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Abstract: Boron and oxygen-doped Cr–Al–Ti–N coatings were deposited by closed field unbalanced
magnetron sputtering (CFUBMS) of TiB target manufactured by self-propagating high-temperature
synthesis, and Ti, Cr, and Al targets. To evaluate the influence of doping elements, as-deposited
coatings were studied by glow discharge optical emission spectroscopy (GDOES), SEM, XRD,
and optical profilometry. Mechanical properties were measured by nanoindentation and tribological,
abrasive and electrochemical testing. The introduction of boron suppresses columnar growth and
leads to structural refinement and a decrease of coating’s surface roughness. The addition of 2.3 at.%
boron results in the highest mechanical properties: hardness H = 15 GPa, stable friction coefficient
f = 0.65, and specific wear Vw = 7.5× 10−6 mm3N−1m−1. To make the coating more visually appealing,
oxygen was introduced in the chamber near the end of the deposition cycle. Upper Cr–Al–Ti–B–O–N
layers were studied in terms of their composition and coloration, and the developed two-layer
decorative coatings were deposited on cast metallic art pieces.

Keywords: Cr–Al–Ti–B–O–N coatings; TiB target; unbalanced magnetron sputtering; CFUBMS;
composition and structure; hardness and elastic modulus; wear; abrasive and corrosion resistance;
friction coefficient; decorative properties

1. Introduction

During the lifetime of art pieces, the pieces’ surfaces experience a plethora of negative effects,
including corrosion, friction, and abrasive wear. In particular, cast brass is susceptible to oxidation,
scratching and loss of luster. One way to protect such art pieces and expand their lifespan is the
application of two-layered protective ion plasma-deposited coatings. In such coatings, the lower
layer provides mechanical stability, and the upper layer serves the decorative purpose. In terms of
mechanical properties and wear resistance, transitional metal-nitride coatings doped with boron are
particularly attractive.

The development of novel coatings based on transition metal nitrides (including the boron-alloyed
ones) is relevant for the increase of performance and lifespan of various items, including cutting tools [1–3],
pressing tools [4,5], frictional units [6,7], microelectronic elements [8–10], optical devices [11,12], medical
implants [13], magnetic recording devices [14], etc.

A variety of techniques can be used for the deposition of coatings based on nitrides and borides
of transitional metals. Chemical vapor deposition (CVD) provides the benefit of high uniformity of
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coatings even on complex-shaped parts [15]. However, the application of CVD is restricted if the
substrate material is sensitive to overheating. Since the heating of the substrate is necessary for the
CVD processes, this deposition technique cannot be efficiently used for parts made of brass, bronze,
aluminum-based alloys, etc. Atomic-layer deposition (ALD) produces coatings with outstanding
depth uniformity, even in holes, grooves, and other hard-to-access areas [16–18]. However, the ALD
technique is incapable of depositing thick coatings. Closed field unbalanced magnetron sputtering
(CFUBMS) is one of the most suitable techniques for the deposition of transitional metal nitride-based
coatings, especially on temperature-sensitive substrates [19,20]. Increased field strength enhances the
plasma ionization and provides higher ion currents on the substrate [21]. As a result, dense coatings
are formed at lower substrate temperatures and offset voltage.

TiN is the most ubiquitous industrial coating due to its high corrosion resistance, thermophysical
properties, and hardness (20–40 GPa depending on deposition parameters) [22]. CrN coatings are also
frequently used due to their lower wear rate and higher fracture toughness, which result in superior
wear resistance [23]. Ternary nitride coatings can provide even higher mechanical properties and wear
resistance, as exemplified by Ti–Cr–N (40 GPa), Ti–Al–N (25–35 GPa), Cr–Ti–N (16 GPa), and Cr–Al–N
(17 GPa) [24]. Gradient Cr/CrN/Cr–Ti–Al–N coatings demonstrated especially high hardness (35 GPa)
and adhesion strength [25].

Doping of nitride-based coatings by boron produces nanocomposite (nc) structures with
anomalously high hardness (50 GPa) [26], good wear resistance and low friction coefficient [27,28],
high oxidation resistance, and thermal stability [29,30]. Max hardness (50 GPa) for nc-TiN/a-BN and
nc-TiN/a-BN/a-TiB2 coatings was achieved when TiN grains (25–30 and ≤10 nm, correspondingly) were
separated by near-monoatomic layers of a-BN [31]. Doping of CrN by boron produces two types of
nanocomposite structures: nc-CrN/a-BN [28,32] and nc-CrB2/a-BN [33]. Seventeen to 43 GPa hardness
was reported for Cr–B–N coatings [34–39]. Such coatings are usually deposited by reactive PVD in Ar
+ N2 atmosphere using CrB2 or CrB targets.

Boron doping for CFUBMS coatings was investigated mainly for the ternary Ti–B–N and Cr–B–N
coatings [40–43]. Presumably, boron doping of more complex Cr–Al–Ti–N coating might provide
considerable improvement in microstructural and mechanical aspects.

When applied to cast art pieces, the coating should provide suitable coloration of the upper layer.
This might be conveniently achieved by the introduction of oxygen in the deposition chamber near the
end of the deposition cycle.

The goal of this study was to evaluate the effects of boron doping on the structure and properties
of protective Cr–Al–Ti–N coatings deposited by CFUBMS both on soft, temperature-sensitive substrate
(cast brass) and more robust substrates (monocrystalline silicon and stainless steel), and to investigate
the influence of deposition parameters (deposition duration and oxygen flow) on the chemical
composition and decorative properties of the upper Cr–Al–Ti–B–O–N layer of the coating.

2. Materials and Methods

Discs (Ø 30 × 5 mm) and pendants (40 × 20 × 2) were made from LS 59-1 grade brass by investment
casting and used as substrates along with rectangular plates of monocrystalline (111) KEF-4.5 solar
silicon and 12H18N10T steel. Cr–Al–Ti–B–N coatings were deposited using a UDP 850/4 magnetron
sputtering device equipped with a CFUBMS system (Teer Coatings Ltd., Droitwich, UK). The elemental
composition of the coatings was based on our previously published investigation of quarternary
Cr–Al–Ti–N coatings with various contents of metallic components [44]. Deposition was carried out
at ~0.2 Pa pressure in Ar (99.998%) + N2 (99.999%) atmosphere using four 90 mm × 690 mm targets:
Ti (99.99%), Al (99.99%), Cr (99.99%), TiB (81.6% Ti + 18.4% B). The TiB target (SHIM-4 grade) was
manufactured by force SHS pressing.

Before the deposition, all targets were conditioned for 10 min at 5 A current and 30 cm3/min
Ar flow. To increase the adhesion and reduce the strain on the surface-coating interface, a thin Cr
inter-layer was deposited in the Ar atmosphere. Al target was sputtered in impulse regime with
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frequency ν = 50 kHz and impulse duration T = 200 microseconds. During the deposition of the
Cr–Al–Ti–B–N layer, the Ar/N2 flow was 30/30 cm3/min. Various currents (0; 0.5; 1; 1.5; 3; 5 A) were
applied to the TiB target. All other targets were supplied with a constant 5 A current to prevent the
over-heating and deterioration of brass substrates. The deposition duration was 90 min. During the
deposition, substrates were rotated five times per minute. The residual pressure in the chamber was
2.6 × 10−4 Pa. Cr–Al–Ti–B–N coatings were marked as «P1-6» (protective).

To deposit the upper decorative Cr–Al–Ti–B–O–N layer, nitrogen was substituted by air in
the supplied reactive gas mixture. Cr–Al–Ti–B–O–N coatings were marked as «D1-9» (decorative).
The deposition process was preliminarily optimized in terms of gas flow and rotational speed. Chemical
composition and element distribution profiles across the thickness of the coating were studied by
glow discharge optical emission spectroscopy (GDOES) using Profiler 2 installation (“Horiba Jobin
Yvon”, Longjumeau Cedex, France). Microstructural analysis of the transverse fractures of coatings
was performed on scanning electron microscope JSM-7600F (JEOL, Tokyo, Japan), equipped with
the Oxford energy dispersive spectroscopy add-on. X-ray diffraction analysis (XRD) was performed
on Bruker D8 installation using the monochromatic CuKα radiation. Hardness (H), Young modulus
(E) and elastic recovery (W) were measured by instrumental indentation at 4 mN load using Nano
Hardness Tester (CSM Inst., Peseux, Switzerland) equipped with a Berkovich indentor. Tribometer
(CSM Inst., Switzerland) was used for “pin-on-disc” tribological testing at an applied load of 1 N,
200 m distance and 10 cm/s linear velocity. Al2O3 ball (d = 6 mm) was used as a counterpart.

Coatings’ abrasive resistance was estimated using a calowear-tester (NIITAvtoprom, Moscow,
Russia). The 100Cr6 steel ball (d = 27 mm) was used as a counterpart material. The slurry containing
15-µm-sized diamond particles (Struers) was applied to the sample surface before tests. During the test
duration (5 min), constant load (0.5 N) and ball rotation speed (153 rotations per minute) were applied.

Coatings deposited onto LS 59-1 brass were subjected to sliding wear and abrasion testing.
To ascertain the specific wear and abrasion impact, specimens were studied using optical profilometer
Veeco WYKO NT1100 (Veeco, Plainview, NY, USA). Electrochemical testing was performed on
potentiostat Voltalab PST050 (Radiometr analytical, Lyon, France ) in a thermostatic electrochemical
cell equipped with AgCl comparative electrode, Lugin capillary and a secondary 1 cm2 Pt electrode.
Measurements were performed in a 1N H2SO4 solution.

3. Results

Table 1 provides the depth-averaged GDOES data for elemental compositions of coatings deposited
on brass. Six groups of Cr–Al–Ti–B–N coatings were deposited. The deposition rate was ~30 nm/min.
All elements were distributed evenly across the coating’s thickness of 3–4 µm (Figure 1). In the B-free
coating, the N content is below the saturation, e.g., 43.5% of N. However, the nitride’s non-metallic
sublattice probably also contains the oxygen and carbon, i.e., N + O + C = 48.3%, which is closer
to stoichiometry. To avoid possible confusion, it should be noted that two sources of Ti atoms were
used for deposition: TiB and Ti targets. Therefore, the coatings contained titanium even when the
sputtering current on the TiB target was 0. An increase in the current supplied to the TiB target
from 0 to 0.5 A led to higher concentrations of boron and lower concentrations of nitrogen in the
coatings. It also somewhat decreased the measured Ti/Al ratio in the coating. This apparent increase in
aluminum content is probably caused by the conditioning of the targets and formation of interlayers.
The boundaries of interlayers are not clearly defined, and the signal from the interlayer might have got
mixed into the calculation of average concentration values.
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SEM images of transverse fractures of Cr–Al–Ti–B–N coatings deposited on Si (100) are 
provided in Figure 2. The addition of 2 at.% boron (coating P 3) to Cr–Al–Ti–N coating gradually 
suppressed the formation of a columnar structure and decreased the diameter of columns from 
90–100 to 40–50 nm. This effect was dependent on boron concentration. At 10 at.% B, a dense 
uniform structure with nearly equiaxial grains was formed.

Figure 1. Profiles of elements’ distribution across the thickness of coating with 10 at.% B.

Table 1. Chemical composition and width of Cr–Al–Ti–B–N coatings.

Specimen ITiB, A
Elemental Composition, at.% Coating

Thickness, µmCr Al Ti B N O C

P1 0 38.9 8.6 4.2 0 43.5 4.3 0.5 3.5
P2 0.5 38.0 14.6 5.1 0.4 38.7 2.4 0.8 3.5
P3 1 41.0 11.6 6.1 2.0 38.1 1.0 0.2 3.0
P4 1.5 35.0 16.1 8.5 2.3 35.2 2.4 0.5 3.0
P5 3 35.5 12.7 10.2 7.3 33.0 0.3 0.1 4.0
P6 5 33.5 12.0 11.7 10.0 32.0 0.5 0.2 3.5

SEM images of transverse fractures of Cr–Al–Ti–B–N coatings deposited on Si (100) are provided
in Figure 2. The addition of 2 at.% boron (coating P 3) to Cr–Al–Ti–N coating gradually suppressed the
formation of a columnar structure and decreased the diameter of columns from 90–100 to 40–50 nm.
This effect was dependent on boron concentration. At 10 at.% B, a dense uniform structure with nearly
equiaxial grains was formed.
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substrate. FCC CrN-related peaks (111), (200), (220), (311) were located at 2θ = 38.6°; 44.8°; 65.6°; and 
82.8°. TiN peaks (111), (200), (220), and (311) TiN were detected at 2θ = 37°; 41°; 63.3°; and 78.1°. AlN 
was not detected, suggesting the complete dissolution of aluminum in CrN and TiN. Coatings with 
0–2.3 at.% feature no peaks of boron-based phases. Coatings with 7.3 at.% were X-ray amorphous, so 
no discrete peaks of nitride or boride phases could be discerned. A further increase of B content 
prompted the formation of the CrB2-based phase with a peak at 2θ = 33.9°.  

 
Figure 3. XRD patterns for the Cr–Al–Ti–B–N coatings. 

Figure 2. SEM images of fractured Cr–Al–Ti–B–N coatings: (a) 0 at.% B, (b) 0.4 at.% B, (c) 2 at.% B,
(d) 2.3 at.% B, (e) 7.3 at.% B, (f) 10 at.% B.
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XRD patterns (Figure 3) feature pronounced peaks at 2θ = 70◦, which correspond to the Si
substrate. FCC CrN-related peaks (111), (200), (220), (311) were located at 2θ = 38.6◦; 44.8◦; 65.6◦;
and 82.8◦. TiN peaks (111), (200), (220), and (311) TiN were detected at 2θ = 37◦; 41◦; 63.3◦; and 78.1◦.
AlN was not detected, suggesting the complete dissolution of aluminum in CrN and TiN. Coatings
with 0–2.3 at.% feature no peaks of boron-based phases. Coatings with 7.3 at.% were X-ray amorphous,
so no discrete peaks of nitride or boride phases could be discerned. A further increase of B content
prompted the formation of the CrB2-based phase with a peak at 2θ = 33.9◦.
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Crystallite sizes were calculated from peaks’ broadening using the Scherrer’s formula. The size of
CrN crystallites calculated using (111), (200), (220), and (311) peaks was 17–19 nm in the boron-free
coatings and decreased to 9–16 nm upon introduction of 2–2.3 at.% B in the coating. The size of TiN
crystallites estimated on the basis of (111), (200), and (220) peaks in the baseline coatings and in the
coatings with 0.4 at.% boron was d = 30–50 nm and was reduced by 40% in the coatings with 2 and
2.3% B (d = 13–28 nm). Coating P5 with 7.3% boron was X-ray amorphous. Coating with 10 at.% B had
a fine structure, but the estimation of crystallite size was complicated by the overlapping of peaks on
the related XRD pattern.

Lattice parameters for FCC CrN were a = 0.405–0.410 nm, which is considerably lower as compared
to the standard value (0.414 nm). The lattice parameter for TiN was a = 0.423 ± 0.001 nm, which is
relatively close to the standard of 0.424 nm.

Nanoindentation data was used to plot the dependence of hardness (H), Young modulus (E),
elastic recovery (W), as well as of H/E and H3/E2 ratios on the boron content (Figure 4). Coatings P3 and
P4 containing 2 and 2.3 at.% B were characterized by the max hardness H = 15 GPa, which decreased
with the growing B concentration. The boron-free coating was characterized by relatively low hardness
H = 10.4 GPa and elastic recovery W = 0.47, but possessed high Young modulus E = 190 GPa. H/E and
H3/E2 ratios for the investigated coatings were also highest for the coatings with a boron content
of 2.3 at.% and decreased with further boron enrichment. Therefore, hardness and elastic-plastic
characteristics were maximal for the coatings with 2 and 2.3 at.% B.



Appl. Sci. 2019, 9, 4977 6 of 15

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 15 

Crystallite sizes were calculated from peaks’ broadening using the Scherrer’s formula. The size 
of CrN crystallites calculated using (111), (200), (220), and (311) peaks was 17–19 nm in the 
boron-free coatings and decreased to 9–16 nm upon introduction of 2–2.3 at.% B in the coating. The 
size of TiN crystallites estimated on the basis of (111), (200), and (220) peaks in the baseline coatings 
and in the coatings with 0.4 at.% boron was d = 30–50 nm and was reduced by 40% in the coatings 
with 2 and 2.3% B (d = 13–28 nm). Coating P5 with 7.3% boron was X-ray amorphous. Coating with 
10 at.% B had a fine structure, but the estimation of crystallite size was complicated by the 
overlapping of peaks on the related XRD pattern. 

Lattice parameters for FCC CrN were a = 0.405–0.410 nm, which is considerably lower as 
compared to the standard value (0.414 nm). The lattice parameter for TiN was a = 0.423 ± 0.001 nm, 
which is relatively close to the standard of 0.424 nm. 

Nanoindentation data was used to plot the dependence of hardness (H), Young modulus (E), 
elastic recovery (W), as well as of H/E and H3/E2 ratios on the boron content (Figure 4). Coatings P3 
and P4 containing 2 and 2.3 at.% B were characterized by the max hardness H = 15 GPa, which 
decreased with the growing B concentration. The boron-free coating was characterized by relatively 
low hardness H = 10.4 GPa and elastic recovery W = 0.47, but possessed high Young modulus E = 190 
GPa. H/E and H3/E2 ratios for the investigated coatings were also highest for the coatings with a  
boron content of 2.3 at.% and decreased with further boron enrichment. Therefore, hardness and 
elastic-plastic characteristics were maximal for the coatings with 2 and 2.3 at.% B.  

 
Figure 4. The mechanical (a) and elastic-plastic (b) properties of coatings as a function of boron 
content. 

Figure 4. The mechanical (a) and elastic-plastic (b) properties of coatings as a function of boron content.

Wear distance-related plot of friction coefficient for Cr–Al–Ti–B–N coatings (Figure 5) demonstrates
that the lowest friction coefficient (f = 0.48) was achieved for P3 coating with 2 at.% boron. However,
the friction was unstable, and after 90 m distance, the coefficient rose to 0.68–0.7. Boron-free coating P1
had a friction coefficient of 0.8 and suffered complete wear at 135 m. The coatings with the highest
boron content demonstrated a drastic increase in friction coefficient (up to 0.8–0.9) during the first
20–30 m. Coating P4 with 2.3 at.% boron, which was characterized by max hardness, demonstrated
a stable coefficient f = 0.65. This coating was the most wear-resistant and endured up to 200 m wear
testing without complete wearing-out.
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3D profiles demonstrate the non-uniformity of the wear tracks (Figure 6). Therefore, the wear rate
was calculated as the ratio on lengths of fully worn-out and partially worn-out fragments of the track.
This calculation was applied for all coatings except the one with 2.3 at.% B, since its wear track had
a constant depth and did not reach the substrate’s surface.
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2D and 3D images of the wear tracks (Figure 8) demonstrate that all coatings except coating P4
experience a full wear-out, with the wear track depth exceeding the width of the coatings. In the
case of specimen P4, the wear is partial, with the fragments of pristine coatings present along with
partially-worn segments. Since the geometrical estimation of wear tracks is unviable, the resistance
towards abrasion was estimated by the weight loss during abrasive testing (Figure 9). Maximal
weight loss of 0.42 micrograms was recorded for boron-free P1 coating. All boron-containing coatings
demonstrated substantially lower weight loss (0.04–0.10 micrograms). The lowest value of 0.04
micrograms was characteristic for P4 coating.
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The free corrosion potential of coatings in H2SO4 after 30 min exposure was in the 0.310–0.808 V
diapason (Table 2). The potential decreased at higher boron content. The initial section of anode
polarization curves (Figure 10) is the most characteristic of the coating’s working conditions. The current
density (Table 2) was calculated assuming that Ti and Cr are dissolved in solution mainly as the
bivalent ions.
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Table 2. Electrochemical characteristics.

Specimen B, at.% U, V Corrosion Current, nA/cm2

P1 0 0.808 140
P2 0.4 0.725 22
P3 2 0.660 18
P4 2.3 0.650 27
P5 7.3 0.330 36
P6 10 0.310 39
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For the Cr–Al–Ti–N coating, the max current density was ~140 nA/cm2. The introduction of boron
even in minimal quantities results in a 10-fold decrease in the current density. The minimal density
of 18 nA/cm2 was achieved for the coating with 2.3 at.% B. An increase of boron content to 7–10 at.%
yields a 1.5–2 times increase in the current density as compared to 2.3 at.% B.

The second part of the work was dedicated to the development of the upper decorative
Cr–Al–Ti–B–O–N layer. Data on the chemical compositions, width, and coloration of the layers
are summarized in Table 3. Figures 11 and 12 provide photos of coated specimens. Oxygen content of
0–8 at.% produces a yellow or grey color, whereas 25–40% oxygen in the upper layer produces blue
and violet coloration (oxygen content measured by GDOES).

Table 3. Deposition parameters, composition, width and coloration of Cr–Al–Ti–B–O–N coatings.

Specimen QAr/Qair,
cm3/min

τ,
min

Elemental Composition, at.% Coating
Thickness, µm Coloration

Cr Al Ti B N O C

D1 5/40 10 27.2 5.2 13.8 5.1 16.7 27.4 4.6 0.04 Violet
D2 5/40 20 22.7 3.8 13.8 3.9 11.5 40.2 4.1 0.07 Light-blue
D3 5/40 30 46.7 19.6 13.9 10.4 5.6 2.9 0.9 0.7 Rose
D4 30/30 10 37.5 11.5 8.4 5.9 29.8 6.4 0.5 0.2 Gray
D5 30/30 20 14.7 2.7 13.3 6.8 11.0 40.8 10.7 0.5 Dark-blue
D6 30/30 30 33.4 11.4 11.3 8.5 30.4 4.1 0.9 0.6 Gray
D7 15/30 10 37.9 10.8 8.4 5.7 29.3 7.2 0.7 0.4 Gray
D8 15/30 20 40.0 11.2 9.0 6.2 28.2 4.9 0.5 0.5 Yellow
D9 15/30 30 36.8 11.9 9.2 6.3 31.2 4.2 0.4 1.3 Hazel

As a proof of concept, two-layered coatings were deposited on brass pendants. The lower
layer (P) serves protective purposes, whereas the upper layer (D) is decorative. Figure 11 provides
photos of pendants before the deposition, after the deposition of the P layer and with a final P + D
two-layered coating.
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4. Discussion

GDOES data reveals the presence of minor amounts of oxygen (5 at.%) and carbon (0.5 at.%) in
the Cr–Al–Ti–B–N coatings. Presumably, these impurities originate from residual gas in the deposition
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chamber as well as from impurities in working gas and SHS targets. The depth-derived coating growth
rate was 30 nm/min.

Boron-free coatings were characterized by columnar growth of the FCC phase and high surface
roughness, which are both detrimental for the coating’s mechanical properties and performance [45].
The introduction of boron inhibits the formation of columnar grains of chromium and titanium
nitrides due to the deformation of their crystal lattices, the prolific formation of crystallization centers,
and formation of boron-based thin interlayers (BN or CrBx).

The chemical composition of the coatings (Table 1) suggests that chromium nitride should be
the main constituting phase. The shift of CrN peaks in XRD patterns is presumably caused by the
dissolution of Al atoms in the CrN lattice [46]. Since the atomic radius of Al (0.125 nm) is somewhat
lower than that of Cr (0.14 nm), the dissolution of Al in CrN lattice decreases its lattice parameter.
The same effect leads to decreasing the lattice parameter of the TiN phase. Boron-based phases were not
detected in coatings with 0–2.3 at.% B either because the B amount was insufficient for the precipitation
of the related phases or because the content of borides was below the detection threshold of the XRD
method. Coatings with 7.3 at.% B were amorphous, so the peaks of discrete phases could not be
discerned. A further increase of boron content to 10 at.% evidently leads to the formation of the
fine-grained CrB2-based phase. The XRD-based estimation of grains size was impossible due to the
overlapping peaks; however, the refinement of the structure of CrN-based coatings by boron doping
is evident.

Mechanical testing revealed that the coatings containing 2 and 2.3 at.% B possess the highest
hardness and elastic-plastic characteristics. It should be noted that both the mechanical properties of
boron-containing and boron-free coatings were partially compromised by the deliberate use of low
deposition currents—a sacrifice made to prevent the brass substrates from overheating. However,
it should be noted that even in the case of sub-optimal deposition conditions, the boron-containing
quinary film was considerably more mechanically advantageous (hardness 15 GPa as compared
to ~10 GPa in the base coating). One can reasonably expect that at higher sputtering currents,
the mechanical properties of the quinary film would rise accordingly. Hardness often defines the wear
resistance of bulk materials; in the case of coatings, the H/E ratio provides a more accurate estimate
than the hardness alone [47]. H3/E2 ratio is characteristic of the type of localized deformation [48].
According to these ratios, the P3 and P4 coatings were the most promising in terms of their wear
resistance. This supposition was then confirmed by tribological testing.

The friction coefficient of P3 coating containing c 2 at.% B was unstable and rose gradually due
to the local wear. Coatings with max boron content (10 at.%) demonstrated a drastic rise of friction
coefficient due to complete wear. The initial friction coefficient of all boron-rich coatings was similar,
but the discrepancy arose once the coatings were worn enough for the counter-body to touch the
substrate. Coating with 2.3 at.% B endured the wear up to 200 m, presumably due to its higher
mechanical and elastic-plastic properties. The abrasion resistance of this coating was also the highest
among the investigated ones. A pronounced correlation exists between the hardness (Figure 4) and
abrasive resistance (Figure 9) of the coatings.

Relatively low corrosion potentials for the coatings with 7.3 and 10 at.% B suggest direct contact
between the solution and some metallic phase (presumably, Cr). Chromium was used as an interlayer
between the substrate and the coating and could be exposed as a result of the delamination of
coating from the substrate due to high mechanical strains produced by the deformed crystal lattices
of coating’s constituting phases. The difference in corrosion potentials of coatings with varied boron
content is related to the different ratios of nitride and boride phases. The potential of zero currents
almost coincides with the free corrosion potential measured without polarization, suggesting that
the experimental conditions are close to stationary. At low anode polarization values, the smallest
dissolution currents are characteristic for coatings with 0–2.3 at.% B content, whereas the coatings P5
and P6 with exposed Cr interlayers experience an expected faster deposition. A further increase of
potential in 1–1.3 V diapason prompted an activation current peak related to the competing dissolution
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of titanium and chromium from the corresponding nitrides and related current rise. As the oxide
film forms and passivates the coating, the current declines despite the rise of potential. In this stage,
the difference in coating composition comes into play. Coatings with higher titanium nitride content
demonstrate lower anode dissolution currents, whereas boron-rich coatings dissolve more easily.

An important aspect of this work was the application of segmented planar ceramic SHS targets.
These targets can be conveniently used for the industrial-scale deposition of heat-resistant [49,50],
wear-resistant [51], corrosion-resistant [52], resistive [53], optically-transparent [39], or antifriction [54]
boron-doped coatings.

However, further compositional optimization regarding the content of individual elements might
be necessary to realize the optimal properties of the developed multicomponent coating, suggesting
directions for future work.

5. Conclusions

Cr–Al–Ti–B–N and Cr–Al–Ti–B–O–N coatings were produced for the first time by closed field
unbalanced magnetron sputtering using planar TiB SHS targets (STIM-4). The increase of current
applied to the TiB target from 0 to 5 A results in an increase of B content in the coating from 0 to 10 at.%,
inhibition of columnar growth, densification of coating’s microstructure, and surface smoothening.
The highest combination of mechanical (hardness 15 GPa; Young modulus 197 GPa; elastic recovery 0.5;
elastic deformation of destruction H/E = 0.076; resistance against plastic deformation H3/E2 = 0.085 GPa)
and tribological properties (friction coefficient 0.65, specific wear 7.5 × 10−6 mm3/(N·m) was attained
for the coatings containing 2.3 at.%. The relations between deposition parameters, composition,
and coloration of coatings were established.

The developed coatings might find a use for the protection of mechanical components from
corrosion, abrasion, and wear. The ability to regulate the coloration of the upper layer by altering the
oxygen content is particularly useful for the protection or finishing of various works of art since the
materials employed in art usually do not allow for any substantial heating.
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