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The effect on the structural phase state and mechanical properties of the composition of the
parameters of obtaining nanocomposite and nanolayer wear-resistant coatings based on Cr, W, and N,
obtained by the method of magnetron sputtering was investigated in this work. CrWN nanocomposite
coatings were precipitated by the magnetron method with DCMS permanent magnets from a complex
target consisting of Cr and W with different ratios of components by area. Electron microscopic studies of
the obtained CrWN coatings showed a nanocrystalline finely dispersed structure with a grain size of up to
30 nm. From the analysis of the elemental composition of the coatings, a clear correlation can be observed
between the composition of the target and the composition of the resulting coating. For CrN/WN nanolayer
coatings, two metal targets of pure Cr and W were used, and coatings of chromium nitride and tungsten
nitride were applied sequentially by magnetron sputtering. A dense and smooth microstructure of
multilayer coatings was obtained. The presence of a nanolayer structure was confirmed and the sequential
change of CrN and WN layers was shown. Smooth and clear interfaces between the CrN and WN layers
were observed, indicating a dense and well-packed configuration of the multilayer coating. The CrN/WN
nanolayer coatings showed a high hardness of about 30 GPa, which was higher than that of the CrWN
nanocomposite coating, where the hardness was about 23 GPa.
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1. INTRODUCTION

Studies of wear-resistant coatings based on Ti-N, Zr-
N, Mo-N and Cr-N coatings show their high hardness
and excellent tribological characteristics. Such coatings
are promising materials for wide application, for
example, as protective coatings against rapid tool wear
[1-11]. Along with this, the structure and tribological
properties of W-N coatings have not been studied much.
All of the above coatings based on Ti-N, Zr-N, Mo-N, Cr-
N and W-N phases are sensitive to the Nz partial
pressure used during deposition. If the partial pressure
of the reactive gas in the deposition chamber is
insufficient, the formation of interatomic bonds with low
chemical and thermal stability is possible. Oxidation
resistance can be significantly improved due to the
formation of a dense oxide layer on Cr-N [12].

A wide range of scientific research is devoted to the
study of the material properties of nanostructured
coatings with universal [13] and high wear-resistant
characteristics [3, 14-16]. Among various coatings,
nitride nanocomposite or nanolayer systems are
studied quite widely [5, 7, 9, 11, 13, 14]. Transition
metal nitrides are considered as a protective coating
due to their excellent properties in terms of hardness,
wear resistance and corrosion resistance. Chromium
nitride (CrN) systems are promising for coatings with
high hardness, excellent antioxidant properties, and
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good resistance to corrosion and wear [5, 12, 13].
Tungsten, in its metallic form, is another material that
is often used because of its high melting point and high
hardness [17-20]. Tungsten nitride coatings are used in
optical and microelectronic devices, such as barrier
layers and electrodes. However, limited literature on its
mechanical properties can be found. It was concluded
that coatings with a nanolayer configuration with pure
metal and metal nitride have higher mechanical
properties than single-layer coatings.

Nitride coatings with a complex elemental and
phase composition have been increasingly used recently
[5, 6,9, 15, 16, 20, 21]. In such coatings, it is possible to
improve a number of functional parameters due to the
appropriate selection of components and concentrations
that are part of the coating or individual layers.

A particularly important task is the study of the
physical and mechanical properties and the structural-
phase state of a nanostructured composite or
multilayer coating depending on the conditions of
deposition and the different composition of the
coatings, which gives relevance to the topic of the work.

The purpose of the work is to study the impact on the
structural phase state and mechanical properties of the
composition and parameters of obtaining nanocomposite
and nanolayer wear-resistant coatings based on Cr, W
and N, obtained by magnetron sputtering.
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2. MATERIALS AND METHODS

Samples of P6M5 high-speed steel were used as
substrates for applying nanocomposite CrWN and
nanolayer CrN/WN coatings (the chemical composition
of the substrate corresponds to the SSU values within
the permissible error) and polished Si plates. The
substrates were polished using a mechanical method
combined with a diamond grinding wheel.

After that the substrates were cleaned with ultra-
sound for 10 minutes, sequentially in acetone and ethyl
alcohol. CrWN nanocomposite coatings were deposited
by the magnetron method with DCMS permanent
magnets from a complex target consisting of Cr and W
with different area ratios: 95:5, 75:25, 50:50. The dis-
charge power was 500 W. For CrN/WN nanolayer coat-
ings, two metal targets of pure Cr and W were used.
The targets were pre-cleaned in a chamber under an
argon atmosphere for 10 minutes. Before the coating
deposition process, the chamber was evacuated to a
pressure of 10 -3+ 10 4 Pa, then Ar and N2 were intro-
duced. The deposition of the coating took place in an
atmosphere of two gases, Ar and Ng, the ratio of which
was 10 to 1. The thickness of the applied coating was
monitored in-situ by the quartz resonator method. The
deposition time of individual layers of multilayer ni-
tride coating CrN/WN during sequential sputtering
was modified from 100 to 240 seconds. The two-layer
period of the CrN/WN nanolayer coating was monitored
at 10 and 24 nm modulation.

X-ray analysis using X-ray spectrometer Dron 4.07
(with CuKa radiation - wavelength 0.154 nm) is used
for qualitative and quantitative analysis of the coating
composition. Hardness was measured by the microin-
dentation method with a Vickers square diamond pyr-
amid with an angle of 136°, which is used as an indent-
er at a load of 50 grams. The CrN/WN nanolayer micro-
structure was evaluated using scanning (SEM on a
Tescan VEGA 3 scanning electron microscope) and
transmission (TEM-125K) electron microscopy. Energy
dispersive spectra were obtained with the help of
additional detectors on a Tescan VEGA 3 microscope.
The surface topography of CrWN nanocomposite
samples of different compositions was investigated
using atomic force microscopy (AFM), based on the
registration of changes in the force of attraction of the
needle-probe to the sample surface from point to point.
AFM allows obtaining surface images with extremely
high accuracy, up to several angstroms.

3. RESULTS AND DISCUSSION

The main factors affecting the hardness and wear
resistance of coatings based on Cr, W and N are the
condensation parameters, such as the voltage applied to
the substrate, the temperature of the substrate, the
concentration of the gases in which the deposition
occurs, their pressure, and the composition of the target.

Using magnetron sputtering of Cr and W with reac-
tive gas Nz, a CrWN nanocomposite coating was con-
densed. Fig. 1 shows the TEM image and the diffrac-
tion pattern of the CrWN nanocomposite coating.

The TEM research of the obtained CrWN coatings
showed a nanocrystalline finely dispersed structure
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with grain size up to 20-30 nm and their uniform dis-
tribution on the surface, which corresponds to the re-
sults of other authors [12, 17, 19]. The diffractogram
also confirmed the nanocrystalline microstructure of
CrWN pores with randomly distributed grains in it. In
addition, CrN phases with (111) and (200) orientations
were identified from electron diffraction, while no sig-
nificant WN phases were observed. This was a confir-
mation that co-precipitation of W and Cr with the reac-
tive gas N2 tends to form a CrN crystal structure, and
with W, nitrogen is part of the solid solution.

pattern  of the

diffraction
nanocomposite coating CrWN

Fig. 1 — Structure and

SEM analysis revealed that the obtained coatings
were homogeneous, demonstrating perfect adhesion to
the substrate without defects or voids; cracking or de-
lamination was also not observed.

From the data analysis of the elemental composition
of coatings (Table 1), we can observe a clear correlation
between the composition of the target and the composi-
tion of the obtained coating.

Table 1 — Comparison of the target composition and the
composition of the obtained coating

Cr:W Cr:W Cr:W
Target composition, | 95:5 80:20 50:50
weight %
Coating composition, | 99:1 93:7 78:22
at%.

The correlation between the indicators of the effec-
tiveness formation of the corresponding coating with
the ratio between the content of Cr and W on the target
and the corresponding content of materials in the ap-
plied coating is presented in Fig. 2.

Fig. 2 — Results of simulation of indicators of the efficiency of
coating formation depending on the content of Cr and W in the
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target when obtaining CrWN nanocomposite coatings

The simulation results allow us to predict the
quantitative composition of the target material, taking
into account the coefficient of performance k of the
coating operation based on the given elemental
composition of the coating material.

The energy dispersive spectra obtained for coatings
based on Cr, W, and N were taken for different frag-
ments and characterize their stoichiometry (Fig. 3).
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Fig. 3 — Energy dispersive spectra for samples with coatings:
CrsoWs6N4 (a) and CrasW7sNi (b)

The energy dispersive spectra further confirm the
increase in the content of tungsten nitrides in the
coating with the increase in the content of tungsten in
the target, as indicated by the increase in the peaks for
the elements W and N.

The conducted X-ray researches show that the ob-
tained coatings consist of phases such as WN, Wz2N, CrN
(with an information layer depth of approximately
200 nm), with a cubic (NaCl-type structure) crystal lattice
without a clearly defined grain orientation axis. As an
example, X-ray patterns obtained from samples with
Cr7sW1Nz4 and CrssWiNyo coatings are presented in Fig. 4.

Intensity, abr.units

100
_a Cr?.‘_\W]NZJ
>0 _\_A_)L
s ]
108 _ b Cr, W N,
50|
A
108 < . ——CiN
I —~—W,N
50| —e—WN
0 " 1 I 1 1 Tu 1 |f ﬂ'

30 40 50 60 70 80 268, deg.
Fig. 4 — X-ray diffraction spectra of CrssWiNas (a) CrssWiNao (b)
coatings and table values of chromium and tungsten nitrides (c)

Fig. 4, also shows tabular values corresponding to
CrN - 01-076-2494, W2N 00-025-1257, WN - 01-075-
1012. As can be seen from the figures, there is a
modification of the spectrum with a change in the
concentration of components in the coating. Thus, for
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the coating with a higher content of W, the peaks
corresponding to the phases of tungsten nitrides
become substantially significant.

To visualize the CrN/WN multilayer coating of suc-
cessively deposited CrN and WN layers with a con-
trolled modulation period, a cross-sectional SEM image
of CrN/WN multilayer coatings with a total thickness of
approximately 6560 nm was used (Fig. 5).

| Substrate |

Fig. 5 — Cross-sectional SEM images of (a) 51- and (b) 121-
layer CrN/WN nanolayer coatings

Using the magnetron sputtering method a dense
and smooth microstructure of multilayer coatings was
obtained by. It can be seen that the 51-layer CrN/WN
coating has a layered configuration consisting of darker
and lighter nanolayers placed sequentially. The thick-
ness of the bilayer periods in the 51-layer CrN/WN
coating, which was 24 nm, is specified in Table 2.
Control of the layer thickness in the nanolayer coating
was achieved by adjusting the deposition time. An SEM
image of the cross-section of the 121-layer CrN/WN
coating is shown in Fig. 5, b.

Table 2 — Characteristics of CrWN and CrN/WN
nanostructured coatings
Coating Modu | Micro-
Type thick- Number | la- hard-
coating ness, of layers | tion, ness,
nm nm GPa
CrN/WN 25-WN
650 24 30.5
51-layer 26-CrN
CrN/WN 60-WN
640 10 28.8
121-layer 61-CrN
CrWN 650 - - 22.3

It has a similar smooth and uniform configuration
as the 51-layer coating. The coating thickness was
approximately 640 nm. Unlike the 51-layer multilayer
coating, the nanostructure of the 121-layer CrN/WN

02026-3



T.P. HOVORUN, K.S. KHANIUKOV ET AL.

coating could not be well shown because the thickness
of one layer was too thin for SEM resolution.

The detailed configuration of the layer of the
nanolayer CrN/WN coating was checked using trans-
dermal electron microscopy (Fig. 6).

ks

20 nm

Substrate )

Fig. 6 — Microstructure of 51-layer CeN/WN coating

The darker bands corresponded to tungsten nitride
layers, whereas the chromium nitride layers had
lighter bands. The presence of a nanolayered structure
has been confirmed, showing how the layers of CrN and
WN were successively changed. Moreover, smooth and
clear interfaces between the CrN and WN layers were
also observed, indicating a dense and well-packed
configuration of the multilayer coating.

The crystal image of the nano-layered 51-layer coat-
ing CrN/WN is shown in Fig. 6, b. The visible grain of
CrN is clearly observed precisely between two adjacent
WN layers. The layer thickness can be changed by
adjusting the deposition time for each nitride layer,
thereby controlling the crystallite (or grain) size in the
nanolayer structure.

When conducting X-ray studies for nanolayer
CrN/WN coatings, two extended peaks corresponding to
CrN (111) and (200), which is due to the formation of
CrN, WN and W2N.

The results of phase identification revealed that
CrN and an amorphous/nanocrystalline phase of
WN/W:2N were observed in the CrN/WN nanocoatings.

Characteristics of nanostructured coatings based on
Cr, W and N are summarized in Table 2.

The microhardness of nanolayer coatings reached
30 GPa, and for the CrWN nanocomposite coating it is
about 23 GPa, which corresponds to literature data
[19, 22]. That is, the CrWN nanocomposite coating in
this study showed lower hardness compared to the
CrN/WN nanolayer coating.

Limiting the crystallite size to a few nanometers by
the interface layers became the dominant factor leading
to an increase in the hardness of the CrN/WN coating.

JJ. NANO- ELECTRON. PHYS. 16, 02026 (2024)

AFM image of the surface of the studied samples of
CrWN nanocomposite coatings is shown in Fig. 7.

It is shown that with a lower chromium content, a more
uniform and fine-grained surface topography is observed.

The analysis of studies of the structural phase state
of coatings based on Cr, W and N, conducted through by
X-ray analysis methods, depending on the composition of
the target, showed that regardless of the composition of
the target, the use of reactive magnetron sputtering al-
lows to obtain a coating with a uniform density of the
structure, good adhesion and low roughness coating.

The crystallite size in one nitride layer was fixed within
two adjacent interfaces. The CrWN coating exhibited a CrN
phase with incorporated W solid solution, while the
CrN/WN nanolayer structure possessed CrN phases and
amorphous/nanocrystalline WN and W2N phases.

Limiting the size of the crystallites to a few
nanometers by the interface layers became the
dominant factor leading to an increase in the hardness
of the coating. The nanolayer structure with limited
nitride grains in the nano-range was favorable for
improving the  mechanical characteristics of
nanocomposite and nanostructured coatings.

4. CONCLUSIONS

Based on the data obtained by the X-ray method
and determination of microhardness, the structural
and mechanical properties of wear-resistant coatings
based on Cr, W and N were analyzed in the work,
depending on the conditions of production.

CrWN nanocomposite coatings were obtained from a
complex target, which consisted of Cr and W with different
ratios of components by area, and multilayer nanostructured
CrN/WN coatings were obtained by the method of sequential
deposition under magnetron sputtering.

The analysis of studies of the structural phase state
of coatings based on Cr, W and N, carried out by X-ray
analysis methods, depending on the composition of the
target, showed that regardless of the composition of the
target, the use of reactive magnetron sputtering allows
to obtain a coating with a uniform density of the
structure, good adhesion and low roughness coating.

X-ray studies show that the resulting coatings in-
clude phases such as WN, WaN, CrN with a cubic crys-
tal lattice and an average grain size of up to 30 nm.

Analysis of the mechanical properties of the CrN/WN
nanolayer coating revealed a relatively higher hardness
of about 30 GPa compared to the CrWN nanocomposite
coating, where the hardness was about 23 GPa.
Limitation of the crystallite size to a few nanometers
behind the interface layers became the dominant factor
leading to an increase in hardness. The nanolayer
structure with restricted nitride grains in the nanorange
was favorable for increasing the mechanical
characteristics of the multilayer CrN/WN coating.

It was determined that the surface morphology of
the coating obtained by atomic force microscopy
depends on the values of the shear stresses on the
substrate, the composition of the obtained coatings,
temperature and deposition time. It is shown that with
a lower chromium content, a more uniform and fine-
grained surface topography is observed.
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Fig. 7— AFM images of CrWN nanocomposite coatings applied to P6M5 steel samples obtained with different composition
of the target and composition of the obtained coating: composition of the target, wt.% Cr:W — 50:50 (a), Cr:W — 80:20 (b )

and Cr:W — 95:5 (c)
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CTpyKkTypa i BIaCTUBOCTI 3HOCOCTINKNX HAHOCTPYKTYPOBAHUX MOKPUTTiB Ha ocuoBi W, Cr ta N

T.II. T'oopyH, K.C. Xautokos, B.O. Bapaxiu, /[.B. [Taxuenro, O.B. [Iniunenxo, O.A. Bimoyc

Cymcoruti Oepocasruil ynisepcumem, 40007 Cymu, Yipaina,

B poGoti 6y10 M0C/TiIpKeHO BILIMB HA CTPYKTYPHO-(A30BHIA CTAH 1 MEXaHIUHI BJIACTHBOCTI CKJIAAY IapaMeTpiB
OTPUMAHHS HAHOKOMIIO3UTHUX TA HAHOIIIAPOBUX 3HOCOCTIMKMX MOKpHUTTIB HA ocHOBI Cr, W Ta N, orpumanux me-
TOJIOM MAarHeTPOHHOro posrmienHs. HanorkommosuTal mokputTss CrWN ocaRyBamCh MATHETPOHHAM METOI0M
13 mocTitiamvu Maraitamu DCMS 3 komriekcHol mirreHi, sika ckiramasnacs 3 Cr ta W 3 pisHAM CIIBBITHOIIIEHHSIM
KOMITOHEHTIB 10 TWIoIT. Kyierporto-Mikpockomyai mocmprertHs orpuManux CrWN-TIOKpUTTIB TIOKa3a i HAHOK-
pHCTATIYHY APIOHOIMCIIEPCHY CTPYKTYPY 3 po3mipom 3epHa 110 30 HM. I3 naHux aHa3y eJleMeHTHOrO CKJIaJTy I10-
KPHUTTIB MOKHA CIIOCTEPITATH YITKY KOPEJISAINIo MUK CKJIA0M MIIIEH] Ta CKJIAJ0M OTPUMAHOro Hokpurrs. J{is Ha-
Homrapoeux mokputTiB CrN/WN BrropucroByBasm 181 Merastesi mimeHi 3 uncroro Cr ta W 1 mokpurTst 3 HITprmay
XpOMy Ta HITPHIY BOJb(PaMy HAHOCHJIN IIOCIJOBHO METOZOM MATHETPOHHOIO PO3IMJIEHHs. Byma orpruMana
IIUIBHA 1 TJIAIKA MIKPOCTPYKTYpa 0araTolrapoBUX IOKPUTTIB. [liITBepmkeHo HAABHICTS HAHOLIAPOBOL CTPYKTYPH
i mokasano mocmimosHy aMiny 1mapis CrN 1 WN. Crocrepirammces miaBHi Ta 9iTki iHTepdeticn mixk mapavu CrN
ta WN, 1110 BKadye HaA IILHY 1 100pY yIAaKoBaHYy KOHQITypaIriio 0araTorapoBoro MOKPUTTSA. HaHomaposi mok-
purtss CrN/WN pemoncTpyBasm Bucoky tBepmicTs osmabro 30 ['Tla, 1o Oyso Buie, HisK 711 HAHOKOMIIO3UTHOTO

noxpurtss CrWN, me TBepmicTs craroBmio 6mabko 23 [Tla.

Kmouosi cnosa: HamocrpyrrypHi mokpurrs, Mikporsepmicts, [loBepxHeBe sMiliHeHHA
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