
Citation: Sidelev, D.V.; Grudinin,

V.A.; Zinkovskii, K.A.; Alkenova, K.;

Bleykher, G.A. Magnetron Deposition

of Cr Coatings with RF-ICP

Assistance. Coatings 2022, 12, 1587.

https://doi.org/10.3390/

coatings12101587

Academic Editor: Heping Li

Received: 7 October 2022

Accepted: 19 October 2022

Published: 20 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Magnetron Deposition of Cr Coatings with RF-ICP Assistance
Dmitrii V. Sidelev * , Vladislav A. Grudinin , Konstantin A. Zinkovskii, Kamila Alkenova and Galina A. Bleykher

School of Nuclear Science and Engineering, Tomsk Polytechnic University, 30 Lenina av., 634050 Tomsk, Russia
* Correspondence: sidelevdv@tpu.ru; Tel.: +7-3822-70-17-77 (ext. 2518)

Abstract: The article describes a comparative analysis of chromium coatings deposited by magnetron
sputtering with and without ion assistance induced by a radiofrequency inductively coupled plasma
(RF-ICP) source. Four series of 2 µm-thick Cr coatings were prepared, and then their cross-sectional
microstructure, crystal structure and corrosion resistance were investigated by scanning and trans-
mission electron microscopy, X-ray diffraction and a potentiodynamic polarization method. RF-ICP
assistance led to significant enhancement (almost twofold) of ion current density in a substrate. The
role of RF-ICP assistance in coating properties for planetary-rotated substrates was defined in terms
of ion-to-atom ratio in particle flux entering a substrate. Calculations of particle and ion flux densities
revealed an increase in ion-to-atom ratio from 0.18 to 1.43 and 0.11 to 0.84 in substrate positions
distant from the magnetron sputtering systems depending on their design. RF-ICP assistance is
beneficial for depositing dense Cr coatings with increased corrosion resistance in a 3.5 wt.% NaCl
solution. The corrosion rate of AISI 321 steel can be decreased from 6.2× 10−6 to 4.0× 10−8 mm/year
by deposition of the dense Cr coating.

Keywords: magnetron sputtering; Cr coatings; corrosion resistance; RF-ICP assistance; cross-sectional
microstructure; crystal structure

1. Introduction

Chromium coatings are often used to protect materials against corrosion [1–3], oxi-
dation [4,5] and hydrogen embrittlement [6,7] in different aggressive environments. Elec-
troplating is a well-known technology used to produce Cr coatings, which has high pro-
ductivity and low cost of deposition process, conformal deposition onto complex-shaped
substrates and ability to adjust properties of obtained coatings. Nevertheless, ion-plasma
technologies are becoming more relevant to surface modification due to the extremely
high toxicity of compounds involved in chromium electroplating [8] as well as difficult
surface activation of some materials, which can easily form surface oxides (e.g., titanium,
zirconium and their alloys) [9–11]. Magnetron sputtering is already applied for Cr coat-
ing deposition, providing relevant functional properties, high purity and adjustment of
structural parameters of coatings. To date, many types of magnetron sputtering system
(MS) have been used for industrial and scientific tasks [12]. However, despite many prob-
lems of magnetron sputtering having been solved, some critical drawbacks still exist. The
first one is relatively low productivity, which is limited by target power density prior to
target overheating. One possible solution consists of using MS with a target with ther-
mal isolation from a water-cooled magnetron body. In this case, target sublimation or
even evaporation can occur, which leads to an increase in total particle flux from target to
substrate [4,13]. The second feature is the porous and fiber/columnar microstructure of
magnetron-deposited coatings. Indeed, according to structure-zone models (SZM) [14,15],
magnetron-deposited coatings usually have a columnar microstructure under typical depo-
sition conditions. Some approaches can be used to enhance coating density and modify
cross-sectional microstructure. These can be achieved by applying a high-density plasma
obtained from high-power pulsed magnetron sputtering (HiPIMS) [16,17] or by modifying
a magnetic system of MS to create an unbalanced configuration, enabling a high ion current
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density of a substrate [18,19]. An additional approach can be also suggested to modify
a coating microstructure such as ion assistance induced by radiofrequency inductively
coupled plasma (RF-ICP). This leads to an increase in ion current and ionization degree
of sputtered particle flux in a substrate [20,21]. However, RF-ICP sources usually have a
spiral-shaped electrode, which is placed in a vacuum chamber. Due to this, sputtering of an
electrode material leads to decreased coating purity and can influence coating properties.
Nevertheless, some RF-ICP sources are designed with a planar spiral, which is taken from
a vacuum chamber. In this case, a quartz window is usually used to transport RF radiation
in a vacuum chamber [22,23], which can be beneficial for coating deposition. Intensive
ion bombardment induced by RF-ICP assistance can be used to modify structural and
functional properties of deposited coatings. Due to this, RF-ICP assistance should be used
to deposit a metallic Cr coating in an Ar atmosphere, as this coating type is considered
a candidate material for protection of Zr alloys in aggressive environments [4–7,10,11].
Thus, this preliminary study aims to determine the role of RF-ICP assistance in structural
properties and corrosion resistance of Cr coatings obtained by magnetron sputtering. For
this purpose, several Cr coating series were prepared using magnetron sputtering with
and without RF-ICP assistance. Then, their crystal structure, cross-sectional microstructure
and corrosion resistance were studied and then analyzed based on particle and ion flux
densities in substrates.

2. Materials and Methods
2.1. Sample Preparation

Two designs of magnetron sputtering system (MS) were used for Cr coating deposition.
The first one was a conventional system, where a Cr target was directly cooled by water.
The second type of MS was equipped with a hot target (limited cooling). Cr targets with
direct and limited cooling are further titled “conventional” and “hot”, respectively. A more
detailed description of considered designs of MS is presented in previous papers [6,13]. A
schematic drawing of the experimental setup is shown in Figure 1. The MS was placed
on the wall of the vacuum chamber, samples were fixed in a planetary-rotated substrate-
holder with a diameter of 300 mm. The RF-ICP source (RPG-128 [22], Laboratory of Plasma
Technologies Plus, LLC, Moscow, Russia) was installed on the top wall of the vacuum
chamber and connected to the power source COMDEL CX1250 with an operation frequency
of 13.56 MHz. The RPG-128 had a special protective shield preventing coating deposition
on an output quartz window of the source.

Figure 1. Schematic drawing of the experimental installation: 1—MS; 2—planetary-rotated substrate-
holder; 3—protective shield; 4—RPG-128.
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Cr coatings were deposited on Si (110) wafers and AISI 321 (C—0.8 wt.%, Mn—
2.0 wt.%, P—0.045 wt.%, S—0.03 wt.%, Cr—18.0 wt.%, Ni—10.3 wt.%, Ti—0.52 wt.%, Si—
0.75 wt.% and Fe balance) steel substrates. Steel substrates were grounded and polished to
obtain an averaged surface roughness (Ra) of ~0.04 µm. Then, substrates were treated in an
ultrasonic bath with isopropyl alcohol for 20 min.

The residual pressure in the vacuum chamber was equal to 5 × 10−3 Pa in each
deposition process. Before coating deposition, the surface of substrates was bombarded
by Ar+ using an ion source with closed electron drift (2.5 kV and 40 mA) for 10 min. Four
coating series were prepared by magnetron sputtering of conventional and hot Cr targets
with and without RF-ICP assistance. Deposition parameters of Cr coatings are presented in
Table 1. The target power density and substrate bias potential were equal to 15.7 W/cm2

and −50 V in all deposition modes, respectively. The power of the RF-ICP source was equal
to 500 W. An infrared pyrometer (Optris CTlaser 3MH1CF4) operated at a spectral length
of 2.3µm was used to determine the temperature of samples during coating deposition.

Table 1. Deposition parameters of Cr coatings.

Deposition Mode Target Type RPG-128 t, min p, Pa Ibias, mA/cm2 h, µm T, K

1
conventional

no use 108

0.3

1.1

2.0

375
2 applied 120 1.9 422
3

hot
no use 70 2.3 568

4 applied 80 3.7 635

Note: t—deposition time; p—operation pressure; Ibias—ion current density to a substrate; h—coating thickness;
T—maximal substrate temperature.

2.2. Calculation of Particle Flux and Ion Current Density to A Substrate

As Cr coating deposition was performed using the planetary rotation substrate-holder,
particle flux and ion current density to a substrate were calculated depending on the
substrate position. The mathematical model of the erosion process for magnetron sputtering
of a solid-state target, taking into account sublimation and local evaporation, was used in
this study [24]. Calculations of particle flux density (Fdep) were performed according to the
second law of Lambert–Knudsen [25]. If target and substrate are flat and placed parallel to
each other, and the origin of coordinates is in the plane coinciding with target surface, Fdep
can be calculated at any point on a substrate surface with coordinates (x, y, L) using the
following equation:

Fdep(x, y, L) =
L2

π

x

St

Fsum(xt, yt)dxtdyt(
L2 + (x− xt)

2 + (y− yt)
2
)2 , (1)

where St—target surface area; xt, yt—coordinates of the center of any elementary area
(dxt·dyt) on target surface with a particle flux density Fsum(xt, yt); Fsum(xt, yt)—total particle
flux density on a substrate by target sputtering (Fsput) and sublimation (Fsubl); L—distance
between target and substrate.

The flux density of sputtered particles (Fsput) is proportional to the current density of
ions (It,ion) extracted from MS plasma and to the sputtering yield (S):

Fsput =
S·It,ion

q
, (2)

where q—elemental charge. Sputtering yield depends on the energy of ions, which are
accelerated in the electric field created in a discharge gap. This value is usually taken as
0.75·U [26], where U—discharge voltage in electrical circuit of MS. The distribution of ion
current density (It,ion) along a radius of target surface (r) repeats the distribution of the
horizontal component of the magnetic field near the target surface [24]. Sputtering yield is
calculated in the SRIM code [27].



Coatings 2022, 12, 1587 4 of 13

The flux density of sublimated atoms (Fsubl) was calculated using the Hertz–Knudsen equation:

Fsubl =
1

(2π·m·k·Tt)
1/2 ·psat(Tt), (3)

where m—atom mass; k—Boltzmann constant; psat(Tt)—saturated vapor pressure at surface
temperature (Tt).

Prior to coating deposition, the planetary substrate-holder was fixed in this position
as substrates were placed in the order shown in Figure 1. Substrates were separately
connected to nine feedthrough terminals. Ion current in the substrate was determined
in each position from #1 to #9 using a digital oscilloscope, Tektronix TDS 2022B, and the
distribution of ion current density (Ibias) of substrates was calculated.

2.3. Sample Characterization

Scanning electron microscopy (SEM, Vega 3, Tescan, Brno, Czech Republic) in the
operation mode of secondary electrons (SE) was used to determine the thickness and
analyze a cross-sectional microstructure of obtained coatings. Detailed analysis was also
carried out by transmission electron microscopy (TEM) on a JEF-2100 (JEOL, Tokyo, Japan)
microscope. Crystal structure of Cr coatings was investigated by X-ray diffraction (XRD,
Shimadzu XRD-7000S, Shimadzu, Kyoto, Japan) in a 2·θ range from 10 to 90◦. An X-ray tube
with Cu-Kα radiation (40 kV, 30 mA) was used. Then, XRD diffractograms were analyzed
using the PDF-4+ database and structural parameters (lattice parameter, crystallite size and
texture coefficients) were calculated.

Corrosion resistance of Cr coatings was determined by a potentiodynamic polarization
method in a 3.5 wt.% NaCl solution using a potentiostat–galvanostat P-45X equipped with
a three-electrode electrochemical cell. Potentiodynamic polarization tests were performed
at room temperature (~25 ◦C), and the working area of samples was equal to 0.5 cm2.
A reference electrode was AgCl electrode (4.2 M KCl), while a counter electrode was
made from high-purity graphite. Before taking measurements, each sample was kept
in the solution at open circuit potential for at least 2000 s to compensate charges. Then,
potentiodynamic polarization tests were carried out in a potential range from −700 to
2000 mV with a scan rate of 0.5 mV/s.

3. Results
3.1. Process Parameters

The distribution of ion current density (jbias) of substrates is plotted in Figure 2.

Figure 2. Ion current density (Ibias) of substrates depending on their position in the substrate-holder.
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The distribution of ion current density depends on deposition modes. When the
RF-ICP source was not used, ion current was detected only in the substrate position near
the MS. The highest ion current density was in position #1 and then it noticeably decreased
(pos. #4). No ion current was detected in positions that were distant from the MS (pos.
#5→ pos. #9). However, when the RF-ICP source was applied, ion current was observed
in all substrate positions. The highest ion current density was also found in the substrate
position directly opposite to the MS (pos. #1). Then, jbias decreased to 0.28 mA/cm2 (pos.
#5) and did not change up to position #9, which indicates substrate bombardment by ions
predominantly from a RF-ICP discharge. The obtained data also demonstrate that applying
RF-ICP assistance can lead to a significant increase in ion current density of substrates.
When the RF-ICP source was used, jbias increased in position #1 from 0.29 to 0.49 mA/cm2.

The dependence of total particle flux density (Fdep) on substrate position is shown in
Figure 3. Inputs of sputtering (Fsput) and sublimation (Fsubl) in total particle flux density are
also presented.

Figure 3. Total particle flux density (Fdep) to a substrate due to target sputtering (Fsput) and sublimation
(Fsubl) depending on substrate position.

Particle flux of a substrate comprises only sputtering particles in the case of using
MS with a conventional Cr target. Thereby, total particle flux density of the substrate
(Fdep) was equal to particle flux density by target sputtering (Fsput), which decreased for
higher positioned numbers as the distance between target and substrate increased. The
maximum value of Fdep was observed in the substrate position (pos. #1) opposite to the
MS (2.5 × 1016 atoms/(cm2·s)); then, it sharply decreased up to 3.4 × 1015 atoms/(cm2·s)
in position #4. At a higher distance of substrates from the MS (pos. #4→ #9), Fdep changed
to a lesser extent.

Magnetron sputtering with hot Cr target included both process, target sputtering
and sublimation. According to calculations, Fsput was somewhat higher than that of the
particle flux density of the substrate due to target sublimation. This ratio of Fsput to
Fsubl was determined by the applied target power density (15.7 W/cm2) [24]. Thereby,
Fdep was higher for hot Cr target magnetron sputtering compared to conventional MS,
which has also been observed in deposition conditions (Table 1). The dependence of
Fdep on substrate position had the same behavior as for conventional Cr target sputter-
ing. It was equal to 4.2 × 1016 atoms/(cm2·s) in position #1 and then decreased up to
3.0 × 1015 atoms/(cm2·s) in position #9.
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3.2. Structural Parameters

Figure 4 shows cross-sectional SEM microstructure images of Cr coatings deposited
on Si (110) substrates.

Figure 4. SEM images of cross-sectional microstructure of Cr coatings obtained on Si (110) substrates
depending on their deposition modes: 1—dep. mode #1; 2—dep. mode #2; 3—dep. mode #3; 4—dep.
mode #4.

All coatings have the same thickness (~2 µm) but a different cross-sectional microstruc-
ture depending on their deposition modes. Without RF-ICP assistance, a columnar mi-
crostructure of Cr coatings is well observed for both designs of the MS. According to
SZM models [14,15], deposition conditions of these Cr coatings corresponded to zone I
(T/Tm = 0.17 and 0.26, where Tm—melting temperature of a coating material, T—substrate
temperature). This zone is characterized by low adatom mobility and forms a columnar
microstructure. Despite a higher value of T/Tm (0.26), the Cr coating obtained in the
deposition mode #3 had a more pronounced columnar microstructure, which is due to
the increased deposition rate caused by sublimation of hot Cr target. Applying RF-ICP
assistance led to a densification of coating microstructure for both designs of the MS. Taking
into account the not so high difference in T/Tm for samples obtained with and without ion
assistance as well as a low bias potential (−50 V) applied to substrates, observed changes in
coating microstructure are primarily caused by enhanced ion bombardment by low-energy
ions formed by the RF-ICP source. It resulted in increasing mobility of adatoms on sub-
strate surface and “knock-on” effect [28]. To confirm this, Cr coating deposition on Zr alloy
substrate was additionally performed using the MS with hot Cr target enhanced by the
RF-ICP source (deposition mode #4).

TEM images of the cross-sectional microstructure reveal a dense microstructure of the
deposited Cr coating without any voids in interface or coating regions (Figure 5). High-
resolution TEM image (Figure 5b) shows well-defined lattices in the Cr coating region, while
a light contrast indicates the uniform interface between Cr coating and Zr alloy substrate.
According to the selected area diffraction (SAED) shown in Figure 5d, the obtained Cr
coating had (110), (200) and (211) planes corresponding to a body-centered cubic (bcc) Cr
phase (PDF #06-0694). The TEM image in the Cr coating region (Figure 5c) demonstrates a
layered structure that is highlighted by yellow arrows. The thickness of one layer is equal
to ~34 nm, and this layer thickness is observed through the whole cross-section of the
Cr coating.

The crystal structure of Cr coatings was studied by XRD (Figure 6), and the structural
parameters of coatings are presented in Table 2. XRD difractograms reveal a bcc structure
of Cr coatings with (110), (200) and (211) orientations. Grain growth direction depended on
deposition modes (Table 2). It was found that Cr coatings had the highest texture coefficient
of (110) plane (TC(110)~2.6), when samples were obtained using only the MS. As the RF-ICP
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source was applied, a change in growth direction was found for predominant Cr (110) to Cr
(211) orientation. Texture coeffients of Cr (211) became 2.8 and 1.7, while TC(110) decreased
to 0.2 and 0.4 for deposition modes #2 and #4, respectively.

Figure 5. TEM images of the Cr coating deposited on Zr alloy substrate (deposition mode 4): (a,b)—
cross-sectional microstructure in interface region; (c)—cross-sectional microstructure in Cr coating
region; (d)—SAED pattern.
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Figure 6. XRD diffractograms of Cr coatings obtained on AISI 321 steel substrates depending on their
deposition modes.

Table 2. Structural parameters of Cr coatings.

Deposition Mode a, Å D, nm TC(110) TC(200) TC(211)

1 2.866 23 2.6 0.3 0.1
2 2.855 10 0.2 0 2.8
3 2.880 19 2.6 0 0.4
4 2.879 12 0.4 0.9 1.7

Note: a—lattice parameter; D—size of coherent scattering region; TC(110), TC(200) and TC(211)—texture coefficients
of Cr(110), Cr(200) and Cr(211) planes, respectively.

Table 2 also shows the influence of deposition modes on the size of the coherent
scattering region (D). It is usually known as the crystallite size according to the Debye
Scherrer equation [29]. As RF-ICP assistance was applied, the decrease in D from 23 to 10
and 19 to 12 nm was observed for MS with conventional and hot Cr targets, respectively.

3.3. Corrosion Parameters

Figure 7 shows potentiodynamic curves of Cr coatings depending on their deposition
modes. The corrosion resistance was evaluated using electrochemical parameters Ecorr,
jcorr and Rp as determined from graphical extrapolation of polarization curves and using
the Stern–Geary equation for calculating Rp [30]. The corrosion rate (CR) was determined
according to the standard ASTM G 102-89 [31]. Corrosion parameters are summarized in
Table 3.

It is clear that the corrosion current density of the uncoated AISI 321 steel (6.2× 10−7 A/cm2)
was higher by one order of magnitude than that of Cr-coated samples. Moreover, a difference
in the corrosion current density of Cr coatings could also be observed. It is well known that
the coating microstructure can play a key role in corrosion properties [32,33]. According to
Table 3, jcorr of Cr coatings decreased as RF-ICP assistance was applied for the coating process.
For these coatings, the corrosion current density was reduced from 2.8× 10−8 to 1.8× 10−8 and
from 2.5× 10−8 to 3.6× 10−9 A/cm2 for MS with conventional and hot Cr targets, respectively.
Polarization resistance (Rp) of samples was calculated using Tafel slopes (βα, βc) that displayed
the opposite behavior to corrosion current density. Lower values of Rp (2.2 and 5.9 MΩ·cm2)
were determined for Cr coatings obtained only by MS, while higher polarization resistance (10.6
and 11.2 MΩ·cm2) was observed for coatings deposited using MS enhanced by RF-ICP source.



Coatings 2022, 12, 1587 9 of 13

Calculations of CR revealed the strong effect of Cr coating deposition on corrosion
of AISI 321 steel substrates. The uncoated substrate had 6.23 × 10−6 mm/year, while Cr-
coated steel substrates were characterized by lower values of CR in a range of 4.0 × 10−8

to 2.8 × 10−7 mm/year depending on coating deposition mode.

Figure 7. Potentiodynamic curves of Cr coatings obtained on AISI 321 steel substrates depending on
their deposition modes.

Table 3. Corrosion parameters of Cr coatings.

Deposition Mode Ecorr, mV jcorr,·10−9 A/cm2 βa, mV βc, mV Rp, MΩ·cm2 CR, 10−6 mm/year

AISI 321 −328 621.0 −155 149 3.2 6.23

1 −359 27.5 −140 223 5.9 0.28

2 −323 17.7 −141 204 11.2 0.18

3 −234 24.5 −89 296 2.2 0.25

4 −225 3.6 −53 126 10.6 0.04

Note: Ecorr—corrosion potential; jcorr—corrosion current density; βa and βc—anodic and cathodic Tafel slopes,
respectively; Rp—polarization resistance; CR—corrosion rate.

4. Discussion

It is well known that structural properties of magnetron-deposited coatings strongly
depend on deposition conditions that can be described by particle flux and ion current
densities in a substrate [13,34]. Substrate temperature, adatom mobility and other process
parameters will be affected by the coating deposition process or using additional plasma
or energy sources, e.g., external heater or ion sources. Of course, it will influence coating
growth and its properties. For magnetron sputtering, distributions of particle flux and ion
current densities of planetary-rotated substrates are non-uniform, as shown in Figures 2 and 3.
Maximum values of deposition rate and ion current were observed in the position opposite to
the MS. The coating deposition process by can be modified by magnetron sputtering using
an RF-ICP source as an additional plasma source for ion assistance. Using calculated and
experimental data of particle flux and ion current densities, an ion-to-atom ratio (Ni−a) of flux
entering a substrate was calculated by the following equation:

Ni−a =
jbias

t·q·Fdep
, (4)
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where t—time. Then, the dependence of Ni−a on substrate position was plotted for all
deposition modes in Figure 8. It should be mentioned that the obtained data (in Figure 8)
should be considered, taking into account parallel positions of substrates to Cr target
surface for all substrate positions in planetary-rotated substrate-holders.

Figure 8. Ion-to-atom ratio vs. substrate positions for different deposition modes of Cr coatings.

Different behavior of Ni−a was found for Cr coating deposition depending on deposi-
tion modes. Indeed, when Cr coatings were obtained only by MS, the ion-to-atom ratio was
equal to 0.11 and 0.06 in the position #1 for the MS equipped with conventional and hot Cr
targets, respectively. The higher the number of substrate position in the substrate-holder,
the less Ni−a was observed as the particle flux and ions predominantly entered substrates
in positions near the MS. The opposite behavior was found in the case of MS enhanced
by RF-ICP assistance. The ion-to-atom ratio significantly increased to 1.43 and 0.84 as the
substrate was moved farther away from the MS with conventional and hot Cr targets (pos.
#1→#8–9), respectively. Moreover, the increase in Ni−a (0.18 and 0.11) was even observed
in position #1, when RF-ICP assistance was applied. This change in the ion-to-atom ratio
results in modifying coating properties. A typical columnar microstructure of Cr coatings
was observed for magnetron sputtering in modes #1 and #3 as deposition conditions of
coatings corresponded to zone 1 in SZM models [14,15]. While Cr coatings with a dense
cross-sectional microstructure can be obtained under ion assistance formed by the RF-ICP
source (Figure 4). Indeed, densification of coating microstructure can be performed using
intensive ion bombardment during magnetron sputtering that is usually achieved by ap-
plying MS with unbalanced magnetic field configuration [35,36] or high discharge currents
in a pulsed mode (HiPIMS, e.g., in [1,17,37]).

More detailed structural analysis of the Cr coating using RF-ICP assistance (dep. mode
#4) revealed the formation of a layered structure (Figure 5). This structure was formed due
to changes in ion-to-atom ratio in the case of planetary rotation of a substrate. Based on
Ni−a calculations in Figure 8, two parts of the coating process can be highlighted in the
case of magnetron deposition enhanced by the RF-ICP source. The first is a deposition
near the MS, when the ion-to-atom ratio was relatively low (~0.1–0.4 in positions #1→#4).
The second is characterized by a low value of Fdep, which is accompanied with some ion
bombardment initiated by substrate biasing in a RF-ICP discharge. Due to this, the flux
entered a substrate in positions #5→#9 and has high Ni−a values. All these data highlight
the two-step process of coating deposition including coating deposition and further coating
bombardment for a single whole rotation. Indeed, the observed thickness (~34 nm) shown
in Figure 5 corresponds well with the thickness of the layer on a planetary-rotated substrate
during coating deposition for a whole turn.
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Despite densification of the coating microstructure, the crystal structure of Cr coatings
can be changed with ion assistance. According to XRD data (Table 2), changes in texture
coefficients were observed from Cr (110) to Cr (211), when RF-ICP assistance was applied.
The Cr (110) texture forms more easily [38] in the case of a high number of nucleated islands
on the substrate surface as the lowest surface energy belongs to the Cr (110) direction in bcc
Cr [38,39]. Using RF-ICP assistance leads to a change in conditions of grain growth along
the Cr (211) direction for magnetron sputtering (TC(211)~1.7). In this case, adatom mobility
on the substrate surface and the “knock-on” effect increased [28], potentially resulting in
grain growth kinetics. Indeed, there was less texturing of Cr coatings along the Cr (211)
plane (TC(211)~2.8) for the MS enhanced by the RF-ICP source, since a higher deposition
rate and lower ion-to-atom ratio were two of these deposition conditions.

Cr coating deposition can improve corrosion behavior of AISI 321 steel substrates,
since lower CR values were observed for coated substrates. It was shown that corrosion rate
can be reduced by one order of magnitude (6.2 × 10−6 →2.8 × 10−7 mm/year) when Cr
coatings were prepared by magnetron sputtering. The increase in corrosion resistance of Cr-
coated steel samples has also been shown in published papers [1,32]. As a result of the RF-
ICP assistance, the corrosion resistance of Cr coatings having denser coating microstructures
became higher than that of coatings obtained using only magnetron sputtering. This is in
good agreement with the published data [20,40–42]. Moreover, texturing of Cr coatings
along the Cr (211) direction with RF-ICP assistance can improve corrosion parameters
as coatings with Cr (110) grain directions are usually characterized by higher corrosion
current and/or oxidation rate [43,44].

Thus, this study highlights the significant enhancement of cross-sectional microstructure
and corrosion parameters of Cr coatings obtained using MS enhanced by RF-ICP assistance.

5. Conclusions

This comparative study of Cr coating deposition using a magnetron sputtering en-
hanced by a RF-ICP source revealed the following:

1. RF-ICP assistance can increase the ion current density of a substrate by almost twofold
when magnetron sputtering is applied in the coating process. It causes an increase in
ion-to-atom ratio in the flux of a substrate.

2. Calculations of particle and ion flux densities showed a change in the dependence
of ion-to-atom ratio on substrate position, when planetary rotation of substrates was
used. Magnetron deposition enhanced by an RF-ICP source became a two-step process
including stages with relatively low (0.11–0.18) and high (0.84–1.43) ion-to-atom ratios
in particle flux entering a substrate.

3. Intensive ion bombardment during the coating process induced by RF-ICP assistance
can result in modification of the crystal structure of Cr coatings from Cr (110) to Cr
(211) orientations and coating densification. Due to the two-stage deposition process,
Cr coating can have a layered structure caused by ion bombardment in positions
distant from the magnetron sputtering system.

4. Cr coating deposition led to a decrease in the corrosion rate of AISI 321 steel from
6.2 × 10−6 to 2.8 × 10−7 mm/year in a 3.5 wt.% NaCl solution. The corrosion rate
of Cr-coated steel substrates can be reduced up to 4.0 × 10−8 mm/year by applying
RF-ICP assistance for magneton sputtering.

Author Contributions: Conceptualization, D.V.S.; Methodology, D.V.S.; Validation, D.V.S., G.A.B.;
Formal analysis, D.V.S., V.A.G. and G.A.B.; Investigation, D.V.S., V.A.G., K.A.Z., K.A.; Resources,
D.V.S. and G.A.B.; Data curation, V.A.G.; Writing—original draft preparation, D.V.S. and V.A.G.;
Writing—review and editing, D.V.S.; Visualization, D.V.S. and V.A.G.; Supervision, D.V.S.; Project
administration, D.V.S.; Funding acquisition, D.V.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by a grant from the President of the Russian Federation to
support young Russian scientists, project number MK-3570.2022.4.



Coatings 2022, 12, 1587 12 of 13

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the CSU NMNT TPU for use of its TEM equipment (JEF-2100)
supported by RF MES project #075-15-2021-710.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lin, J.; Dahan, I. Nanostructured chromium coatings with enhanced mechanical properties and corrosion resistance. Surf. Coat.

Technol. 2015, 265, 154–159. [CrossRef]
2. Diniasi, D.; Golgovici, F.; Anghel, A.; Fulger, M.; Surdu-Bob, C.C.; Demetrescu, I. Corrosion Behavior of Chromium Coated Zy-4

Cladding under CANDU Primary Circuit Conditions. Coatings 2021, 11, 1417. [CrossRef]
3. Martinuzzi, S.M.; Donati, L.; Giurlani, W.; Pizzetti, F.; Galvanetto, E.; Calisi, N.; Innocenti, M.; Caporali, S. A Comparative

Research on Corrosion Behavior of Electroplated and Magnetron Sputtered Chromium Coatings. Coatings 2022, 12, 257. [CrossRef]
4. Kashkarov, E.B.; Sidelev, D.V.; Rombaeva, M.; Syrtanov, M.S.; Bleykher, G.A. Chromium coatings deposited by cooled and hot

target magnetron sputtering for accident tolerant nuclear fuel claddings. Surf. Coat. Technol. 2020, 389, 125618. [CrossRef]
5. Brachet, J.-C.; Idarraga-Trujillo, I.; Le Flem, M.; Le Saux, M.; Vandenberghe, V.; Urvoy, S.; Rouesne, E.; Guilbert, T.; Toffolon-

Masclet, C.; Tupin, M.; et al. Early studies on Cr-Coated Zircaloy-4 as enhanced accident tolerant nuclear fuel claddings for light
water reactors. J. Nucl. Mater. 2019, 517, 268–285. [CrossRef]

6. Sidelev, D.V.; Kashkarov, E.B.; Syrtanov, M.S.; Krivobokov, V.P. Nickel-chromium (Ni–Cr) coatings deposited by magnetron
sputtering for accident tolerant nuclear fuel claddings. Surf. Coat. Technol. 2019, 369, 69–78. [CrossRef]

7. Brachet, J.-C.; Rouesne, E.; Ribis, J.; Guilbert, T.; Urvoy, S.; Nony, G.; Toffolon-Masclet, C.; Le Saux, M.; Chaabane, N.; Palancher,
H.; et al. High temperature steam oxidation of chromium-coated zirconium-based alloys: Kinetics and process. Corr. Sci. 2020,
167, 108537. [CrossRef]

8. Miretzky, P.; Fernandez Cirelli, A. Cr(VI) and Cr(III) removal from aqueous solution by raw and modified lignocellulosic materials:
A review. J. Hazard. Mater. 2010, 180, 1–19. [CrossRef]

9. Dini, J.W.; Johnson, H.A.; Jonas, A. Plating on Some Difficult-to-Plate Metals and Alloys; Materials Development Division/Sandia
Laboratories: Livermore, CA, USA, 1980; pp. 21–23.

10. Sidelev, D.V.; Poltronieri, C.; Bestetti, M.; Krinitcyn, M.G.; Grudinin, V.A.; Kashkarov, E.B. A comparative study on high-
temperature air oxidation of Cr-coated E110 zirconium alloy deposited by magnetron sputtering and electroplating. Surf. Coat.
Technol. 2022, 433, 128134. [CrossRef]

11. Huang, M.; Li, Y.; Ran, G.; Yang, Z.; Wang, P. Cr-coated Zr-4 alloy prepared by electroplating and its in situ He+ irradiation
behavior. J. Nucl. Mater. 2020, 538, 152240. [CrossRef]

12. Bräuer, G.; Szyszka, B.; Vergöhl, M.; Bandorf, R. Magnetron sputtering—Milestones of 30 years. Vacuum 2010, 84, 1354–1359.
[CrossRef]

13. Sidelev, D.V.; Bleykher, G.A.; Bestetti, M.; Krivobokov, V.P.; Vicenzo, A.; Franz, S.; Brunella, M.F. A comparative study on the
properties of chromium coatings deposited by magnetron sputtering with hot and cooled target. Vacuum 2017, 143, 479–485.
[CrossRef]

14. Thornton, J.A. Influence of apparatus geometry and deposition conditions on the structure and topography of thick sputtered
coatings. J. Vac. Sci. Technol. 1974, 11, 666–670. [CrossRef]

15. Barna, P.B.; Adamik, M.; Pauleau, Y. Protective Coatings and Thin Films; Kluwer Academic Publishers: Alphen aan den Rijn, The
Netherlands, 1997; p. 279.

16. Eichenhofer, G.; Fernandez, I.; Wennberg, A. Industrial use of HiPIMS and the hiP-V hiPlus technology: A review by a
manufacturer. Vak. Forsch. Prax. 2017, 29, 40–44. [CrossRef]

17. Sarakinos, K.; Alami, J.; Konstantinidis, S. High power pulsed magnetron sputtering: A review on scientific and engineering state
of the art. Surf. Coat. Technol. 2010, 204, 1661–1684. [CrossRef]

18. Kelly, P.J.; Arnell, R.D. Magnetron sputtering: A review of recent developments and applications. Vacuum 2000, 56, 159–172.
[CrossRef]

19. Laing, K.; Hampshire, J.; Teer, D.; Chester, G. The effect of ion current density on the adhesion and structure of coatings deposited
by magnetron sputter ion plating. Surf. Coat. Technol. 1999, 112, 177–180. [CrossRef]

20. Sidelev, D.V.; Voronina, E.D.; Grudinin, V.A. High-rate magnetron deposition of CuOx films in the metallic mode enhanced by
radiofrequency inductively coupled plasma source. Vacuum 2022, 207, 111551. [CrossRef]

21. Nakamura, T.; Okimura, K. Ti ion density in inductively coupled plasma enhanced dc magnetron sputtering. Vacuum 2004,
74, 391–395. [CrossRef]

22. Berlin, E.V.; Grigoryev, V.J. Plasma Generator. U.S. Patent 9,704,691, 11 July 2017. Available online: https://patentimages.storage.
googleapis.com/a1/1e/7c/744db9db1b29c8/US9704691.pdf (accessed on 28 September 2022).

23. Hopwood, J. Review of inductively coupled plasmas for plasma processing. Plasm. Sourc. Sci. Technol. 1992, 1, 109–116. [CrossRef]

http://doi.org/10.1016/j.surfcoat.2015.01.046
http://doi.org/10.3390/coatings11111417
http://doi.org/10.3390/coatings12020257
http://doi.org/10.1016/j.surfcoat.2020.125618
http://doi.org/10.1016/j.jnucmat.2019.02.018
http://doi.org/10.1016/j.surfcoat.2019.04.057
http://doi.org/10.1016/j.corsci.2020.108537
http://doi.org/10.1016/j.jhazmat.2010.04.060
http://doi.org/10.1016/j.surfcoat.2022.128134
http://doi.org/10.1016/j.jnucmat.2020.152240
http://doi.org/10.1016/j.vacuum.2009.12.014
http://doi.org/10.1016/j.vacuum.2017.03.020
http://doi.org/10.1116/1.1312732
http://doi.org/10.1002/vipr.201700636
http://doi.org/10.1016/j.surfcoat.2009.11.013
http://doi.org/10.1016/S0042-207X(99)00189-X
http://doi.org/10.1016/S0257-8972(98)00790-7
http://doi.org/10.1016/j.vacuum.2022.111551
http://doi.org/10.1016/j.vacuum.2004.01.005
https://patentimages.storage.googleapis.com/a1/1e/7c/744db9db1b29c8/US9704691.pdf
https://patentimages.storage.googleapis.com/a1/1e/7c/744db9db1b29c8/US9704691.pdf
http://doi.org/10.1088/0963-0252/1/2/006


Coatings 2022, 12, 1587 13 of 13

24. Bleykher, G.A.; Borduleva, A.O.; Krivobokov, V.P.; Sidelev, D.V. Evaporation factor in productivity increase of hot target magnetron
sputtering systems. Vacuum 2016, 132, 62–69. [CrossRef]

25. Glangm, R. Vacuum Evaporation Handbook of Thin Film Technology; McGraw-Hill Book Company: New York, NY, USA, 1970; p. 130.
26. Depla, D. Magnetrons, Reactive Gases and Sputtering. Available online: http://hdl.handle.net/1854/LU-4239033 (accessed on

30 July 2022).
27. Ziegler, J.; Biersack, J.P.; Ziegler, M.D. TRIM (the Transport of Ions in Matter). Available online: www.srim.org (accessed on 30

July 2022).
28. Abadias, G.; Chason, E.; Keckes, J.; Sebastiani, M.; Thompson, G.B.; Barthel, E.; Doll, G.L.; Murray, C.E.; Stoessel, C.H.; Martuni, L.

Review Article: Stress in thin films and coatings: Current status, challenges, and prospects. J. Vac. Sci. Technol. A 2018, 36, 020801.
[CrossRef]

29. Patterson, A.L. The scherrer formula for X-ray particle size determination. Phys. Rev. 1939, 56, 978–982. [CrossRef]
30. Kutz, M. Handbook of Environmental Degradation of Materials, 2nd ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2013. [CrossRef]
31. ASTM G102-89; Standard Practice for Calculation of Corrosion Rates and Related Information From Electrochemical Measure-

ments. 2004. Available online: https://www.astm.org/g0102-89r04e01.html (accessed on 6 October 2022).
32. Stockemer, J.; Winand, R.; Vanden Brande, P. Comparison of wear and corrosion behaviors of Cr and CrN sputtered coatings.

Surf. Coat. Technol. 1999, 115, 230–233. [CrossRef]
33. Diesselberg, M.; Stock, H.-R.; Mayr, P. Corrosion protection of magnetron sputtered TiN coatings deposited on high strength

aluminium alloys. Surf. Coat. Technol. 2004, 177–178, 399–403. [CrossRef]
34. Sidelev, D.V.; Bestetti, M.; Bleykher, G.A.; Krivobokov, V.P.; Grudinin, V.A.; Franz, S.; Vicenzo, A.; Shanenkova, Y.L. Deposition of

Cr films by hot target magnetron sputtering on biased substrates. Surf. Coat. Technol. 2018, 350, 560–568. [CrossRef]
35. Wang, T.; Wang, G.; Yu, S.; Zhang, G. Microstructure and mechanical properties of nano-multilayer structured (AlCrMoTaTi)Nx

coatings deposited by closed field unbalanced magnetron sputtering. J. All. Comp. 2022, 924, 166592. [CrossRef]
36. Zhang, G.; Li, B.; Jiang, B.; Yan, F.; Chen, D. Microstructure and tribological properties of TiN, TiC and Ti(C, N) thin films prepared

by closed-field unbalanced magnetron sputtering ion plating. Appl. Surf. Sci. 2009, 255, 8788–8793. [CrossRef]
37. Sarakinos, K.; Wördenweber, J.; Uslu, F.; Schulz, P.; Alami, J.; Wuttig, M. The effect of the microstructure and the surface

topography on the electrical properties of thin Ag films deposited by high power pulsed magnetron sputtering. Surf. Coat.
Technol. 2008, 202, 2323–2327. [CrossRef]

38. Feng, Y.C.; Laughlin, D.E.; Lambeth, D.N. Formation of crystallographic texture in rf sputter-deposited Cr thin films. J. Appl.
Phys. 1994, 76, 7311–7316. [CrossRef]

39. Duan, S.L.; Artman, J.O.; Wong, B.; Laughlin, D.E. Study of the growth characteristics of sputtered Cr thin films. J. Appl. Phys.
1990, 67, 4913–4915. [CrossRef]

40. Grudinin, V.A.; Bleykher, G.A.; Krivobokov, V.P.; Semyonov, O.V.; Obrosov, A.; Weiβ, S.; Sidelev, D.V. Hot target magnetron
sputtering enhanced by RF-ICP source: Microstructure and functional properties of CrNx coatings. Vacuum 2022, 200, 111020.
[CrossRef]

41. Jung, S.J.; Lee, K.H.; Lee, J.J.; Joo, J.H. Study of chromium and chromium nitride coatings deposited by inductively coupled
plasma-assisted evaporation. Surf. Coat. Technol. 2003, 169–170, 363–366. [CrossRef]

42. Feng, K.; Li, Z. Effect of microstructure of TiN film on properties as bipolar plate coatings in polymer electrolyte membrane fuel
cell prepared by inductively coupled plasma assisted magnetron sputtering. Thin Solid Films 2013, 544, 224–229. [CrossRef]

43. Foord, J.S.; Lambert, R.M. Oxygen chemisorption and corrosion on Cr(100) and Cr(110) single crystal surfaces. Surf. Sci. 1985,
161, 513–520. [CrossRef]

44. Gokcekaya, O.; Hayashi, N.; Ishimoto, T.; Ueda, K.; Narushima, T.; Nakano, T. Crystallographic orientation control of pure
chromium via laser powder bed fusion and improved high temperature oxidation resistance. Add. Manuf. 2020, 36, 101624.
[CrossRef]

http://doi.org/10.1016/j.vacuum.2016.07.030
http://hdl.handle.net/1854/LU-4239033
www.srim.org
http://doi.org/10.1116/1.5011790
http://doi.org/10.1103/PhysRev.56.978
http://doi.org/10.1016/C2010-0-66227-4
https://www.astm.org/g0102-89r04e01.html
http://doi.org/10.1016/S0257-8972(99)00177-2
http://doi.org/10.1016/j.surfcoat.2003.09.015
http://doi.org/10.1016/j.surfcoat.2018.07.047
http://doi.org/10.1016/j.jallcom.2022.166592
http://doi.org/10.1016/j.apsusc.2009.06.090
http://doi.org/10.1016/j.surfcoat.2007.08.028
http://doi.org/10.1063/1.358019
http://doi.org/10.1063/1.344729
http://doi.org/10.1016/j.vacuum.2022.111020
http://doi.org/10.1016/S0257-8972(03)00035-5
http://doi.org/10.1016/j.tsf.2013.03.115
http://doi.org/10.1016/0039-6028(85)90824-6
http://doi.org/10.1016/j.addma.2020.101624

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Calculation of Particle Flux and Ion Current Density to A Substrate 
	Sample Characterization 

	Results 
	Process Parameters 
	Structural Parameters 
	Corrosion Parameters 

	Discussion 
	Conclusions 
	References

