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Abstract. Boron-doped carbon coatings have been produced by a method combining the deposition of a pulsed 
carbon plasma coating and a boron flow formed as a result of the evaporation of a boron target by pulsed YAG: Nd3+ 
laser irradiation. Phase, chemical composition, structure, and mechanical properties of composite boron-carbon 
coatings have been determined. Changes in the coatings’ roughness depending on the boron concentration have been 
established using atomic force microscopy. It has been shown that the grain size is on the rise with increasing boron 
concentration. Raman spectroscopy has revealed that at a boron concentration of 43.2 at. %. There is a sharp increase 
in the ID/IG ratio, which indicates the carbon component’s graphitization. Low ID/IG ratios are observed in the coating 
at low boron concentrations (no more than 17.4 at. %), suggesting a high content of carbon atoms with sp3 bond 
hybridization. The coating studies, carried out by X-ray photoelectron microscopy, showed that boron could be in a 
free state or in the form of carbide or oxide depending on the concentration in the coating. In this case, with an increase 
in boron concentration, there is a decrease in the concentration of carbon atoms in the state with sp3 bond hybridization, 
accompanied by an increase in the number of B-C bonds and a reduction in the boron concentration not associated with 
carbon and oxygen. These coating and chemical composition features determine the boron concentration’s established 
non-monotonic nature on their microhardness, elastic and mechanical properties. 

Keywords: composite carbon coatings, boron-doped, atomic force microscopy, X-ray photoelectron microscopy, 
Raman spectroscopy, microhardness, scratch.

1 Introduction 

The development of compositions, design and 
technological methods to produce hardening and 
protective coatings with high mechanical properties has 
always been an urgent challenge [1, 2]. As the said 
coatings, coatings based on amorphous carbon are widely 
used due to their high hardness and wear resistance. So, to 
reduce friction and wear, carbon coatings are deposited on 
bearing cages, gears, nozzles, and transmission 
components of machines and mechanisms [3–5]. Several 
types of such coatings have been developed. They are 
adapted in their properties to specific conditions and 
operating modes and provide a high service life under 
various modes and conditions of contact interaction [6–8], 
showing stable mechanical properties in specific 
temperature ranges [9, 10]. 

Carbon-based coatings (a-C), as noted, provide low 
values of the friction coefficient, as well as high wear 
resistance during friction with steel counter-surfaces [11]. 
The friction coefficient values usually vary from 0.01 to 
0.5, depending on the coating’s deposition method, 
structure, conditions, and test modes [12]. During 
frictional interaction in the contact area, the temperature 
rises [13], under the influence of which tribooxidative 
destruction occurs, which determines the destruction 
process of the coatings, and, as shown in [14], when the 
coating is destroyed, solid wear products in the friction 
zone activate the destruction of the counter body surface.  

To create composite coatings, doping with elements 
such as silicon [15], fluorine [16] and nitrogen [17, 18], as 
well as metals: chromium [19] and titanium [19–21] is 
widely used. When metallic elements are included in the 

 Р
ЕП
ОЗ
ИТ
ОР
ИЙ

 ГГ
У И
МЕ
НИ

 Ф
. С
КО
РИ
НЫ

 



 

C2 MANUFACTURING ENGINEERING: Materials Science 

 

structure of a-C coatings, as a rule, metal carbides are 
formed, distributed in the volume of the amorphous carbon 
matrix. It leads to a decrease in the stress-strain state of the 
coating, neutralizes the large difference in the mechanical 
parameters of the tool base and the coating [22]. Boron-
doped carbon coatings are an object of broad interest 
among researchers for reasons related to both the specific 
properties of boron and the boron-carbon interaction. For 
example, in [23], the friction coefficient’s low values 
characterize composite boron-carbon coatings in a friction 
couple with Si3N4 compared to undoped carbon coatings. 
It was established that boron-carbon coatings, obtained by 
RF magnetron sputtering in a mixture of argon and C2H2 
showed high mechanical properties [24]. Their 
dependence on the hydrocarbon gas pressure, introduced 
in the sputtering process, and on the boron concentration 
was determined. In this case, however, it was not identified 
what had a predominant effect on the change in coating 
properties – the presence of hydrogen or boron. 

For the carbon coatings obtained by physical sputtering 
of a graphite target, using a pulsed vacuum cathode 
discharge, there is a problem associated with the high 
fragility of the coatings, determined by high values of 
hardness and elastic modulus [25]. At high contact loads, 
under which elastic or plastic deformation of the substrate 
occurs, the resulting difference in elastic moduli between 
the coating and the substrate can cause an internal stress 
gradient with a maximum at the coating-substrate 
interface, which determines the destruction of the coating 
[22]. The abovementioned factors limit the use of a-C 
coatings only as functional elements of friction couples. 

Considering high tribotechnical properties of bulk 
boron carbide and a-C coatings, to a certain extent 
mutually complementary, there is a motivation to form 
boron-doped a-C coatings with the properties 
characteristic of boron carbide while maintaining the 
properties of a carbon coating. 

This paper aims at studying the features of the 
formation of boron-carbon coatings by the ion-plasma 
method, determining the effect of boron concentration on 
their structure, phase composition and mechanical 
properties. 

2 Research Methodology 

Boron-doped carbon coatings have been produced by a 
method combining the deposition of a pulsed carbon 
plasma coating and a boron flow formed as a result of the 
evaporation of a boron target by pulsed YAG: Nd3+ laser 
irradiation. To ensure maximum overlapping of plasma 
flows and uniformity of the distribution of the elements 
over the coating thickness, the substrates were placed at an 
angle of 45° to the graphite cathode axis of a pulsed 
cathode-arc carbon plasma source. A schematic of the 
experimental device is shown in Figure 1. 

 

Figure 1 – Schematic of boron-carbon coatings deposition:  
1 – pulse generator of carbon plasma; 2 – carbon plasma;  

3 – laser beam; 4 – ion source; 5 – optical system inputs and 
focusing of laser radiation; 6 – laser cooling; 7-YAG: Nd3+ 

laser; 8 – window; 9 – chamber; 10 – substrate; 11 – the target 
of boron; 12 – the flow of boron 

The thickness of the coatings was determined by the 
transverse cleavage using a scanning electron microscope 
(SEM) (Hitachi S-4800). Coatings of the same effective 
thickness of 363 ± 16 nm were subjected to comparative 
analysis. 

The surface morphology of the ɑ-С:B composite 
coatings was studied using atomic force microscopy 
(AFM) in the topography and phase contrast measurement 
modes (Solver Pro, NT-MDT, Russia). The scanning field 
and scanning speed are 10×10 µm and 1.0 µm/s, 
respectively. 

The microstructure of the composite coatings was 
studied utilizing Raman spectroscopy. Raman spectra 
were excited by radiation with a length of 532 nm and a 
power of 20 mW (Senterra, Bruker). 

The chemical composition and concentration of 
elements (Table 1) in the composite boron-carbon coating 
were determined using X-ray photoelectron spectroscopy 
(PHI quantera 2 XPS). The XPS spectra were excited by 
Al (Ka) cathode emission with energy of 1486.6 eV and a 
voltage of 15 kV. The exciting radiation power was 25 W. 
The spectrum was recorded from the surface area of the 
coating with a diameter of 100 micrometers. The binding 
energy in the XPS spectra was calibrated using the C1s line 
(284.6 eV). 

The determination of the resulting coatings’ mechanical 
properties was carried out using a Nanoscan 4D 
nanohardness tester. The measurements were performed in 
the dynamic mechanical analysis (DMA) mode. 
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Table 1 – Elemental composition of boron-doped 
carbon coatings  

Coatings 
fC,  
Hz 

fL, 
Hz 

С,  
at. % 

B,  
at. % 

O,  
at. % 

ɑ-С 10 – 97.6 – 2.4 
ɑ-С91,2:B2,3 10 5 91.2 2.3 6.5 
ɑ-С79,3:B17,4 10 33 79.3 17.4 3.3 
ɑ-С53,3:B43,2 10 50 53.3 43.2 3.5 
fC, Hz – the frequency of the carbon plasma generator, 
fL, Hz – laser pulse repetition rate 

During measurement, harmonic oscillations with a 
frequency (20 Hz) and an amplitude of oscillations (≈3nm) 
are superimposed on the progressive implementation of 
the indenter [26], which causes a set of load-unload cycles. 
The values of elasticity modulus and hardness are 
calculated in each cycle. The maximum load was 40 mN. 
Thus, using this method, it is possible to determine the 
change in hardness and elasticity modulus with a depth 
resolution of 3 nm, i.e. to obtain practically continuous 
dependences of mechanical characteristics on depth [27]. 
Hardness and elasticity modulus are averaged values 
obtained as a result of 15 independent experiments. 

The mechanical properties of the surface were 
diagnosed with the sclerometric method (Scratch Test) 
(WS-2005, China) was also used [18, 28]. The 
sclerometric tests [29, 30, 31]. 

The critical load (Lc), at which the coating detachment 
from the substrate begins, is determined by the adhesive 
strength of the coating and substrate adhesion [32]. To 
assess the coating impact toughness, which characterizes 
the strength. The CPRS (crack propagation resistance) 
characteristic was used, calculated in according to the 
equation (1) [33]: 

               𝐶𝑃𝑅 = 𝐿 × (𝐿 − 𝐿 ).                     (1) 

where LC1 is a load value at which crack initiation 
occurs, LC2 is a load value at which complete detachment 
of the coating from the substrate occurs [27, 34]. 

Plasticity characterizes a material’s ability to absorb 
deformation energy during loading, distributing it over the 
crystal lattice or due to the formation of intergranular 
dislocations [35]. 

Tribological tests of the a-C:B coatings, were carried 
out according to the "sphere-plane" scheme at a 
temperature of 23°C and relative humidity of 70%. A ball 
with a diameter of 5 mm was used as a counter body. The 
ball was made of hardened steel AISI 52100. The tests 
were conducted at a sliding speed of 0.0087 m/s, and a load 
of 0.98 N. After friction was carried out using an optical 
microscope, the diameter of the contact spot was 
determined, and the counter body volumetric wear 
coefficient was calculated using the following equation: 

                        𝑗 =    [𝑚 /𝑁 ∙ 𝑚],                             (2) 

where F is a load (N); L is a friction path (m); V is the 
volume of the spherical segment of the worn counter body 
material (m3). 

3 Results and discussion 

The studies carried out by scanning electron 
microscopy showed no defects such as pores and cracks on 
the surface and in the volume of deposited coatings. As 
well as there is no coating detachment from the substrate 
(Fig. 2), which indicates a high level of interphase 
interaction in the volume of the layer and on the boundary 
of the coating with the silicon substrate. 

 

  

Figure 2 – AFM images of carbon coatings doped with 
different boron concentration 

There are single large-sized grains on the surface of the 
ɑ-С79.3:B17.4 coating, which is, as a rule, a droplet 
component of the flow and arise as a result of the 
evaporation of a graphite cathode by a pulsed arc. The  
ɑ-C91.2:B2.3 coatings are characterized by higher 
heterogeneity. There are surface areas that are large 
enough with a relatively lower hardness than the rest of the 
areas. In general, composite coatings’ morphology is more 
inhomogeneous compared to the ɑ-C coating and is 
characterized by higher values of the surface roughness Ra 
(Table 2). 

Table 2 – Morphology parameters of ɑ-С:B coatings 

Coatings Ra, nm 
Average particle 
diameter d, nm 

ɑ-С 2.4 7.6 
ɑ-С91,2:B2,3 6.2 12.3 
ɑ-С79,3:B17,4 2.2 26.4 
ɑ-С53,3:B43,2 7.2 23.2 

According to AFM data (Table 2), the average size of 
surface particles, when introduced into the boron volume, 
increases and reaches a maximum value of 26.4 nm. Note 
that the coatings’ surface morphology (roughness Ra and 
average grain size d) depends on many conditions and is 
primarily determined by the coatings growth features. The 
presence of doping elements that can enter into chemical 
interaction with carbon, as well as the generation mode of 
carbon plasma, density and energy ion flow, which, 
according to the data of [11], determines the temperature 
of the substrate surface and leads to a change in the surface 
mobility of both carbon and boron atoms. 

Doping of the ɑ-C coatings also leads to a change in 
their phase composition. Figure 3 shows the Raman 
spectra of the ɑ-C coatings with different boron 
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concentration. The shape of the Raman spectrum envelope 
of all coatings is characteristic of amorphous carbon 
coatings with varying hybridization types of carbon bonds. 
As can be seen, all spectra of boron – carbon coatings 
appear as a wide asymmetric peak in the range of 1000–
2000 cm–1, which, according to [36, 37], contains 
information on sp2 hybridized carbon bonds, as well as on 
the degree of ordering and relative size Сsp2 and Csp3 
carbon clusters. The shape of the spectrum changes when 
the boron concentration in the coating increases. This 
shape is determined by the difference in the intensity ratio 
of D and G peaks, which indicates a change in the ratio of 
different carbon phases and the degree of orientation of 
carbon clusters in the coating. According to [37, 38], the 
change in the shape of the spectrum depends not only on 
the number and size of Csp2 and Csp3 clusters but also on 
the change in the angle of bonds between carbon and 
boron, which depends on the stoichiometry of boron 
carbide [39]. 

When the boron concentration is 2.3 at. %, the intensity 
ratio of D and G peaks practically does not change. 
Therefore, a low boron concentration does not affect the 
degree of ordering and the relative distribution of 
Csp2/Csp3 of carbon phases in the coating. With increasing 
boron concentration in the coating, the intensity of D peak 
increases, and the G peak center’s shift to the region of 
lower wavenumbers. For a highly boron-doped ɑ-C 
coating (Fig. 3) (boron concentration – 43.2 at.%), there is 
a significant change in the shape of the Raman spectrum, 
as well as an increase in the ID/IG ratio (Fig. 4). 

 

Figure 3 – Raman spectrum for the ɑ-С:B coating with 
different boron concentration 

According to [40, 41], for ɑ-C coatings produced from 
pulsed flows of carbon plasma, the concentration of carbon 
atoms in the state with sp3 hybridized bonds increases with 
decreasing ID/IG value. In contrast, the coating is 
characterized by high mechanical properties provided that 
ID/IG ≤ 1. It was shown in [20, 22] that an increase in the 
ID/IG ratio and a shift of the G peak to the region of lower 
wavenumbers in comparison with the peak position for the 
a-C coating determine a decrease in the degree of structural 
ordering of Csp3 carbon clusters. 

 

Figure 4 – Parameters of the Raman spectra  
of the а-С:B coatings 

 
Subsequently, it can be concluded that the shift in the 

G-peak position with a slight increase in the ID/IG ratio 
values, which is characteristic of the ɑ-C coatings with 
boron concentrations of 2.3 and 17.4 at. %, is determined 
by a change in the size and degree of ordering of Csp3 
carbon clusters. Moreover, it was found in [40, 41] that an 
increase in the coating of carbon atoms in the state with sp2 
hybridized bonds might be associated with the formation 
of C–B bonds in the coating. Boron predominantly 
interacts with carbon atoms with sp3 hybridized bonds, 
which leads to an increase in structural inhomogeneity, 
leading to a decrease in the degree of ordering of the 
carbon matrix, which is confirmed by the broadening of 
the G-peak of the Raman spectrum of the coatings. With 
an increase in the boron concentration, a further decrease 
in the coating sp3 bonds occurs. 

The XPS spectra analysis of the ɑ-C and ɑ-C:B coatings 
showed oxygen besides carbon and boron (Fig. 5). The 
spectra of photoelectron states obtained with a high 
resolution and describing the chemical bonds 
characteristic of each element in the coating, namely the 
C1s peak (at 284.8 eV), the B1s (191 eV) and O1s  
(538 eV) peaks were subjected to further analysis [20, 21].  

 

Figure 5 – XPS spectra of boron-carbon coatings with 
different boron concentration 

Based on XPS data, it was defined that carbide 
compound of various stoichiometry is predominantly 
formed at a low boron concentration (2.3 at. %), but with 
a subsequent increase in boron concentration, the B-B 
component in the coating structure increases. At a high 
boron concentration (43.2 at. %), the structure of the 
carbon matrix is rearranged with the predominant presence 
of Csp2 and B-C phase volume. Such effect is associated 
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with the presence of more than one heterophase in the 
coating (carbon, carbide) [42, 43]. Quantity of heterophase 
forms the structure, as well as with chemical processes 
occurring in the volume of the coating leads to the 
formation of carbide compound and boron oxide 
compound on the coating surface. It was found that after 
the etching of the coating, a decrease in the bonds of B-O 
type is recorded, which confirms the assumption about the 
interaction of boron with oxygen after the depressurization 
of the vacuum chamber. 

The results of processing the XPS spectra of energy 
states characteristic of carbon and boron (Figure 6). XPS 
spectra indicate that with an increase in the boron 
concentration in the coating, there is a decrease in the Csp3 

bonds of carbon atoms and a significant increase in the  
B-C bonds characteristic of boron carbide. 

 

Figure 6 – Csp3/Csp2 and B-C/B-B ratios  
in boron-carbon coatings 

The data obtained by the XPS method are in agreement 
with the results of studying the structure of the coatings by 
Raman spectroscopy. It was concluded that the carbon 
structure is graphitized, and the degree of orientation of 
carbon Csp2 clusters increased due to the boron binding to 
carbon atoms in the state with sp3 bond hybridization. 
Thus, based on the results, it could be concluded that with 
an increase in the boron concentration in the coating 
structure, the content of Csp3-carbon clusters decreases 
due to their replacement by boron-carbon com-pounds of 
different stoichiometry. 

Analyzing optical images of cracks on the coating 
surface after sclerometric testing (Figure 7), it is possible 
to divide the track into three stages, typical for various 
processes of coating destruction. In the first region 
(boundary LC1), a crack is formed on the coating surface in 
the absence of lateral cracks arising in the direction 
perpendicular to the indenter displacement. The track 
profile is characterized by minimum width and a subtle 
print. At the second stage LC at a load from 7 to  
14 N, the crack’s width increases, and partial destruction 
of the coating surface is observed. At the third stage LС2, 
the load reaches a critical value, i.e. complete detachment 
of the coating from the substrate and partial destruction of 
the substrate surface occur. The LC value, depending on 
the coating-base joint’s adhesive strength, decreases with 
increasing boron concentration to 17.4 at. % and reaches 
maximum values of 20.5 N at high concentration. 

 

Figure 7 – Optical image of a crack on the ɑ-C:B surface 
coating with different boron concentration 

To analyze thin coatings’ elastic properties, the so-called 
plasticity index is often used, which is defined as the ratio of 
hardness and elastic modulus (H/E) [27]. The H/E ratio, to 
some extent, characterizes the wear resistance of the coating 
[44]. After sclerometric tests (Fig. 7), according to equation (1), 
the CPRS values for the ɑ-C:B coatings, obtained with different 
boron concentration, were determined (Table 4). It was found 
that the minimum CPRS value is characteristic for the ɑ-
С79,3:B17,4 coating, which is consistent with the results of 
determining the H/E ratio for this coating. In this case, however, 
the CPRS ɑ-С53,3:B43,2 value of the coatings is significantly 
higher than for the coatings obtained at other boron 
concentration. Due to high residual stresses, which determine 
the high brittleness of the ɑ-С coating (after sclerometric tests), 
a large number of microcracks are observed in the crack area 
(Fig. 7), which characterize the low adhesion of the ɑ-C coating 
to the steel substrate. As shown in [22, 45], amorphous carbon 
coatings, depending on the deposition method, are 
characterized by high resistance to elastic deformation, and the 
H/E values are in the range of (0.08–0.20). Note that, according 
to [46, 47], the ratio value H/E ≈ 0.15 characterizes the “ideal 
elasticity” of the material and the high wear resistance of the 
coating [48]. The maximum values of CPRS (about 292) and 
H/E = 0.14 are characteristic for the ɑ-С53,3:B43,2 coatings. 
These values determine the high elastic properties of the 
coating and the ability to resist increasing loads. 

Reduction of the critical load at boron concentrations of 2.3 
and 17.4 at. % is associated with sp2 clustering of the carbon 
matrix and high density of B-B and B-C bonds, which reduce 
the formation of C-C bonds. This leads to a decrease in 
hardness. 

Table 4 – Mechanical properties of boron-carbon 
coatings  

Coating Н, GPa Е, GPa H/E Lc, N CPRs 
ɑ-C 19.7±3.8 210.5±17.2 0.09 16.2 233.2 
ɑ-С91,2:B2,3 16.3±1.6 120.5±8.1 0.14 15.8 226.6 
ɑ-С79,3:B17,4 14.7±1.3 110.4±7.23 0.13 13.2 179.5 
ɑ-С53,3:B43,2 17.9±1.6 124.7±6.6 0.14 20.5 292.0 

The hardness and modulus of the coatings’ elasticity 
with different boron concentrations have been determined 
(Table 4). A decrease in the modulus of elasticity of doped 
coatings in comparison with undoped ones has been 
established. The decrease in hardness is determined by 
different ratios of Csp3/C-B phases in coatings with different 
boron concentration and a change in the size of carbon 
clusters. 
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At a low boron concentration, there is a decrease in 
hardness, which is determined by structural defects and 
increasing in the misorientation degree of carbon clusters. 
With an increase in the size of the clusters of the carbon 
matrix, according to the Hall-Petch law, there is an increase 
in intergranular slip. It leads to a decrease in microhardness 
due to the presence of a large number of defects at grain 
boundaries [49]. At a boron concentration of 2.3 at. Hardness 
is mainly determined by the carbon matrix, particularly by the 
size and packing of Csp2 and Csp3 carbon clusters. At a boron 
concentration of more than 17.3 at.%, boron and the degree 
of its chemical interaction with carbon have a predominant 
effect on the microhardness. According to XPS data, a high 
boron concentration of carbide compounds is formed, which 
leads to an increase in the coating hardness and an increase in 
the elastic modulus. A slight decrease in microhardness for 
the ɑ-С53,3:B43,2 coatings containing a high concentration of C-
B compounds is determined by the effect of oxide compounds 
on the coating surface [50]. 

Thus, by the results of structure analysis, it is confirmed 
that a decrease in the hardness of the ɑ-C:B composite coating 
may be associated with the rearrangement of graphite bonds 
due to the introduction of B atoms. It was established that the 
introduction of boron atoms or boron-based compounds into 
the structure of carbon coatings makes it possible to change 
the hardness and modulus of elasticity and the kinetics of 
friction and wear of the counter body (Figure 8–9). At the 
initial stage of friction, high values of the friction coefficient 
are observed, which are characteristic of a friction couple’s 
running-in area and stable contact formation. The width of the 
running-in zone, as a rule, depends on the surface roughness 
and on its hardness, the intensity of graphitization processes 
in the contact zone [3]. The presence of a wide running-in area 
is typical for the ɑ-С53,3:B43,2 coatings. After reaching a 
stationary friction mode, a decrease in the friction coefficient 
is observed for values typical for ɑ-С coatings. Such effect is 
associated with a change in the surface and volumetric 
structure of the coating and an increase in the surface’s elastic 
properties due to the presence of B-C bonds (Figure 9). A 
higher coefficient of the counterbody wear during friction 
with the ɑ-C53.3:B43.2 coating is determined by higher surface 
roughness (Ra=22.3 nm) of the coating. 

 

Figure 8 – Values of the volumetric wear of the counterbody 
and the friction coefficient 

 

Figure 9 – Change of friction coefficient  
during the friction of the ɑ-C:B coatings 

When a boron concentration in the coating is 42.3 at. % 
(Figs. 8, 9), a large width of the running-in area is 
observed, which characterizes the friction coefficient 
about 0.14. After 1000 friction cycles, the friction 
coefficient decreases to values typical for undoped ɑ-C 
coatings in the stationary friction mode. The friction 
kinetics of boron-doped carbon coatings is similar to the 
friction kinetics of the ɑ-С:Si coatings, and consists in the 
occurrence of triboxidation reactions in the contact area, 
leading to the formation of oxide compounds, such as  
B-O, which forms a transit boundary layer. As shown 
above, boron oxidation might occur during coating 
deposition due to interaction with residual oxygen in the 
vacuum chamber or during interaction with oxygen at 
depressurization of the vacuum chamber. 

4 Conclusions 

The features of the formation of boron-carbon coatings 
by the ion-plasma method, the regularities of the boron 
concentration effect on their structure, phase composition, 
and mechanical properties have been determined. With the 
SEM method, it was found that the formation of a granular 
structure is characteristic of ɑ-С:B coatings, the 
parameters of which non-monotonically depend on the 
boron concentration. Raman spectroscopy was used to 
analyze the change in the carbon matrix’s phase 
composition while doping with boron. It is shown that at a 
boron concentration of 43.2 at. %. There is a sharp increase 
in the ID/IG ratio, which indicates the carbon component’s 
graphitization. At a boron concentration of 2.3 and 
17.4 at. % in the coating, low values of the ID/IG ratio are 
recorded, which suggests a high content of carbon atoms 
with sp3 bond hybridization. The XPS method shows that, 
depending on the coating’s boron concentration, boron can 
be found either in the form of carbide, boron oxide, or in 
the form of a separate phase. It is found that with 
increasing boron concentration, the concentration of 
carbon atoms in the state with sp3 bond hybridization 
decreases, accompanied by an increase in the 
concentration of B-C bonds and a decrease in the amount 
of pure boron. This behavior allows concluding that boron 
interacts with carbon atoms at high concentrations in the 
state of sp3 bond hybridization. 

Microhardness and modulus of elasticity of coatings 
with different boron concentrations have been determined. 
A decrease in the modulus of elasticity of doped carbon 
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coatings compared with undoped ones has been 
established. 

Critical loads of coatings destruction (LC) have been 
determined using sclerometry. The LC value, depending on 
the value of the coating adhesive interaction with the 
substrate, decreases with an increase in the boron 
concentration to 17.4 at. % and reaches maximum values 
of 20.5 N at high concentration. The dependence of the 
crack propagation resistance (CPRS) on the boron 
concentration is shown. The maximum CPRS values have 
been found to be characteristic of the a-C coating doped 
with boron with a concentration of 43.2 at. %. 

The ambiguous nature of the boron concentration 
influence is also manifested in the study of doped coatings’ 
mechanical properties. The friction coefficient varies from 
0.12 to 0.15 while maintaining a relatively low coefficient 
of the counterbody wear during friction, which, together 

with the data on mechanical parameters, determines the 
high efficiency of using doped coatings as antifriction 
ones. 
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