron stor-
age ring (Budker Institute of Nuclear Physics, Siberian
Branch, Russian Academy of Sciences, Novosibirsk).
The study was carried out using an HTK-2000 high-
temperature X-ray camera, an OD-3M-350 position-
sensitive single-axis detector, and software: the pro-
gram for processing the measurement results
Fityk v.1.3.1. The studies were carried out under the
following experimental conditions: operating radia-
tion wavelength of A = 0.172 nm, diffraction-angle
range 20 from 28° to 59°, and sample heating rate of
10°C/min. The measurement results were processed
using the program for processing measurement results
Fityk v.1.3.1.

RESULTS AND DISCUSSION

Figure 1 shows a SEM image of the surface of the
sample with a CrN/AIN coating, from which the ele-
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Fig 1. SEM image of the surface of a sample with a
CrN/AIN coating obtained at a rotation speed of 5 rpm.

mental composition was measured. It is clear from the
SEM image that there are microdroplets on the sur-
face of the coating, the diameter of which can reach
more than 20 um. Predominantly, the droplets consist
of aluminum. In addition, it can be noted that the size
of the droplets and their number do not depend on the
sputtering modes. Microdroplets are formed as a result
of the evaporation of cathode material in cathode
spots due to the high temperature of the arc discharge
and are deposited onto the substrate.

Using energy-dispersive X-ray spectroscopy, it was
discovered that changes in the rotation speed of the
table with the sample holder have virtually no effect on
the elemental composition of the coatings. All coat-
ings have an almost identical Cr/Al ratio, which is
expected since the power supplied to the Cr and Al
cathodes was kept constant.

Figure 2 shows the X-ray diffraction patterns
obtained from CrN/AIN coatings. The coatings have a
two-phase structure consisting of CrN and AIN
phases with a face-centered cubic lattice. Aluminum
nitride is stable in a hexagonal structure under normal
conditions. One way to stabilize the cubic structure of
aluminum nitride is to alloy it with titanium or chro-
mium. With this sputtering method, the simultaneous
deposition of aluminum and chromium and partial
mixing occur. As a result, the cubic structure of alumi-
num nitride is stabilized in the coating. All diffraction
patterns also contain reflections of pure aluminum.

Figure 3 shows the dependence of the content of all
phases for samples deposited at different table rotation
speeds, from which it can be seen that with increasing
table rotation speed from 3.5 to 12 rpm, there is a grad-
ual increase in the amount of aluminum nitride AIN
from 16.5 to 41.4 vol %. In addition, with increasing
speed, the volume fraction of aluminum in the coat-
ings decreases.
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Fig. 3. Volume fraction of phases in the coatings under study.
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The size of coherent-scattering regions (CSR) in
the coatings varies from 2 to 44 nm for CrN and from
16 to 38 nm for AIN (Table 1). From Table 1, it can be
seen that during sputtering with increasing rotation
speed, i.e., with decreasing layer thickness, microst-
resses in the AIN layers tend to decrease, and in the
CrN layers they tend to increase.

The physical and mechanical properties of the
coatings were studied by nanoindentation. Figure 4
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5 rpm
8 rpm
12 rpm

shows the typical loading curves during nanoindenta-
tion. The load was selected in such a way that the
indenter penetration depth was less than 1/10 of the
coating thickness (Buckle’s rule, 1959) to exclude the
influence of the substrate [37—40]. Figure 4 shows that
the obtained curves are similar to each other and the
maximum indentation depth ranges from 200 to
213 nm, which is less than 1/10 of the thickness of the
coatings under study, since the average thickness was
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Table 1. Parameters of the crystal structure of the studied CrN/AIN coatings
Lattice parameter, a CSR size, nm Microstress
Sample
CrN AIN CrN AIN CrN AIN

0.5 rpm 4.1832 4.1030 30 38 0.004316 0.002445

3.5 rpm 4.2002 4.1130 — 16 — 0.002878

5 rpm 4.1840 4.094 29 28 0.006284 0.001250

8 rpm 4.1794 4.0924 44 23 0.007363 0.001715
12 rpm 4.1571 4.1123 33 29 0.001113 0.002147

about 3 um. On the basis of data processing by the Oli-
ver—Pharr method using specialized software, the val-
ues of the nanohardness (H) and elastic modulus (FE)
were obtained (Table 2). From Table 2, it can be seen
that the H values of the coatings vary from 28 to
33 GPa within the confidence interval, i.e., they barely
depend on the deposition modes. The maximum values
of E were obtained for coating samples 0.5 rpm and
12 rpm and are 411 and 431 GPa, respectively.

In [41], the CrN/AIN coatings with a layer period
A from 2.0 to 4.7 nm had a nanohardness above
30 GPa, where the AIN layers had a face-centered
cubic lattice of the NaCl type. However, when the
layer period A increased to more than 6.0 nm (up to
22.5 nm), where the AIN layers had a wurtzite-type
structure, a significant decrease in hardness was
observed up to 23—25 GPa. In our case, the nanohard-
ness varies from 28 to 33 GPa, the coatings under
study have only the fcc AIN structure, and therefore, it
can be assumed that the resulting CrN/AIN coatings
have a layer period A of less than 6 nm. The H/FE ratio
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— S51pm
—— 8 rpm
15 —— 12rpm
Z
g
5
<
=
= 10+
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B
<
5k

is often used as a measure of assessing the resistance of
the coating to elastic deformation, while it is assumed
that H/FE greater than or equal to 0.1 indicates its high
quality. From the data obtained, it follows (Table 2)
that the CrN/AIN coatings under study can be consid-
ered of insufficient quality.

Figure 5 shows the values of the wear parameter
and friction coefficient of the CrN/AIN coatings
under study. The lowest friction-coefficient values of
0.462 and wear-parameter values in the low range of
107 mm?3/N m were observed in CrN/AIN coatings
obtained at a rotation speed of 5 rpm. Probably, this
improvement in tribotechnical properties with an
increase in rotation speed from 0.5 to 5 rpm is related
to a decrease in the thickness of each CrN and AIN
layer. The CrN/AIN coatings obtained at higher rota-
tion speeds (8 and 12 rpm) demonstrate higher fric-
tion-coefficient values in the range from 0.503 to 0.523
and have greater wear, the values of which are approx-
imately two times higher compared to coatings
obtained at 5 rpm. The obtained values of the wear

100

150 200 250

Indentation depth, nm

Fig. 4. Loading—unloading curves obtained by nanoindentation of the studied CrN/AIN coatings.
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Table 2. Results of nanoindentation

Sample H, GPa E, GPa H/E
0.5 rpm 33+4 411 £ 35 0.08
3.5 rpm 28+ 5 355+29 0.08
5 rpm 30+4 399 £ 25 0.08
8 rpm 33+4 382 £ 57 0.09

12 rpm 30£5 431 + 41 0.07

parameter and friction coefficient of CrN/AIN coat-
ings at increased rotation speeds (8 and 12 rpm) are
similar to the values characteristic of homogeneous
Cr,_,ALLN coatings with different Al contents, as

I «

—_
o

Wear parameter (k), x107® mm?3/N m

0.5 rpm

g
&

5 rpm

LEONOWV et al.

reported in [24, 42], which suggests that at such rota-
tion speeds, layers of CrN and AIN that are too thin
are formed, and perhaps a blurred interface is formed
between the layers. Typically, the wear parameter has
a similar trend compared to the change in the friction
coefficient in CrN/AIN coatings (Fig. 5) [42]. In gen-
eral, a higher coefficient of friction results in a higher
wear rate.

Figure 6 shows complete sets of diffraction patterns
of CrN/AIN:12 rpm coatings during heating from
room temperature to 1300°C in air (Fig. 6a) and in a
vacuum chamber with a residual pressure of P =5 X
10~3 mbar (Fig. 6b) obtained by X-ray phase analysis
using synchrotron radiation. The CrN/AIN coating

B

Friction coefficient (f)

8 rpm
12 rpm

Fig. 5. Wear parameter and friction coefficient of the studied CrN/AIN coatings.
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Fig. 6. Complete set of diffraction patterns of CrN/AIN 12-rpm coatings during heating from room temperature to 1300°C (a) in
air and (b) in a vacuum chamber with a residual pressure of P =5 X 10~3 mbar in the representation of projection of the intensity
onto the “diffraction angle—temperature” plane. The white stripe is a defect in the sensor element of the detector, which does not
always manifest itself in operation, and does not affect the other sensitive elements.
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obtained at 12 rpm consists of chromium and alumi-
num nitrides, the reflections of which belong to a
cubic lattice, which is a superposition of two phases.
The reflections of metallic aluminum in an amount of
~5—12% are also present in the diffraction patterns.
During heating, a change in the unit-cell parameters
of chromium and aluminum nitrides, as well as of
metallic aluminum, is observed indicating the mutual
dissolution of the components. This process continues
up to atemperature of ~725—730°C in air (Fig. 6a) and
up to ~1050—1060°C in vacuum (Fig. 6b), after which
the reflections of aluminum disappear, and the reflec-
tions of chromium and aluminum nitrides show only a
shift because of thermal expansion. Chromium and
aluminum nitrides retain the thermal stability (heating
in air, Fig. 6a) up to a temperature of ~1110—1115°C,
after which oxidation of the CrN/AIN coating begins;
the reflections of chromium and aluminum nitrides
disappear at a temperature of ~1235—1240°C. When
heated in vacuum, chromium and aluminum nitrides
retain their thermal stability at least up to a tempera-
ture of 1300°C (Fig. 6b).

CONCLUSIONS

In the course of the studies, it was found that
CrN/AIN coatings have almost the same elemental
composition. According to the results of X-ray phase
analysis, it was found that CrN/AIN coatings have a
two-phase structure consisting of CrN and AIN
phases with a face-centered cubic lattice. It was estab-
lished that the CSR size in the CrN/AIN coatings var-
ies within the range from 29 to 44 nm for CrN and
from 16 to 38 nm for AIN. It was established that
during the process of coating sputtering, microstresses
in AIN layers tend to decrease, and in CrN layers they
tend to increase with increasing rotation speed.
Nanoindentation revealed that the nanohardness val-
ues of the coatings vary from 28 to 33 GPa within the
confidence interval, i.e., they are practically indepen-
dent of the sputtering modes. The best tribotechnical
characteristics were exhibited by the CrN/AIN coating
obtained at a rotation speed of 5 rpm; probably under
this deposition condition the optimal thickness of the
CrN and AIN layers is formed. Using X-ray phase
analysis with synchrotron radiation, it was established
that chromium and aluminum nitrides retain thermal
stability to a temperature of ~1110—1115°C when
heated in air, and at least to a temperature of 1300°C
when heated in vacuum.
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