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Abstract

Hard Cr-Al-Si-B-(N) coatings were deposited in Ar and Ar–15%N2 medium by d.c.
magnetron sputtering of composite targets manufactured using self-propagating high-
temperature synthesis. The structure of the coatings was studied by X-ray diffraction,
scanning and transmission electron microscopy, energy dispersion spectroscopy, and glow
discharge optical emission spectroscopy. The coating properties were determined by
nanoindentation, scratch testing, and tribological pin-on-disc testing at room and elevated
temperatures. The oxidation resistance and diffusion barrier properties of the coatings
were also evaluated. The results obtained showed that non-reactive coatings had a coarse
crystalline structure and contained Cr5Si3, CrBx, and Cr2Al phases. The introduction of
nitrogen into the coating composition promoted crystallite refinement and structural amor-
phization. Non-reactive CrAl4Si11B21 coatings had a maximum hardness up to 29 GPa
and an elastic modulus up to 365 GPa. The introduction of nitrogen into the coating
composition resulted in a 16–32% reduction in mechanical properties. The CrAl6Si12B5N25

coating, which exhibited maximal plasticity index H/E = 0.100 and resistance to plastic
deformation H3/E2 = 0.247 GPa, was characterized by a minimum wear rate Vw = 5.7 ×
10−6 mm3N−1m−1 and a friction coefficient of 0.47. While the CrAl18Si11B5N26 coating
demonstrated a record level of oxidation resistance and successfully resisted oxidation up
to a temperature of 1300 ◦C.

Keywords: Cr-Al-Si-B-(N) hard coatings; magnetron sputtering; SHS multicomponent
targets; composition and structure; mechanical properties; friction coefficient and wear
resistance; oxidation resistance

1. Introduction
Chromium nitride (CrN) are widely used as protective hard coatings for a broad

range of products, including cutting tools, dies, molds, engine components, hydraulic
systems, bearings, and more, due to their excellent mechanical and tribological properties
as well as their high chemical and corrosion resistance [1–4]. Aluminum-alloyed CrAlN
coatings are characterized by higher hardness, reaching 30–35 GPa, as well as improved
wear and erosion resistance and thermal stability up to 700 ◦C [5,6]. However, many
high-temperature tribological applications require coatings with even greater oxidation
resistance and thermal stability, and in this regard, Si alloying has proven to be an effective
way to achieve the desired high-temperature performance [7].
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It has been shown that the addition of Si leads to densification of the coating structure,
suppression of the typical columnar structure formation, a reduction in crystallite size,
and prevention of recrystallization during heating [8–10]. CrAlSiN coatings tested at
temperatures ranging from 800 to 1000 ◦C have demonstrated superior oxidation resistance
compared to CrN and CrAlN coatings [11,12]. These studies have shown that CrAlSiN
coatings successfully resist oxidation in air at 1000 ◦C for 100 h and at 1100 ◦C for 1 h.
The high thermal stability of CrAlSiN coatings is associated with the formation of Cr2O3-,
Al2O3-, and SiO2-based oxide films on their surface, which slow down oxygen diffusion
into the coating [8,10]. In addition to enhanced high-temperature oxidation resistance,
CrAlSiN coatings exhibit increased hardness, reaching 40–50 GPa [13,14]. Furthermore, it
has been found that CrAlSiN coatings possess the lowest thermal conductivity among other
common nitride coatings, making them promising for use as thermal barrier layers [15].

Another approach to improving the performance of CrAlN coatings is alloying with
boron, which promotes the formation of nanocomposite coatings during deposition, provid-
ing a unique combination of properties [16]. For example, it has been found that nanocom-
posite CrAlBN coatings exhibit superior oxidation resistance compared to CrAlN [16],
whereas nanoscale multilayer CrAlBN coatings oxidize faster than CrAlSiN coatings [17].

From a scientific standpoint, the development of complexly alloyed CrAlSiBN coat-
ings is of considerable interest. Research in this direction is still limited. Notable work
includes [18], which investigated coatings produced by electro-spark treatment of a nickel
alloy using a CrAlSiB electrode. In [19], it was established that amorphous CrAlSiBN coat-
ings deposited by magnetron sputtering can withstand oxidation at 1200 ◦C for 1 h. More
detailed studies have shown that coatings with a low nitrogen content exhibit hardness
level around 30 GPa, along with high friction coefficients and wear rates, but demonstrate
record thermal stability at 1300 ◦C [20]. The introduction of nitrogen reduces the operating
temperature limits but positively affects tribological characteristics (friction coefficient of
0.4, wear rate of 2 × 10−6 mm3N−1m−1). In [21], it was shown that simultaneous alloying
of CrAlN coatings with silicon and boron not only increases their thermal resistance up to
1300 ◦C but also improves thermal stability by preventing the decomposition of CrAlN with
the formation of w-AlN during heating in an inert atmosphere. Among recent studies, [22]
is noteworthy for its development of multilayer CrAlSiN/CrAlBN coatings, which exhibit
higher thermal resistance than their monolayer counterparts.

The objective of the present work was to investigate the structure, mechanical and
tribological properties, as well as the thermal stability of CrAlSiBN coatings deposited
by magnetron sputtering of composite ceramic targets in an Ar atmosphere and in an Ar
+ 25% N2 gas mixture. A distinctive feature of this work is the broader range of coating
compositions. It examines coatings in CrAlSiBN system based on silicide, boride, and
nitride of chromium, as well as amorphous coatings.

2. Materials and Methods
Two CrAlSiB composite ceramic targets (120 mm in diameter, 8 mm thick) with the

following atomic compositions were prepared for magnetron sputtering: Target 1 with
elemental composition—44 at.% Cr, 10 at.% Al, 14 at.% Si, 32 at.% B; Target 2 – 45 at.% Cr,
29 at.% Al, 16 at.% Si, 10 at.% B. The targets were fabricated from elemental exothermic
powder mixtures by self-propagating high-temperature synthesis (SHS) using the force
SHS-pressing technique [23]. The synthesis process and microstructure of CrAlSiB ceramic
targets are described in detail in [24]. Phase composition includes 65 wt.% CrB, 27 wt.%
Cr(Si, Al)2, 8 wt.% Cr5Si3Bx (Target 1) and 15 wt.% CrB, 24 wt.% Cr5Si3, 57 wt.% Cr4Al11,
4 wt.% Cr5Si3Bx (Target 2).
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Coatings were deposited in a chamber of a UVN-2M-type vacuum system equipped
with a magnetron sputtering source, ion source, and substrate holder. A schematic of
the system is given in [25]. DC magnetron sputtering was performed using a Pinnacle+
(Advanced Energy, Denver„ CO, USA) power supply with a current of 2 A and voltage of
500 V. Argon (99.999%) or an Ar–25%N2 gas mixture (99.995%) was used as the working
gas. The working/residual pressure during deposition was 0.2/0.001 Pa. A negative
substrate bias of −250 V was applied, and the substrate temperature was maintained
at 350 ◦C. Single-crystal Si (100) (KEF 4.5 trade mark) and polycrystalline alumina (VK-
100-1 trade mark) plates, α-Fe foils, and disks from NiCr-based alloys (KhN65VMTYu,
Kh65NVFT trade marks) were used as substrate materials. The distance between the target
and the substrate was ~80 mm. The deposition time was 15 min in case of substrates for
subsequent structural studies (Si, Fe) or 40 min in the case of substrates for tribological
and high-temperatures studies (Al2O3,NiCr-alloys). Prior to deposition, substrates were
ultrasonically cleaned in isopropanol for 5 min (22 kHz) and subjected to Ar+ ion cleaning
(2 kV, 70 mA, 10 min).

Elemental depth profiles were recorded by glow discharge optical emission spec-
troscopy (GDOES) using a PROFILER 2 spectrometer (Horiba Jobin Yvon, Longjumeau,
France) [26]. The detection limit in GDOES for most metals is 1 × 10–4 at.%; for non-metals—
1 × 10–3 at.%. X-ray diffraction (XRD) in Bragg–Brentano geometry and grazing-incidence
geometry was performed with a D8 Advance diffractometer (Bruker). Bruker Topas 5
software was used for Rietveld refinement and routine quantitative analysis. Coating
morphology was examined by scanning electron microscopy (SEM) using a Hitachi S3400N
equipped with a Noran-7 EDS detector. Transmission electron microscopy (TEM) studies
were carried out on a JEM-200 microscope (Jeol, Tokyo, Japan) at 200 kV. Thin foils for TEM
studies were prepared from 3 mm disks using a standard technique, involving mechanical
grinding to a thickness of approximately 0.07 mm from the side of substrate, followed by
mechanical dimpling and one-side ion-milling to perforation at a voltage of 3–4 kV.

Nanoindentation, scratch testing, and ball-on-disk tribological tests were carried out
according to the procedures described in [27]. Hardness (H), elastic modulus (E), and
elastic recovery (W) were measured on Si substrates using a Nano Hardness Tester (CSM
Instruments, Peseux, Switzerland) with a Berkovich indenter under a 4 mN load. The
calculation was based on at least nine measurements. The penetration depth of the indenter
during nanoindentation is 100–130 nm, which is 5–7% of the coating thickness. The Oliver–
Pharr method was applied to process the load–displacement curves.

Adhesion strength was evaluated using a REVETEST scratch tester (CSM Instruments,
Peseux, Switzerland) with a 0.2 mm radius Rockwell C diamond indenter under a progres-
sively increasing load at a rate of 4.83 mm/min over a scratch length of 5 mm. Critical loads
for crack initiation (Lc1), spallation (Lc2), and contact with substrate (Lc3) were determined
by optical microscopy and analysis of acoustic emission signals. Two experiments were
conducted to determine the adhesive strength of each sample. Additional adhesion testing
was performed according to DIN VDI 3198 using a Rockwell C indentation test (1471 N
load) on a TP-5006-02 tester (Tochpribor, Rostov-on-Don, Russia). Three indentations were
performed for each sample.

Tribological tests were conducted using a pin-on-disk tribometer (CSM Instruments,
Switzerland) under a 1 N load and a sliding speed of 0.1 m/s at room temperature, with
WC–Co balls (6 mm-diameter) as counterbodies. High-temperature tribological tests were
also carried out during heating from room temperature up to 500 ◦C, using Al2O3 balls
(6 mm-diameter) as counterbodies. At least two sliding friction tests were conducted at
both room and elevated temperatures. Wear tracks were examined using a Veeco WYKO
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NT1100 optical profilometer (Plainview, NY, USA). From 4 to 6 wear track measurements
were carried out. The standard deviation of measurements was within 1–3%.

Thermal stability and diffusion-barrier properties were assessed by stepwise isother-
mal annealing of coated samples in air using SNOL 7.2/1200 (Utena, Lithuania) and
Nabertherm 1750 (Bremen, Germany) furnaces in the temperature range 800–1300 ◦C (step
size: 100 ◦C, exposure time: 1 h). After annealing, the coatings were characterized again
using the structural analysis techniques described above.

3. Results & Discussions
3.1. Composition

According to the obtained concentration profiles, the main elements of the targets, such
as Cr, B, and Si, were uniformly distributed over the thickness of the coatings (Figure 1).

   
(a)  (b) 

   
(c)  (d) 

Figure 1. GDOES profiles of coatings: (a) 1; (b) 2; (c) 3; and (d) 4.

In the case of non-reactive coatings, a certain aluminum concentration gradient was
observed, with a maximum value near the substrate. This effect is most pronounced for
coating 3, which contains the maximum amount of metallic elements. The formation of
a small aluminum concentration gradient can be influenced by bias voltage. The high
substrate bias can produce in a lot of atoms on the deposited film re-sputtered [28]. A
similar effect was observed for CrAlN coatings [29]. It was shown that at bias voltages
from −50 to −100 V, re-sputtering had virtually no effect on film composition, while with
further increases in bias voltage, the re-sputtering effect played a dominant role. The
thickness-averaged elemental concentrations are presented in Table 1.
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Table 1. Composition of targets and coatings.

Coating Target
Target Composition,

at. % N2, % Coating Composition,
at. % h, µm Deposition

Rate, nm/min
Cr Al Si B Cr Al Si B N

1
1 44 10 14 32

0 64 4 11 21 - 1.6 108

2 25 42 6 12 15 25 2.5 167

3
2 45 29 16 10

0 62 11 21 6 - 1.4 93

4 25 40 18 11 5 26 2.3 153

The composition of the deposited non-reactive coatings differed from that of the
sputtering targets. The chromium concentration in the coatings was 1.4 times higher than
in the targets, while the concentrations of Al, B, and Si decreased by approximately 2.5,
1.6, and 1.3 times, respectively. This effect can be explained by the intensive scattering
of relatively light elements with small atomic radii on the atoms of the working gas (Ar)
during mass transport from the target to the substrate. This is consistent with the atomic
masses of 52 and 11/27/28, and the atomic radii are 140 pm and 85/125/110 pm for Cr and
B/Al/Si, respectively. Furthermore, partial evaporation of aluminum atoms, in addition to
the sputtering process, cannot be completely excluded.

When N2 was additionally introduced into the working gas mixture in an amount
of 25%, coatings containing 25–26 at.% nitrogen were formed. The total concentration of
oxygen and carbon impurities in the coatings did not exceed 5 at.%. The presence of these
elements is due to the high specific surface area and natural oxide films on the elemental
powders used for the production of the cathodes. Residual gases in the vacuum chamber
could also be a source of impurities.

According to GDOES data, the thickness of the non-reactive coatings was about 1.5 µm,
with a growth rate of 93–108 nm/min. The transition to reactive sputtering significantly
increased both the coating thickness and the growth rate of the coatings (2.3–2.5 µm and
153–167 nm/min), which is probably be explained by the intensive participation of nitrogen
atoms in the phase formation process.

3.2. Structure

Figure 2 shows characteristic cross-sectional SEM images of the coatings deposited on
silicon substrates.

Similar trends in coating thickness variation with deposition parameters are observed,
consistent with the GDOES data obtained for coatings deposited on a nickel alloy. The
non-reactive coatings exhibit a rather coarse crystalline structure: in the case of coating
1, columnar grains with a transverse size of 150–530 nm are formed, whereas coating
3 contains equiaxial grains with a diameter of 30–100 nm. When nitrogen is introduced
into the coatings, the structure becomes refined. Coatings 2 and 4 exhibit a homogeneous,
low-defect structure with no pronounced grain boundaries. It is noteworthy that the
presence of a columnar structure generally has a detrimental effect on the mechanical
and tribological properties of the coatings as well as on their oxidation resistance, due to
the intense cracking and diffusion of oxygen from the surface into the material along the
columnar grain boundaries [30–32]. The roughness of the coatings was 2–4 nm.
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(a)  (b) 

   
(c)  (d) 

   
(e)  (f) 

Figure 2. Cross-section SEM images of coatings: (a) 1; (b) 2; (c) 3; and (d) 4. Three-dimensional
surface profiles of coatings 3 (e) and 4 (f).

Results of XRD analysis using the Bragg–Brentano geometry showed that, in addi-
tion to reflections from the coatings, the diffractograms contain high-intensity peaks at
2θ = 32.6◦ and 69.8◦, which correspond to the monocrystalline silicon substrate. The non-
reactive coating 1 contains the phases t-Cr5B3 (ICDD 32-0278), t-Cr5Si3 (ICDD 51-1357),
and t-Cr2Al (ICDD 29-0016) (Figure 3a). The most intense peaks at 2θ = 37.7◦ and 63.2◦

correspond to the t-Cr5B3 phase, which predominates in coating 1. When nitrogen was
introduced into the working gas mixture, an X-ray amorphous coating 2 was formed. The
position of the peak maximum observed in the 2θ range of 30–55◦ coincides with the lines
of maximum intensity: (111) for the phases h-Cr2N (ICDD 35-0803), o-CrB (ICDD 32-0277),
and h-CrSi2 (ICDD 35-0781); (103) for the t-Cr2Al phase. Coating 3 predominantly contains
the t-Cr5Si3 phase, with its most intense peaks observed at 2θ = 38.8◦ and 68.5◦. Peaks from
the o-CrB and t-Cr2Al phases were also detected. Introducing nitrogen led to the formation
of the phases c-Cr(Al)N (ICDD 83-5612) and h-CrSi2 in coating 4. Coating 4 also contained
t-Cr2Al and o-CrB phases.



Coatings 2025, 15, 1243 7 of 22

   
(a)  (b) 

   
(c)  (d) 

Figure 3. XRD-patterns of coatings: (a) 1; (b) 2; (c) 3; and (d) 4.

Table 2 presents the average crystallite size (d) of these phases for coatings 1, 3, and 4.
For coating 1, the crystallite sizes of t-Cr5B3, t-Cr5Si3, and t-Cr2Al phases were 11, 7, and
3 nm, respectively. In the case of coating 3, d for the t-Cr5Si3, o-CrB, and t-Cr2Al phases was
3, 15, and 6 nm, respectively. Coating 4 had the finest-grained structure, with an average
crystallite size of 3–5 nm for the c-Cr(Al)N, h-CrSi2, t-Cr2Al, and o-CrB phases.

Table 2. Grain size according to the XRD data.

Phase hkl (2Θ, ◦)
d, nm

Coating 1 Coating 2 Coating 3 Coating 4

t-Cr5Si3 411 (45.2) 7 - 3 -
h-CrSi2 111 (43.2) - - - 4
t-Cr5B3 211 (37.7) 11 - - -
o-CrB 021 (38.2) - - 15 4

t-Cr2Al 103 (43.5) 3 - 6 5
c-Cr(Al)N 200 - - - 3

For further, more detailed investigation of the phase composition of the coatings, X-ray
diffraction using the grazing incidence method (GIXRD) was carried out, which allows
detection of additional reflections and minimizes the substrate signal. The angle between
the radiation source and the sample surface was 3◦. The results are shown in Figure 4.
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(a)  (b) 

   
(c)  (d) 

Figure 4. GIXRD-patterns of coatings: (a) 1; (b) 2; (c) 3; and (d) 4.

For coating 1, when measured using the grazing incidence method, the peaks of
the main t-Cr5B3 phase in the 2θ range of 40–50◦ became even more pronounced, and
low-intensity peaks of t-Cr5B3 (206), (411), (330), (226) were revealed in the 70–80◦ range.
Peaks from the t-Cr5Si3 and t-Cr2Al phases were also detected. For coating 2, a strongly
broadened peak was observed, confirming the X-ray amorphous state of the coating. In
the case of coating 3, the peak from the t-Cr2Al phase observed at 2θ = 43.0◦ became more
intense, while the main phase still remained t-Cr5Si3. For coating 4, the appearance of the
GIXRD diffractogram is identical to that of XRD and confirms the presence of the c-Cr(Al)N,
h-CrSi2, t-Cr2Al, and o-CrB phases.

Figure 5 shows the selected area electron diffraction (SAED) patterns of coatings 1–4.
On the SAED pattern of coating 1, ring and spot reflections with interplanar spacings of
d/n = 0.238, 0.216, 0.203, 0.184, 0.164, and 0.155 nm were observed, close to the values
for the tetragonal phase t-Cr5B3, as well as d/n = 0.231, 0.228, 0.220, 0.187, and 0.132 nm,
corresponding to the tetragonal phase t-Cr5Si3. The presence of the t-Cr2Al phase cannot
be excluded, with its most intense line corresponding to d/n = 0.207 nm. For coating 2, the
presence of a broad ring on the SAED pattern indicates an amorphous structure.

In coating 3, spot and ring reflections corresponded to interplanar spacings of 0.459,
0.389, 0.321, 0.305, 0.275, 0.235, 0.229, 0.223, 0.211, 0.200, 0.170, and 0.163 nm, which are
close to the following values: d/n = 0.458, 0.323, 0.307, 0.229, 0.222, 0.170 nm for the
main phase t-Cr5Si3; d/n = 0.393, 0.277, 0.235, 0.163 nm for the o-CrB phase; d/n = 0.212
and 0.195 nm for the t-Cr2Al phase. On the SAED pattern of coating 4, reflections with
d/n = 0.240, 0.208, 0.163, 0.147, 0.119, and 0.104 nm were observed, which can be attributed
to the phases c-Cr(Al)N (d/n = 0.239, 0.207, 0.146, 0.119 nm), o-CrB (d/n = 0.235, 0.163 nm),
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and t-Cr2Al (d/n = 0.208, 0.104 nm). The presence of the h-CrSi2 phase cannot be excluded,
characterized by interplanar spacings of 0.245, 0.209, 0.147, and 0.119 nm.

   
(a)  (b) 

 

(c)  (d) 

Figure 5. SAED-patterns of coatings: (a) 1; (b) 2; (c) 3; and (d) 4.

Thus, the TEM data are in good agreement with the XRD results: coating 1 predom-
inantly contains the t-Cr5B3 and some amount of t-Cr5Si3 phase, as well as the t-Cr2Al
phase. Coating 2 is amorphous. In coating 3, the main phase is t-Cr5Si3, with additional
phases t-Cr2Al and o-CrB. Coating 4 is mainly composed of the c-Cr(Al)N phase, with the
presence of o-CrB, t-Cr2Al, and h-CrSi2 phases.

Analysis of dark field (DF) TEM images showed that coating 1 (Figure 6a) has a fine-
grained structure and contains grains of chromium boride t-Cr5B3 (light areas in the TEM
image), chromium silicide t-Cr5Si3 (dark gray areas), and chromium aluminate t-Cr2Al
(light gray areas).
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(a)  (b) 

 
(c)  (d) 

Figure 6. DF TEM images of coatings: (a) 1; (b) 2; (c) 3; and (d) 4.

The crystallite sizes of the t-Cr5B3 and t-Cr2Al phases ranged from 7–15 nm to 3–7 nm,
respectively. In the case of the t-Cr5Si3 phase, grains 50–150 nm in size contained subgrains
up to 10 nm in size. In the amorphous coating 2, no crystalline structural components were
identified (Figure 6b). In coating 3 (Figure 6c), the main structural component was the
t-Cr5Si3 phase (dark gray grains in the TEM image). Large grains of 70–150 nm consisted
of small t-Cr5Si3 subgrains measuring 3–7 nm. The coating also contained grains of t-Cr2Al
(light gray areas) measuring 5–13 nm and o-CrB grains (light areas) measuring 5–25 nm. In
coating 4, small crystallites of c-Cr(Al)N phase not larger than 5–7 nm were observed. It is
worth noting that the TEM data correlate well with the XRD data and confirm the fact that
the introduction of nitrogen into the coating composition leads to amorphization (coating
2) and refinement of the structure (coating 3).

3.3. Mechanical Properties

Micrographs of the coating surfaces after Rockwell C test are shown in Figure 7. For
coating 1, concentric blistering regions and thin radial cracks were observed along the
borders of the indentation. This type of failure corresponds to HF2 on the DIN German-
VDI 3198 scale. For coating 2, blistering areas, radial cracks, and local delaminations
formed at the junctions of cracks were found near the indentation, which corresponds to
HF3 failure type.
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Figure 7. Micrographs of indentations after Rockwell C test for coatings (a) 1, (b), 2 (c), 3 and (d) 4.
The nature of the destruction corresponds to the HF2, HF3, HF3, and HF2 types. The orange arrows
indicate cracks, white arrows indicate peelings of the coating.

Circumferential cracks and localized delaminations were observed on the surface of
coating 3 along the edge of the indentation. It is worth noting that the coating delami-
nates predominantly within the indentation. This coating exhibits a degree of damage
corresponding to level HF3. Coating 4 fails according to HF2 type, similar to coating
1: radial cracks and blistering areas were observed near the indentation. Thus, coating
3 demonstrates the lowest defect level in the indentation area and, consequently, the high-
est adhesion strength. The poorest results for coating 2 can be explained by high internal
stress level and its increased brittleness associated with the amorphous structure [33].

Preliminary scratch testing revealed that the determination of the values of critical
failure loads is influenced by intense deformation of a relatively plastic NiCr-alloy substrate
during loading. Thin hard coatings on soft substrates are particularly susceptible to coating
fracture due to stresses caused by substrate deformation [34]. For a hard coating on a softer
substrate, spallation and buckling failure modes result from the interfacial detachment,
but a range of other cracks and deformed regions may also be observed such as tensile
or Hertzian cracking [35]. For example, when scratching coating 4, the critical load Lc1 is
reached at 20 N, the first cracks appear, and cohesive failure begins almost immediately at a
load of 22 N. With increasing load, the area of cohesive failure of the coating increases. The
first signs of adhesive failure, chipping of the coating down to the substrate, were observed
at a load of Lc2 = 63 N. The indenter did not fully contact the substrate until 70 N.

The nanoindentation results showed that coating 1, obtained by sputtering target 1
in an Ar atmosphere, exhibited the highest hardness of H = 29 GPa and elastic modulus
E = 365 GPa, with an elastic recovery W of 42% (Table 3).
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Table 3. Mechanical and tribological properties of coatings.

Coating H, GPa E, GPa W,% H/E H3/E2, GPa f Vw,
mm3N−1m−1

1 29 ± 1.0 365 ± 8 42 0.081 0.191 0.48 ± 0.02 6.3·10−6

2 25 ± 0.7 247 ± 5 49 0.100 0.247 0.47 ± 0.04 5.7·10−6

3 20 ± 0.6 205 ± 4 54 0.098 0.193 0.65 ± 0.07 2.9·10−4

4 15 ± 0.8 172 ± 4 44 0.088 0.116 0.51 ± 0.04 7.5·10−6

The introduction of nitrogen into the gas atmosphere led to a decrease in H by 17%
and in E by 32%, while W increased by 17%. For coatings 3 and 4, obtained by sputtering
target 2, a similar trend was observed: hardness and elastic modulus decreased upon
nitrogen addition in the gas atmosphere from 20 to 15 GPa and from 205 to 172 GPa,
respectively. At the same time, elastic recovery decreased from 54 to 44%. The reduction
in mechanical properties with nitrogen incorporation into the coatings may be related to
structural amorphization and a decrease in crystallite size of the main phase (Figure 6), in
accordance with the inverse Hall–Petch law [30,36]. It should be noted that coatings 3 and
4, with increased aluminium content, exhibited lower hardness compared to coatings 1
and 2. A similar decrease in hardness with increasing aluminium content in coatings was
observed in [37].

Elastic strain to failure (H/E) and resistance to plastic deformation (H3/E2) were
also calculated, which allow predicting the behavior of coatings under tribological contact
conditions [38,39]. The H/E and H3/E2 parameters increased with the introduction of
nitrogen into the coatings. The maximum values of H/E = 0.100 and H3/E2 = 0.247 GPa
were achieved for coating 2.

3.4. Tribological Properties

Tribological tests (Figure 8a) revealed that coatings 1, 2, and 4 were characterized
by a stable friction coefficient f in the range of 0.48–0.51 (Table 3). For coating 3, f was
unstable throughout the entire test distance, and its average value was maximum at 0.65.
This may be due to brittle fracture of the coating during friction of the counterbody with
the substrate material.

 

(a)  (b) 

Figure 8. Friction coefficient vs. distance dependence at room temperature (a), and 3D images of
wear tracks (b).
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A study of the wear tracks (Figure 8b) showed that amorphous coating 2 is charac-
terized by a minimum wear rate of Vw = 5.7 × 10−6 mm3N−1m−1 (Table 2). Influence
of the structural state on tribological properties were previously discovered in work [40],
where amorphous coatings demonstrated increased wear resistance compared to crystalline
coatings, which is associated with their high resistance to plastic deformation. Coatings 1
and 4 demonstrated Vw = 6.3 and 7.5 × 10−6 mm3N−1m−1, respectively. It is worth noting
that the friction coefficient of 0.48–0.51 and the wear rate of coatings 1, 2 and 4 are compa-
rable with the data for the Cr-Al-Si-N [41] and Cr-Al-Si-B-N [20] coatings, characterized
by f = 0.40–0.51 and Vw = 2.0–4.5·10−6 mm3/(N·m). Coating 3 demonstrated a maximum
value of Vw = 2.93 × 10−4 mm3N−1m−1, which exceeds the wear rate of coatings 1, 2, and
4 by two orders of magnitude. In addition to resistance to plastic deformation, the wear
resistance of coatings can be affected by the level of internal stresses. It can be assumed
that the high wear rate of coating 3 is more related to residual stresses than to the level
of resistance to plastic deformation. It is known that high levels of residual stress have a
negative impact on the adhesive strength and wear resistance of coatings under sliding
friction conditions [42,43].

It is worth noting that the introduction of nitrogen had a positive effect on the tri-
bological properties of the coatings: the wear rate decreased with increasing nitrogen
concentration in the coatings. This effect is associated with structural modification, the
formation of amorphous phases, and a refinement of the crystallite size. Similar patterns
were observed earlier in [44,45].

To better understand the mechanisms of coating wear during sliding friction, wear
tracks were studied by SEM and EDS. The results are presented in Figure 9. Coating 1
exhibited abrasive wear: scratches formed as a result of the impact of hard coating wear
products were observed in the tribocontact zone. According to EDS data, the wear products
mainly consisted of chromium oxide Cr2O3. It is worth noting that the EDS data of wear
products obtained from the wear track were close to the data taken from the counterbody
after tribological tests. In the case of coating 2, a crack network was observed in the
tribocontact zone, but no delaminations were detected. The wear products contained
chromium oxide. Coating 3 cracked and underwent brittle failure during sliding friction:
delaminations were observed in the track zone, resulting in wear products containing both
coating components (chromium oxide) and the substrate (nickel oxide). Coating 4 wear
was accompanied by the formation of a crack network and localized delaminations. Thus,
coating 2 had the best wear resistance, which can be associated with the maximum values
of resistance to elastic deformation of destruction H/E = 0.100 and resistance to plastic
deformation of destruction H3/E2 = 0.247 GPa (Table 2).

Coating 1 showed a stable friction coefficient f ~ 0.22 from room temperature to 330 ◦C
(Figure 10).

Above this temperature, the f increased to value >1.0. For coating 2, the friction
coefficient was unstable in the temperature range of 25–160 ◦C and was within 0.26–0.51.
At temperatures of 160–260 ◦C, f stabilized and amounted to 0.25. Then, the friction
coefficient increased to value >1.0. Coating 3 was characterized by high f ~ 0.55 in the
temperature range of 25–160 ◦C. With an increase in temperature to 340 ◦C, the friction
coefficient smoothly decreased and reached a value of 0.22. Then f increased to 0.58 at
350 ◦C. The behavior of coating 4 was similar to coating 1: at the stage of 25–330 ◦C, f was
stable and amounted to f ~ 0.24. Above 330 ◦C, wear of the coating was observed; the
friction coefficient at a temperature of 500 ◦C was 0.78.
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(a)  (b) 

 
(с)  (d) 

Figure 9. Top-view SEM images of wear tracks on coatings 1 (a), 2 (b), 3 (c), and 4 (d). The insets
(b, c) show the EDS maps in the wear track area.

Figure 10. Friction coefficient vs. temperature dependence.
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Notably, the coating 3 demonstrated the highest friction coefficient both at room
and elevated temperatures. This is likely due to its low fracture toughness and adhesive
strength, leading to brittle failure and additional abrasive wear from detached coating
particles (Figure 7c). A similar phenomenon, where a high friction coefficient was attributed
to abrasive wear by delaminated coating debris, has been reported for CrAlN coatings [1].

It can be concluded that the friction coefficient of coatings in the temperature range of
20–330 ◦C depends on the intensity of their degradation during testing. The increase in the
friction coefficient observed for all coatings at temperatures of 330–500 ◦C is due to wear of
the coatings down to the substrate.

Coating 4, which exhibits the best high-temperature tribology properties, was exam-
ined using SEM, EDS, and Raman at the following test stages: (a) the temperature range of
20–330 ◦C, characterized by a low friction coefficient (Figure 11a,b); the temperature range
of 330–500 ◦C, characterized by an increased friction coefficient of the coating (Figure 11b,c).

 
(a)  (b) 

 
(c) 

Figure 11. Top-view SEM images and EDS data in area of wear tracks after tribological test in the
temperature range of 20–330 ◦C (a) and 330–500 ◦C (b) for coating 4. Raman spectrum of coating 4
after tribological test with heating up to 500 ◦C (c).

At temperatures of 20–330 ◦C, no cracks or chips in the coating were observed in the
tribocontact zone: local non-oxidized wear products were detected (Figure 11a). In the
temperature range of 330–500 ◦C, the increase in the friction coefficient is associated with
wear of the coating to the substrate (Figure 11b). Wear products in this case predominantly
contain chromium oxide. Raman spectra taken from wear marks showed the presence of
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Cr-O bonds with lines at 442, 545, 615 cm−1, as well as Al-O at 553, 880, 980 cm−1 and Si-O
at 700 and 800 cm−1 [46,47], indicating the formation of chromium, aluminum and silicon
oxides in the tribocontact zone. It is worth noting that silicon oxide can form a protective
lubricating layer that reduces friction and prevents abrasive wear [48,49].

3.5. Diffusion Barrier Properties and Oxidation Resistance

For practical applications, it is important to evaluate the diffusion barrier properties
of coatings at elevated temperatures. To this purpose, in this study, coatings on a NiCr
alloy were annealed at temperatures corresponding to the onset of intensive diffusion of
metallic components, primarily Ni, from the substrate into the coating. A study of the
coating–substrate interface after annealing at 800 ◦C using the GDOES method showed that
for coatings 1 and 3 obtained in an Ar environment, nickel diffusion occurred throughout
the entire thickness (Figure 12).

(a)  (b)  (c)  (d) 

Figure 12. CDOES profiles after air annealing at 800 ◦C for coatings (a) 1, (b), 2 (c), 3 and (d) 4.

While for nitrogen-containing coatings 2 and 4, Ni diffusion was not observed. At
a temperature of 900 ◦C, for all coatings, diffusion of nickel to the coating surface was
observed, reaching a concentration up to 40 at.% in the main layer. The introduction of
nitrogen into the coating composition led to an increase in diffusion barrier properties,
which may be associated with a decrease in grain size, amorphization of the structure and
a reduction in intergranular boundaries along which diffusion occurs [47]. It can also be
noted that at 800 and 900 ◦C the coatings were characterized by relatively small oxidation
depths, not exceeding 200 and 300 nm, respectively.

To determine the maximum service temperature, the coatings deposited on aluminum
oxide substrates were subjected to stepwise annealing in air for 1 h holds at 1100, 1200,
and 1300 ◦C. The thickness and composition of the resulting oxide layers were analyzed
by GDOES. A comparison of the oxide layer thicknesses for coatings 1–4, annealed at
temperatures of 1100–1300 ◦C, is presented as a histogram in Figure 13a. Also in the figure,
using the example of coating 4, annealed at different temperatures, elemental profiles are
shown (Figure 13b–d).

After annealing at 1100 ◦C, an aluminum oxide layer 820 nm thick formed on the
surface of coating 1. At the same temperature, a two-layer film of chromium oxide (on
top) and aluminum oxide (near the coating) formed on the surface of coating 2, with a
total thickness of 220 nm. For coating 3, the Al2O3 oxide layer thickness was maximum at
1310 nm. In the case of coating 4, the 630 nm thick surface layer consisted predominantly
of chromium oxide, similar in stoichiometry to Cr2O3. With an increase in temperature
to 1200 ◦C, the oxide layer thickness for coatings 1, 2, and 4 increased by 57, 37, and
35%, respectively. Coating 3 exhibited a decrease in oxide layer thickness, which may be
due to partial delamination and destruction of the brittle oxide. The composition of the
oxide layers of the coatings remained virtually unchanged. At 1300 ◦C, samples 1–3 were
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completely oxidized. Coating 4, however, retained its protective properties; the oxide layer
thickness was 1300 nm (Figure 13d).

 

(a)  (b) 

   
(c)  (d) 

Figure 13. GDOES data: oxide thickness for coatings 1–4 vs. temperatures (a) and elemental profiles
for coating 4, annealed at (b) 1100 ◦C, (c) 1200 ◦C, and (d) 1300 ◦C.

The best sample in terms of oxidation resistance, coating 4, was studied after oxidative
annealing using SEM, EDS, and XRD methods (Figure 14). According to SEM data, the top
oxide layer had a loose structure. Beneath it there is a dense protective layer about 1.3 µm
thick, the basis of which is chromium oxide. Due to the diffusion of elements from coating
to the surface, an intermediate layer with high concentration of silicon and aluminum
formed between the metal oxide layer and the unoxidized coating. The unoxidized coating
layer with a thickness of 6.6 µm contained all the main elements: Cr, Al, Si, B, and N.
Figure 14c shows the FTIR spectrum of coating 4 annealed at 1300 ◦C. The FTIR spectrum
reveals Al-O [50], Cr-O [51], Si-O [52], Si-O-Si and Si-O-Al [53] bonds.

XRD analysis showed that the top layer of the coating contained the r-Cr2O3 phase,
with an average crystallite size of 35 nm. Other oxides are difficult to identify, since the
high-intensity peaks of the r-Al2O3 phase correspond to the substrate material, while
silicon oxide SiO2 is amorphous. Low-intensity peaks of the t-Cr2Al and t-CrB phases
were detected on the diffractogram, which were already present in the coating before
annealing. The crystallite sizes of the t-Cr2Al (101) and t-CrB (103) phases were 37 and
35 nm, respectively. High-intensity peaks at 2Θ = 27.7, 39.5, 44.4, and 48.9◦ correspond
to the c-Cr3Si phase, the formation of which is associated with the involvement of silicon
in the oxide layer formation and the depletion of the h-CrSi2 phase observed in the as-
deposited state for coating 4. The crystallite size of the c-Cr3Si phase was 45 nm. The
c-AlSi phase revealed in the XRD pattern confirms the formation of the intermediate



Coatings 2025, 15, 1243 18 of 22

layer revealed by EDS mapping (Figure 14b). The presence of the c-Cr3Si, t-CrB, and
t-Cr2Al phases confirms that the coating retains its protective properties at a temperature
of 1300 ◦C. It is noteworthy that the oxidation resistance of the most compositionally
similar nitrogen-containing coatings, Cr-Al-Si-N [12] and Cr-Al-B-N [16], is limited to
900–1000 ◦C. Previously obtained reactive Cr–Al–Si–B–N coatings with low silicon (2 at.%)
and aluminum (5 at.%) content had oxidation resistance limited by 1100 ◦C [20].

(a)  (b) 

 
(c)  (d) 

Figure 14. Cross-section SEM image (a), EDS maps (b), FTIR spectra (c), and XRD pattern (d) for
coating 4 after oxidation tests at 1300 ◦C.

4. Conclusions
Cr-Al-Si-B-(N) coatings were deposited by magnetron sputtering using SHS targets of

two compositions, at.% 44 Cr, 10 Al, 14 Si, 32 B (target 1) and 45 Cr, 29 Al, 16 Si, 10 B (target
2), in Ar and Ar+25%N2 environments. All coatings were characterized by a uniform
distribution of elements across the thickness. Coatings 1 and 2, deposited by target 1, had
the following compositions (at.%): 64 Cr, 4 Al, 11 Si, 21 B and 42 Cr, 6 Al, 12 Si, 15 B, 25 N.
Coatings 3 and 4, deposited from target 2, contained (at.%): 62 Cr, 11 Al, 21 Si, 6 B and
40 Cr, 18 Al, 11 Si, 5 B, 26 N.

The coatings deposited in Ar had a coarse crystalline structure. Coating 1 predomi-
nantly contained the t-Cr5B3 phase, as well as the t-Cr5Si3 and t-Cr2Al phases. The nitrogen
addition induced structural amorphization (coating 2). Coating 3 was primarily composed
of the t-Cr5Si3 phase, with o-CrB and t-Cr2Al phases also present. The introduction of ni-
trogen into the gas medium changed the phase composition to c-Cr(Al)N, h-CrSi2, t-Cr2Al,
and o-CrB, and significantly reduced the crystallite size (coating 4).

A study of the mechanical properties showed that coatings 1 and 3 had a hardness
of H = 29 and 20 GPa and an elastic modulus of E = 365 and 205 GPa, respectively. The
introduction of nitrogen resulted in a decrease in H for coatings 2 and 4 by 17% and 20%,
and in E by 32% and 16%. Tribological tests at room temperature showed that coatings 1, 2,
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and 4 had similar friction coefficients, ranging from 0.48 to 0.51. Coating 2 demonstrated
a minimum wear rate of 5.7 × 10−6 mm3N−1m−1 due to a maximal plasticity index
H/E = 0.100 and a resistance to plastic deformation H3/E2 = 0.247 GPa. Tribological tests
under heating showed that coatings 1, 2, and 4 possess a low friction coefficient of 0.22–0.26
up to a temperature of 20~330 ◦C. Coating 3 demonstrated poor tribological properties.

All coatings demonstrated good oxidation resistance at temperatures up to 1200 ◦C,
which is associated with the formation of protective surface films based on chromium and
aluminum oxides. Coating 4 successfully resisted oxidation at 1300 ◦C. The protective
properties of coating 4 are due to the high concentration of aluminum (20 at.%), which
participates in the formation of an intermediate AlSi layer between the top chromium oxide
layer and the unoxidized coating, preventing the diffusion of oxygen into the depth of
the coating.

Thus, the Cr-Al-Si-B and Cr-Al-Si-B-N coatings developed in this study are promising
candidates for protecting components exposed to various types of wear and elevated
temperatures. These coatings exhibit good wear resistance, comparable to known analogs,
and an elevated operating temperature of 1300 ◦C, exceeding that of coatings with similar
compositions by 100–300 ◦C (Table 4).

Table 4. Comparative data on hardness, tribological characteristics, and maximal temperature at
which the coating resists oxidation.

Coating H, GPa f Vw,
mm3/(N·m) T, ◦C Ref.

Cr-Al-Si-N 30 0.51 4.5·10−6 - [41]
Cr-Al-Si-N 25 1000 [12]

Cr–Al–Si–N 33 - - 1100 [22]
Cr–Al–B–N 36 - - 1100 [22]
Cr–Al–B–N 46 900 [16]

Cr–Al–Si–B–N 18 0.40 2·10−6 1100 [19,20]
Cr–Al–Si–B–N 32 - - 1100 [21]

Cr–Al–Si–B 29 0.48 6.3·10−6 1200 [present study]
Cr–Al–Si–B–N 15 0.51 7.5·10−6 1300 [present study]
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