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Abstract. Nanostructured chromium-based coatings have been researched. In some cases, it is
expedient to use vacuum methods of deposition of chromium coatings by methods of thermal
evaporation of pure chromium from tungsten coils or by ion-plasma (magnetron) sputtering
method. Due to the low deposition temperature of coatings, there is a possibility of their formation
on metallic and non-metallic materials. Based on the above, it is necessary to note the relevance
of the study of the technology for the formation of chromium-based coatings by the ion-plasma
method. To apply wear-resistant chromium coatings to samples made of R6MS steel, the method
of ion-plasma (magnetron) sputtering with a preliminary treatment of the surface with an ion
source was used. The thickness, adhesive strength and corrosion resistance of chromium-based
coatings were determined. Electron microscopy methods have been used to study the morphology
of the surface and the size of nanoparticles in the structure of chrome coatings. It was revealed
that depending on the modes of formation, the coating consists of nanoparticles with sizes from
15 nm to 230 nm.
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1. Introduction

Recently, there has been an increased interest in the study of materials with a nanocrystalline
structure due to a decrease in the size of crystals below a certain threshold value leads to a radical
change in the physical and chemical properties of these materials. The strongest change in the
properties of nanomaterials is achieved in the range of crystallite sizes up to 100 nm. The
technology of producing thin films and coatings can be attributed to nanotechnology. Thin films
and coatings can be produced by PVD and CAD. Thus, the well-known coatings of titanium
carbide and nitride are obtained by ion-plasma deposition, which leads to the formation of
nanocrystalline structure [1, 2].

Chromium and chromium nitride-based coatings are used in industry as a hard thin film to
protect parts of cutting and processing tools, have excellent wear resistance, high hardness,
sufficient strength, good adhesion to the substrate, high corrosion resistance and heat resistance
up to 600 °C [3-6]. Chromium electroplating on steels and alloys, which are characterized by high
chemical and mechanical resistance, is widely used in industry, but they are obtained using
environmentally harmful chemical technology that requires treatment facilities. Electroplating
uses toxic hexavalent chromium, and significant tensile stresses are generated, which lead to the
appearance of a lattice of cracks in the coating immediately after deposition [7, 8].

Chromium nitride-based coatings are hard coatings that can be successfully applied as
wear-resistant coatings to protect the wearing surfaces of parts and tools. In work [9], multilayer
coatings based on chromium nitride and chromium carbon-nitride were studied. Multilayer
alternating coating layers based on CrN/CrCN are formed by the PVD (CAD-cathode arc
deposition) method. Experimentally established that the wear resistance of multilayer coatings
based on chromium nitride and chromium carbonitride is higher than the individual CrN and CrCN
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coatings. A 0.1 um thick chromium sublayer was used as a sublayer.

The novelty of this study lies in taking into account the ion cleaning of the surface of the
samples before applying the chromium coating, as well as in varying the modes of the
technological process of coating deposition using a modernized vacuum unit.

In this work, the composition, microstructure and residual stresses, as well as the properties of
chromium coatings obtained by the PVD (physical vapor deposition) method were studied
[10, 11]. CrN coatings are produced on a P6MS5 steel substrate by the physical vapor deposition
(PVD) method with extended capabilities. Based on the above, it is necessary to note the relevance
of studying the technology of forming coatings based on chromium and chromium nitride by the
ion-plasma method.

2. Methods

To apply wear-resistant chromium coatings to samples made of POMS steel, the method of
ion-plasma (magnetron) sputtering with preliminary treatment of the surface with an ion source
was used. The vacuum working chamber of the UV-75R-1 unit was equipped with a magnetron
sputtering source of the MAG-5CM type and an ion source with a cold cathode creating a tubular
ion flow.

The cathode of the magnetron sputtering source was a disk with a diameter of 130 mm,
consisting of a copper base and a layer of chromium (VCU2) about 5 mm thick, which was
subjected to sputtering. Argon ions were used to treat the surface of the products. Ion treatment
was used to improve the adhesive strength of chrome coatings with the substrate. The relative
position of the devices for processing products in the vacuum working chamber is shown in Fig. 1.

After reaching an initial vacuum level of approximately 102 Pa, the fixture with movable
samples and the control plate were treated using an ion source in the following modes, as shown
in Table 1.

Fig. 1. Mutual arrangement of devices in a vacuum chamber: 1 — cold cathode ion source;
2 — magnetron sputtering device; 3 — rotating equipment; 4 — working chamber

Table 1. Ion surface treatment modes

Technological modes Quantities and units of measurement
Working gas pressure (argon), P 2-10"' Pa
Discharge voltage, V 4,5 kV
Discharge current of the ion source, [ 80-100 mA
Current density on the treated surface, [ up to 1 mA/sm?
Surface treatment time of the samples, t 3 minutes

Once the ion source was triggered, the magnetron source was activated, and the setup was then
rotated to the position opposite to the sputtering source. lon-plasma chromium coating deposition
was performed in the following technological modes (Table 2).
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Table 2. Vacuum chrome deposition modes

Technological modes Quantities and units of measurement
Distance from the cathode to the surface of the samples, b 120-130 mm
Working gas pressure (argon), P 2:10"' Pa
Cathode voltage during sputtering, V =550V
Discharge current during sputtering, I 2,0-25A
Chromium coating deposition time, t 5-20 minutes

The temperature of the samples during coating deposition did not exceed 150 °C. The thickness
of the vacuum-deposited chromium coatings was determined from a silicon control plate that was
subjected to the same processing conditions as the steel samples.

Thickness measurement was carried out on a micro-interferometer of the MII-4 type according
to a standard procedure. For this purpose, steps in the form of strips or islands of chrome were
formed on a polished silicon plate with a deposited solid chrome coating. A chemically resistant
varnish (FP-383) was applied to the surface of the coatings and chromium was etched in
concentrated sulfuric acid in the presence of aluminium (an aluminium probe was lowered to the
surface of the chromium section to activate etching). The varnish layers were then removed in
dimethylformamide.

The interferometer was used to study the emerging step at the coating - silicon substrate
boundary. Since both surfaces had a high reflectivity and a slight roughness in the boundary area,
there was a clear interference pattern. The thickness of the coatings’ d was determined by the
displacement of the interference pattern lines according to the well-known Eq. (1):

d=NL/2, (1)

where N is the number of displacement lines of the interference pattern, L is the wavelength of
light (approximately 550 nm). An offset of 1 line corresponds to a step of about 0.27 um, so it is
convenient to identify steps of the order of 1-2 pm. According to the measurements, the maximum
chromium coating thickness was about 2.4 um for a deposition time of 20 minutes. Studies have
shown that the thickness of chromium coatings is proportional to the deposition time in the interval
of 2-20 minutes. For the first time, 1-2 minutes of chromium spraying, the coating deposition rate
is below average.

The maximum thickness of the chromium-based coating was measured to be about 2.4 pum for
a deposition time of 20 minutes. Studies have shown that the thickness of chromium coatings is
proportional to the deposition time in the interval of 2-20 minutes.

The adhesive strength of the coatings was studied by the method of normal detachment of
glued metal rods from the surface of the coatings. The coated specimen was placed in a cassette
with vertical 7 rods (diameter of the glued part 1 mm), which were glued to the coating and torn
off using a tensile machine. Studies have shown that the adhesive strength exceeded 70-80 MPa
(700 kg/cm?), as the rupture occurred on the glue.

Corrosion problems seen in coating materials are usually the result of corrosive reagents
penetrating through defects and entering the substrate. The application of a coating, especially a
multi-layer coating, improves the corrosion resistance of the material. Cr and CrN-based coatings
with a dense structure and finely dispersed crystals make them less permeable to corrosive
environments. The absence of direct diffusion channels is due to the non-columnar structure,
resulting in a significantly reduced rate of oxygen diffusion through the coatings.

Based on this, we studied the chemical resistance of samples with chromium-based coatings
in a solution of nitric and hydrofluoric acid, which showed their high corrosion resistance. For
coatings with a thickness of less than 1um, the number of corrosion points (pores in the coating)
was 5-10 times greater than for coatings with a thickness of 2.3-2.5 um. As the experiment shows,
with a change in the thickness of a nanostructured coating based on chromium, corrosion
resistance changes several times, which implies the existence of through channels or their absence
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with an increase in the thickness of the coatings. Another important feature of nanostructured
chrome coatings is the structural components, i.e. the size of the nanoparticles in the coatings,
which have a significant impact on the corrosion resistance of the ‘coating-substrate’ system.

High-temperature oxidation resistance is one of the most attractive properties of nano-coatings.
This property is highly dependent on the phase and chemical composition of the film. By
interrupting the continuous path along the grain boundaries from the coating surface through the
entire thickness to the substrate, the oxidation resistance can be increased. This can be achieved if
the structure of the film is amorphous [12].

To determine the wear resistance of the coatings, comparative studies were conducted on the
wear resistance of tools — taps with a chromium coating thickness of approximately 0.8-1.0 um.
Studies of several batches of products showed a 2-3 times increase in their wear resistance
compared to standard tools. The tools were used for processing copper strips at the manufacturing
plant of JSC “Elektroapparat-Elektroshchit”. The wear resistance of the taps was determined by
the number of parts processed: the tool without coating processed 20 parts, while the coated tool
processed 42-45 parts.

Considering all these features, electron microscopy was used to study the surface morphology
and particle sizes in the structure of chrome coatings.

Information on the surface relief and size of agglomerates of chromium nanoparticles was
obtained using transmission electron microscopy. Two-step Pt/C replicas were obtained for
surface study [13, 14].

Electron microscopic studies have shown that structures with chromium nanoparticles are
observed for samples No. 1 (Fig. 2) and No. 2 (Fig. 3). It is shown that during the formation of
nanostructures from Cr with the maximum amount of chromium-containing phase, spherical
chromium nanoparticles with a size of 66 nm to 130 nm are formed under 1-condition (Fig. 3),
and for a sample obtained under 2-condition, larger chromium nanoparticles (66-200 nm) are
observed (Fig. 4).

Fig. 2. Electron microscopic images of chrome-plated specimens:
Sample No. 1, 15000 H, 1 cm = 660 nm; P = 3-102Pa

Fig. 3. Electron microscopic images of chrome-plated specimens:
Sample No. 2, 15000 H, 1 cm = 660 nm; P = 3107 Pa
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Fig. 4. Electron microscopic images of chrome-plated specimens:
Sample No. 2, 15000 H, 1 cm = 660 nm; P = 3-10- Pa

On the third sample, a nanostructure of inhomogeneous size is observed, nanoparticles with
sizes from 15 nm to 230 nm. Moreover, it should be noted that the number of nanoparticles in this
sample is much less than in the previous two samples. Based on the conducted research, it is
possible to conclude about the wide possibilities of use of vacuum-precipitated magnetron
sputtering of chromium coatings instead of electroplating coatings. In connection with the
expansion of the fields of application of ultra-disperse materials, there is a need not only to transfer
the substance to an ultra-disperse state, but also to create nanomaterials with a certain set of
properties. The use of ultrafine metals and alloys is largely limited by the physical and chemical
characteristics of these materials, namely: thermos-temporal instability, a wide range of particle
sizes, and a significant content of oxides and impurities.

3. Results and discussions

Electron microscopic studies have shown that structures with chromium nanoparticles are
observed for the samples (Fig. 2-4). It is shown that during the formation of nanostructures from
Cr with the maximum amount of chromium-containing phase, spherical chromium nanoparticles
with a size of 45 nm to 130 nm are formed under 1-condition (Fig. 5), and for a sample obtained
under 2-condition, larger chromium nanoparticles (66-200 nm) are observed (Fig. 6).
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Fig. 5. Number of nanoparticles: 97 % — 45 nm, largest quantity 50 nm and 100 nm of nanoparticles
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4. Conclusions

It has been revealed that by varying the technological modes of the process, it is possible to
adjust the size and volume number of nanoparticles in chrome coatings, for example, at a pressure
in a vacuum chamber P = 3-102 Pa - the size of nanoparticles ranges from 50 to 100 nm, and at a
pressure of P = 3-1073 Pa - the volume content of nanoparticles depending on the size is distributed
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as follows: nanoparticles with dimensions of 70 nm in coatings are present in the amount of 55 %,
120 nm — 15 %, and 170 nm — 30 %.
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Fig. 6. Number of nanoparticles: 55 % 70 nm; 15 % 120 nm; 30 % 170 nm

It has been established that with an increase in thickness, the corrosion resistance of chrome
coatings changes several times. With an increase in the thickness of coatings from 1 pum to
2.3-2.5 um, the corrosion resistance increases by 5-10 times.

Studies have shown that the thickness of chromium coatings is proportional to the deposition
time in the interval of 2-20 minutes.

In connection with the expansion of the fields of application of ultra-disperse materials, there
is a need not only to transfer the substance to an ultra-disperse state, but also to create
nanomaterials with a certain set of properties.

Based on the conducted research, it is possible to draw a conclusion about the wide possibilities
of use of vacuum-precipitated magnetron sputtering of chromium instead of electroplating.
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