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Effect of InSn additives on the structure and tribological characteristics
of TiAlZrN nanocomposite coatings on AISI 304 steel
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Solid lubricant coatings based on complex nitride matrices TiAlZrN with InSn additives were obtained on steel AISI
304 by reactive magnetron sputtering. Depending on the indium and TiN content, the structure, phase composi-
tion, microhardness and tribological characteristics were studied at room temperature and as a result of stepwise
heating of the substrate-film system under fretting wear conditions in contact with a counterbody made of ShKh-15
steel. The surface structure of the coatings changed from homogeneous to finely crystalline with an increase in the
indium content from 1.4 to 1.9 at.%, and to microglobular with an increase in the indium content to 5.7 at.%, which
was also accompanied by an increase in surface roughness. Indium reflexes are absent in XRD patterns when its
content in the coatings is less than 2.6 at.%. The friction coefficients of coatings with different indium contents at
room temperature varied from 0.20 to 0.42. The coatings exhibited predominant abrasive and adhesive wear mecha-
nisms. Stepwise heating to 100 and 200°C resulted in a decrease in the friction coefficient to 0.08 and a wear of the
nanocrystalline coating containing 1.9 at.% In and 0.2 at.% Sn.
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Introduction

Austenitic stainless steels are often used in applications
requiring high corrosion resistance. However, due to low
hardness and wear resistance, their application is limited.
Surface modification or the application of a solid lubricant
coating (SLC) with increased wear resistance may be a solu-
tion to this problem. Nitride and carbonitride-based coatings
are often considered as solid lubricant coatings to improve
the tribological properties of steel surfaces [ 1—5]. For exam-
ple, in [6], the treatment of AISI M2 high-speed steel with
various nitride-based coatings, including titanium nitride
(TiN), was studied to improve its wear resistance. The TiN
coating obtained by reactive plasma spraying on carbon steel,
showed superior wear resistance compared to AISI M2 high-
speed steel under dry conditions in work [7]. Other com-
monly used binary nitride coatings, such as CrN and ZrN,
have also demonstrated significant potential for extending
the service life of metals and tools [§—9].

However, no solid lubricant coating has yet been devel-
oped that provides the required friction and wear charac-
teristics for steel surfaces under a wide range of operating
conditions, such as significant temperature and pressure
fluctuations, and environmental changes. Furthermore, the
use of a simple TiN matrix often fails to improve wear re-
sistance. As noted in [5], the use of a TiN coating failed to
improve the wear resistance of Q&T SAE 4140 steel, while
the use of ion nitriding as single surface treatment reduced
the surface wear rate.

There are numerous approaches to improving the perfor-
mance of solid lubricant coatings. Formation of nanostruc-
tured, nanocomposite, or multilayer coatings using ion-plas-
ma technologies can improve the properties of solid lubricant
coatings and coatings for other applications [10—15].

The formation of a composite SLC by adding soft, “eas-
ily sheared” metals that do not form stable nitrides, such as
Ag [16], Cu [17, 18], In [19], and Pb [20—22], to a nitride
coating can reduce the friction coefficient and increase wear
resistance. In these studies, it was found that the addition
of these metals leads to a weakening of the pronounced
texture of TiN coatings obtained by magnetron sputtering,
resulting in a decrease in the friction coefficient. The ad-
dition of soft metals with a low tendency to nitridation to
the TiN coating composition is in many cases accompanied
by grain refinement to nanoscale, which contributes to an
increase in microhardness and improvement of tribological
characteristics. Thus, in work [23], a friction coefficient of
~0.08 at a temperature of 900 °C was obtained for VN/Ag
nanocomposite films. Another approach to improving coat-
ing performance is an application of ternary nitride coatings
based on transition metals such as TiSiN, TiAIN, and TiZrN
[3,10]. An alloying with Zr or V improves the wear resistance
of TiN coatings by shifting the dominant wear mechanism
from adhesive to abrasive in tests where an AIST 52100 steel
ball was used as a counter body as was shown in work [24].

The formation of a multicomponent composite matrix
or one with the properties of medium- or high-entropy ce-
ramics can significantly improve such coating characteris-
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tics as hardness, thermal and chemical stability, and wear
resistance. In work [25] the deposition of a multicomponent
Ti—TiN—(Ti, Nb, Zr, Al)N coating was produced by filtered
cathodic vacuum-arc deposition on AISI-1045 steel. It was
observed an increase in tool life by more than three times
compared to untreated steel. In [26], the production of
AICrTiV—N and AICrTiVS—N coatings by magnetron sput-
tering and subsequent nitriding on 304 steel improved the
tribological properties. The AICrTiV—N film had a friction
coefticient of ~ 0.2 and the best wear resistance. Magnetron
sputtering was used to obtain high-entropy nitride coatings
(AICrNbSiTiMo)N using a bias voltage of both substrates
and at a deposition temperature of 300 °C [27]. The coatings
have a hardness of 34.5+0.8 GPa. The coatings obtained at
a bias voltage of —100 V and tested for wear at a film tem-
perature of 700 °C, showed the lowest wear rate of about
1.2 x10-6¢ mm3 per 1 m! and a friction coefficient of 0.48.
In [28], high-entropy TiAINiVN coatings were deposited
by magnetron sputtering on D2 tool steel with the hard-
ness reached 25.7 GPa, and the wear rate was 2.45 x 105
mm?3/(N-m) with a friction coefficient of 0.44. High-en-
tropy nitride films were also studied in articles [29—30]. In
[31], the positive influence of the average entropy structure
of TiAlZrN coatings with In and Sn additives and without
additives on tribological and mechanical characteristics was
shown.

Another approach to improving the performance of solid
lubricant coatings is the use of the tribooxidation. In this
case, the solid lubricant coating itself acts as a source of ele-
ments for tribochemical oxidation reactions, resulting in the
formation of lamellar oxides and oxynitride phases on their
surface, acting as a high-temperature lubricant [23, 32—33].

This work is aimed at research of the soft metals — in-
dium (1.4—5.7 at. %) and tin (0.1—0.7 at. %) content effect
in TiAlZrN based hard matrix coatings deposited on AISI
304 steel, on the surface morphology, structure and tribologi-
cal characteristics at room and elevated temperatures under
fretting wear conditions in contact with a counterbody made
of ShKh-15 steel.

Experimental part

TiAlZrN-InSn coatings were obtained by reactive mag-
netron sputtering of separate cathodes (titanium VT1-0),
aluminum (99.9 %), zirconium (99.5%), InSn (80%
In, 20% Sn) on 1 samples of AISI 304 steel (Ni 8.63 %,
Cr 16.04 %, C 0.047 %, Si 0.48 %, Mn 1.37 %, S 0.005 %,
Mo00.09 %, and P 0.029 % wt.). The size and the thickness of
the samples were 15 x 15 mm and 1 mm. The distance from
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the magnetrons to the samples was 125 mm, and the distance
from the ion source to the samples was 170 mm. The screens
made of 304 steel were situated near them to reduce the pos-
sible transfer of sputtered atoms from one magnetron to an-
other. Ar and N gases were supplied to the vacuum chamber
through an ion source. The steel samples were cleaned in an
ultrasonic bath in gasoline for 10—15 min before deposition.
The pressure in the chamber reached 6.0-10—4 Pa. Primarily,
the surface of the samples was cleaned in a glow discharge
for 15 minutes. Then, the pumping was carried out up
P,. = 6.0-10-* Pa with liquid nitrogen, and Ar was injected
up P,, = 5.3-10-2 Pa (Ar flow rate — 2.55 cm3/min) and
the substrate was cleaned with the ion source turned on for
20 min. while rotating.

Transition layers of Ti (5 min) and TiN (5 min) were
formed before the main layer deposition. The main layer
of TiAIZrN—InSn was formed for 50 min at substrate ro-
tated with a speed of 2 rpm. The clockwise rotating substrate
sequentially entered the sputtering areas of Ti, Zr, Al, and
InSn targets. The main parameters of the coatings deposi-
tion modes are presented in Table 1. A mid-frequency mode
(50 kHz) was used for Ti, Al, Zr, and InSn deposition. For
coatings 2 and 7, titanium, aluminum, and zirconium were
sputtered at fill factors of 80 %, while for sample 1, the fill
factors were 60 %, 30 %, and 30 %. The fill factor of InSn
sputtering was 30 % for samples 1—3, and 80 % for other
samples. Coatings 5—7 were deposited with the ion source
operating. The average coating thickness was 1 pm.

The morphology and composition of the coatings were
analyzed using a Carl Zeiss Evo scanning electron mi-
croscope equipped with energy-dispersive X-ray analysis
(EDX). Surface roughness and volumetric imaging were
analyzed using an Olympus LEXT OLS confocal micro-
scope. The surface roughness of the coating was assessed
in accordance with ISO 25178—2:2012. X-ray diffraction
analysis (XRD) was carried out using a DRON-7 X-ray dif-
fractometer using filtered CuK, radiation with a wavelength
of &, = 1.54178 A. The microhardness of the coatings was
analyzed using a PMT-3 instrument by indenting a Vickers
pyramid with a 50 g load.

Tribological tests using a sphere-on-disk scheme were
conducted in fretting wear simulating mode with a dis-
placement of 15 um. A 12.6 mm diameter sphere made of
ShKh-15 steel (C 0.95%, Cr 1.3%, Si 0.17 %, Mn 0.4 %,
Ni<0.3 %, Cu<0.25 %, S<0.02 %, the rest is Fe) with a hard-
ness of up to 65 HRC was used as the counterbody. Tests
were carried out at an ambient temperature of 23 °C and
a humidity of 3745 %. The normal contact load was 1 N,

Table 1. Deposition parameters. Q,,, Q, — gas flow rates; Iy, I, I, I,,s, — discharge currents; I1S-ion source
Coating Pping: Pa Pyo, Pa Q,, cm3/min | Qy,, cM3/min I A Ly A lzy A linsns A ls
1 0.33 2.4102 8.55 1.7 6 1 1 0.3 off
2 0.40 2.3:10-2 9.71 1.72 6 1 2 0.3 off
3 0.40 2.3-102 9.55 1.61 6 1.5 2 0.2 off
4 0.40 2.3-10-2 9.62 1.61 6 1.5 2 0.5 off
5 0.40 2.3-10-2 9.80 1.61 6 1 2 0.5 on
6 0.40 2.3-10-2 9.74 1.63 6 1.3 2 0.5 on
7 0.40 4.0-101 9.74 1.63 6 1.5 2 0.5 on
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and the displacement frequency was 20 Hz, the number of
cycles was 50000. Wear scars were examined using an Olym-
pus LEXT OLS confocal microscope to assess volumetric
wear. Tribological tests after stepwise heating in a muffle fur-
nace to temperatures of 100 and 200 °C and holding at each
temperature for 2 hours were carried out for 10000 cycles
using identical loading parameters.

Results and Discussion
Coating Structure, Composition, and Roughness

The elemental composition of the coatings according to
EDX data is shown in Fig. 1. Indium content varied from
1.4 to 5.7 at. %, and tin content from 0.1 to 0.8 at. %. The
initial roughness (Ra) of steel substrates was 0.05 um, and it
varied from 0.03 to 0.5 pm after coating deposition. Microm-
eter-scale protrusions are also present on the surface of the
smoothest coatings. Their presence should undoubtedly in-
fluence the tribological characteristics of the steel substrate—
coating system, especially during the initial test cycles.

The surface structure of the coatings significantly
changed from smooth to coarse-globular with an increase
in the indium content from 1.4 to 5.7 at. % (Fig. 2). The
surface of the coating 3 with an indium content of approxi-
mately 1.4 at. % was smooth and uniform. The roughness of
the steel substrate with this film decreased (Ra = 0.03 pm)
(Fig. 2, a). At an indium content of 1.6 at. %, the structure

Coating Application and Corrosion Protection

30
Ti i
Ti
20 Ti
Zr
Zr
|||} L L I L

2 3 4 5 6
Sample number

Concentration, at. %6

Fig. 1. Composition of the coatings according to EDX data

was finely crystalline. The tracks after mechanical treat-
ment of the steel are visible, and the Ra parameter is 0.04
um (Fig. 2, b). The indium content increased to 1.9 % in
coating 2, the film became nanocrystalline, but the rough-
ness remains low at Ra = 0.03 um (Fig. 2, ¢). Moreover,

128,973 um

Fig. 2. SEM images in secondary electrons of the coating surface with different indium content: 3 (a), 1 (b),
2 (c), 4 (d), 6 (e), 5 (f) and 3D visualization patterns of the surfaces obtained by confocal microscope
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three-dimensional visualization of the surface shows an ap-

proximately identical packing density of micrometer-scale
protrusions on the surface for all three coatings (1—3). In-
creasing in the indium content to 2.6 at. % in coating 4 re-
sulted in some increase in the globule size, but the roughness
did not change significantly, Ra = 0.04 um (Fig. 2, d). The
sample with coating 7 (In 3.7 at. %) was characterized the
globule size increased to 0.4 um, and the roughness Ra =
0.07 um. Increasing the indium content in the coating 6 to
4.1 at. % resulted in an increase in the average globule size
(~0.7 um), and Ra to 0.1 um (Fig. 2, e). Deposition mode 5
resulted in an increase in the indium content to 5.7 at. % in
the coating. The surface became more developed with pro-
nounced globularity. The globule size reached 3 um, and Ra
increased to 0.9 um (Fig. 2, /).

Three-dimensional surface visualization images show
that the density of microroughnesses is approximately the
same for samples with an indium content of up to 4.1 %.
However, with a further increase in its content, the surface
development significantly increases, becoming globular. The
globularity of the coatings, in addition to the content of soft
metals, could be influenced by the ratio of other elements,
as suggested in work [31]. Thus, it was found that with an
indium content of 5.1 at. %, the coating structure was looser,
and the roughness Ra was 1.2 pm, which is higher than with
an indium content of 5.7 at. % in this work (Ra = 0.9 pum).
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The formation of a globular surface of the deposited coating
can be caused by the presence of compressive stresses in the
surface layer [34].

The surface “globularity” was absent for the coatings
without InSn addition. The coating roughness corresponded
to the initial substrate roughness. With increasing InSn con-
tent in the coatings, its phase migration into the surface layer
could occur, leading to an increase in thermal stresses, as was
found for TiN—Cu coatings in work [17].

Roughness analysis showed that a decrease in the rough-
ness parameters Ra and Rq was generally not accompanied
by a decrease in the parameter Rz, i.e., coatings with a suf-
ficiently smooth surface still retained relatively high surface
protrusions. Rz parameter did not differ significantly be-
tween the coating with the most developed surface (5) and
the smoother coatings. However, Rz was significantly lower
for coatings without indium, suggesting a significant influ-
ence on surface development due to its phase migration,
which contributed to stress in the surface layer.

Coating Phase Composition

Fig. 3 shows XRD patterns of coatings with indium con-
tentof 1.6, 2.6, 4.1, and 5.7 at. % and tin content of 0.1, 0.1,
0.2,and 0.7 at. %. All patterns show reflections from the steel
substrate with an FCC lattice and reflections from nitride
phases with a NaCl-type lattice.
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Fig. 3. XRD patterns of coatings 1 (a), 4 (b), 6 (¢), 5 (d)
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A weak indium reflection (In(Sn) solid solution) ap-
pears at an indium content of 2.6 at. % in XRD pattern at
26 = 33° for coating 4 with a two-phase nitride structure of
(Ti,ALZr)N and (Zr,Ti,AI)N (Fig. 3, b). There are not in-
dium reflections in patterns of coating 3 (1.4 at. % In) and
coating 1 with an indium content of 1.6 at. % and a single-
phase nitride structure (Fig. 3, a), as well as for coating 2
with a two-phase nitride structure and an indium content of
1.9 at. %. In (Sn) reflections are visible in the XRD patterns
of two-phase nitride coatings 7 with an indium content of
3.7 at. % and coating 6 with an indium content of 4.1 at. % in
the region of reflection angles 26 = 33 and 39° (Fig. 3, ¢). The
intensity of indium reflections significantly increases with
an increase in its content to 5.7 at. % for two-phase nitride
coating 5 (Fig. 3, d).

Tribological Characteristics and Microhardness

Stable friction coefficient values of ~0.20 were demon-
strated for coatings 2 (In 1.9 at. %), 3 (In 1.4 at. %), and 7
(In 3.7 at. %) in the contact with a ShKh-15 steel sphere
throughout the entire test cycle (Fig. 4, a). These coatings
also exhibited the lowest volumetric wear (Fig. 4, b). The
friction coefficient of coating 4 (In 2.6 at. %) was ~0.24, and
fluctuations are visible in the graphs, which may be related to
the accumulation of wear debris in the contact zone and its
removal beyond the contact patch. The friction coefficient

of coating 6 (In 4.1 at. %) gradually increased to 0.27 dur-
ing testing, while for coating 1 (In 1.6 at. %), it remained
approximately 0.30 throughout the entire test cycle. The
highest friction coefficient was obtained on the sample with
coating 5 (~0.42) with the highest In content (5.7 at. %). At
the same time, many coatings exhibited counter body mate-
rial transfer, appeared in increased wear patch height relative
to the coating surface (“positive wear”). It is the greatest for
coatings 4, 5, and 7. Moreover, the graphs of the friction co-
efficient dependences did not show any significant changes
for 50000 test cycles. Mass transfer may be related to chemi-
cal interaction between the samples and the counter body,
occurring during the first 3,000 cycles. It may be appeared
as a sharp increase in the friction coefficient, followed by a
decrease and attainment of a constant value, which is most
noticeable for samples 3, 4, 5, and 7.

Negative volumetric wear is caused mainly by abrasion,
and positive wear is due to the adhesive mechanism (stick-
ing). Thus, abrasive and adhesive wear mechanisms pre-
dominated for the coatings. For some coatings, the applied
load led to chemical interaction due to heat in the contact
zone as a result of friction. At the initial stage, the interaction
mainly occurred via the abrasive wear mechanism, arising
from the contact of hard microroughnesses of the nitride
coating surface and their movement along the counter body
surface. Then they smoothed out, which is shown by a sharp
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rise and fall in the friction coefficient graphs. Depending on
the coating structure, further wear occurred via the abrasive
mechanism with the separation of hard particles of the ni-
tride matrix. In other cases, further wear continued via the
adhesive mechanism: due to micro welding of roughnesses;
due to chemical interaction of the coating material and the
counter body for coatings with a high content of soft metals;
during partial destruction of the coating during interaction
with the substrate. This wear mechanism is classified as fret-
ting wear, as the products of interaction remain in the contact
zone, and the friction coefficient remains unchanged over a
large number of cycles. With further dissipation of thermal
energy in the contact zone and interaction with the environ-
ment, the structure of the resulting “third body” may change:
the content of oxides and oxynitrides increases, which can
reduce friction and wear, and an iron-rich transferred layer
may form on the coating surface, protecting the coating from
further abrasion.

SEM studies have shown the presence of micro hills on
the surface of the coatings, in some cases exceeding the film
thickness in magnitude. In work [34], it is indicated that such
structural features grow in films of materials with a low melt-
ing point under conditions of high compressive stress. The
resulting coatings have a combined structure containing a
hard matrix and additional soft phases, which can lead si-
multaneously to both tensile internal stresses arising during
the growth of columnar crystallites and compressive stresses,
for example, in the surface layer, leading to the appearance of
high micro hills. In the case of the hard coatings, such par-
ticles can cause more intense abrasive wear, since their exit
from the contact zone is difficult during fretting wear. The
number of abrasive particles can increase during grinding
for globular coatings. Therefore, the stability of tribological
characteristics was demonstrated, including by coatings with
not the highest hardness, for example, 3. During the wear
process the microroughnesses were ground down and did not
cause further destruction.

The microhardness of AISI 304 steel with the coatings
varied from 2.9 to 10.3 GPa (Table 2). The highest micro-
hardness was obtained for coating 1 with an indium content
of 1.6 at. % and a single-phase nitride structure. An increase
in the indium content led to a decrease in microhardness.
Thus, it decreased to 2.9 GPa for coating 5 (In 5.7 at. %).
However, the coating hardness was influenced not only by
the indium content, but also by the ratio of other elements,
as well as the structure type. Thus, for coating 4 (In 2.6 at. %)
with a two-phase nitride structure and the In(Sn) phase pres-
ence in the XRD pattern, the microhardness decreased to
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7.3 GPa, and for coating 7 (In 3.7 at. %) it increased to
8.0 GPa. The coatings with a large-globular surface struc-
ture demonstrated the lowest hardness values.

Tribological Characteristics after Stepwise Heating

Tribological tests using stepwise heating were conducted
for substrates with coatings 2 (In 1.9 at. %, Sn 0.2 aT. %), 3
(Inl1.4at.%,Sn0.1ar. %)and 7 (In 3.7 at. %, Sn 0.3 at. %),
which demonstrated the lowest friction coefficients at room
temperature. Increased softening at high temperatures can
lead to the soft component being drawn out from the inter-
face, limiting its lubricating effect. On the other hand, la-
mellar oxides and oxynitride phases can form on the coating
surface, acting as a high-temperature lubricant.

Coating 2 demonstrated the greatest stability in tribologi-
cal characteristics after heating to both 100 °C and 200 °C
(Fig. 5). As a result of heating to 100°C, the friction coeffi-
cient decreases to 0.1 (from 0.20 at room temperature), and
to 0.08 at 200 °C (Fig. 5, b). The wear patch is almost absent
in the confocal microscopy image (Fig. 6, a).
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Fig. 5. Friction coefficients of the coatings 2 (1,9 at. % In),
3 (1,4 at. % In), and 7 (3.7 at. % In) as a result of heating
to 100 °C (a) and 200 °C (b)

Table 2. Volumetric wear, wear patch depth, friction coefficients u, Vickers microhardness, and indium content in the coatings
No. Wear volume, pm3 Wear patch depth, pm Friction coefficient, u HV, 05, GPa In, at. %

1 62582 2.5637 0.30 10.3 1.6

2 1356 0 0.20 9.9 1.9

3 1390 0 0.21 7.5 1.4

4 12169 1.968 0.24 7.3 2.6

5 814 0 0.42 2.9 5.7

6 54882 2.751 0.27 6.3 4.1

7 1057 0 0.20 8.0 3.7
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Fig. 6. Wear patch images after heating to 100 °C and 200 °C for
samples with coatings 2 (1,9 at. % In), 3 (1,4 at. % In) and
7 (3.7 at. % In) (a), and comparison of the volumetric wear
(W,) and the amount of material transferred (W,,) after
heating samples to 100 °C and 200 °C (b)

Upon heating to 100 °C, samples 3 and 7 showed a similar
trend in friction coefficient change. Primary, it was a sharp in-
crease, possibly due to material transfer from the counter body;,
followed by the grinding process and a decrease in the coef-
ficient to 0.23 (Fig. 5, a). Howeyver, it was slightly higher than
that observed at room temperature. The wear patch is less pro-
nounced for coating 7 (Fig. 6, a). Heating to 200 °C resulted in
more significant fluctuations in the friction coefficient graphs.
There were initial increase and then a drop to approximately
0.22 for coating 3, and an increase to 0.32 for coating 7.

Wear decreased with increasing test temperature, and
no material transfer from the counter body was observed for
coating 2 (Fig. 6, b).

Stepwise heating increased wear, but decreased counter
body material transfer of coating 7. Both, negative and posi-
tive wear decreased for coating 3 (Fig. 6, b). This different
behavior of the coatings is due to their structure. There is a
two-phase nitride structure with an indium content of 1.4—
1.9 at. % in coatings 2 and 3. Coating 7 has a three-phase
structure with an indium content of approximately 3.7 at. %.
The low melting point of indium could have caused this
change in the coating properties after heating to 200 °C.

The coatings had to be subjected to oxidation during
heating, which affected their tribological properties. Some
improvement/change in these properties could have been
due to the formation of oxides and oxynitrides of the system
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components. Oxygen atoms can be incorporated into the Ti—
Al—Zr—N nitride matrix, forming a complex oxynitride that
retains the original crystalline structure (such as NaCl). In
this case, oxygen atoms replace some of the nitrogen atoms
without forming oxides [24, 35].

As can be seen from the wear patch images and volumet-
ric wear characteristics, abrasive and adhesive mechanisms
predominate. Dark areas in the wear patch images corre-
spond to material “transferred” from the counter body. In
the absence of an adhesion mechanism, the wear scar is light -
colored, as obtained for coating 2 (fig. 6, a). The oxide layer
formed as a result of stepwise heating is destroyed by friction
under the effect of load, which can lead to the formation
of small abrasive particles. They can adhere to the contact
surface and are compressed under the effect of force, forming
a transition layer. In addition, small particles can appear as a
result of the destruction of micron-sized hills on the surface,
detected by confocal microscopy. These particles adhere to
the wear surface and agglomerate in some areas, mainly in
the valleys [36]. Oxide particles can also be trapped in the
gaps between the sliding surfaces, forming a protective layer
[24]. Thus, as a result of heating, the wear mechanisms are
mainly associated with adhesion, abrasion, and diffusion
processes. Black spots indicate deformed residues formed
under the influence of high temperature and adhesion, ex-
plaining the cyclic changes in the friction coefficient. The
wear patches also have a shear relief along the direction of
the counterbody’s movement, which is due to the presence
of soft metals in the coatings. The soft components of the
coating plastically deformed during sliding, reducing friction
and wear. Coating 2, with a two-phase nitride fine-crystalline
structure and a low indium content, has demonstrated more
stable properties. XRD data showed that indium was absent
as a separate phase in this coating.

Conclusion

1. Coatings based on the complex TiAlIZrN matrix with
an indium content of 1.4 — 5.7 at. % and tin content of
0.1 — 0.8 at. % were obtained on AISI 304 steel by reactive
magnetron sputtering of separate cathodes (titanium grade
VT1-0, aluminum (99.9 %), zirconium (99.5 %), InSn (80 %
In, 20 % Sn). Reflexes of the In(Sn) solid solution appear on
XRD patterns when indium content in the coatings is more
than 2.6 at. %.

2. The surface structure of the coatings changed from
smooth to finely crystalline with an increase in the indium con-
tent from 1.6to 1.9 at. %, and to microglobular with an increase
in the indium content to 5.7 at. %, which was also accompanied
by an increase in surface roughness. A decrease in the rough-
ness parameters Ra and Rqwas generally not accompanied by a
decrease in the Rz parameter. The coatings with a sufficiently
smooth surface had individual micro hills on the surface.

3. The friction coefficients at room temperature varied
from 0.20 to 0.42. Abrasive and adhesive wear mechanisms
predominated for the coatings. Heating to 100 °C resulted in
a decrease in the friction coefficient to 0.10 for the coating
with an indium content of 1.9 at. %, and to 0.08 after heating
up 200 °C, which was also accompanied by a decrease in wear.
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4. The presence of a nanocrystalline structure and the

absence of indium as a separate phase contributed more to
stable tribological characteristics at room temperature and
after stepwise heating than a denser, homogeneous coat-
ing structure with a lower indium content or a globular
structure. as

The work was carried out with the support of the Minis-
try of Education and Science of Russia, Grant No. FS-
FF-2023-0006
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