ORIGINAL RESEARCH ARTICLE

Effect of Nitrogen Pressure and Substrate Bias ®

Check for

Voltage on Structure and Mechanical Properties
of Vacuum Arc Deposited VN Coatings

A.S. KUPRIN, A. GILEWICZ, G.N. TOLMACHOVA, 1.0. KLIMENKO,
I.LV. KOLODIY, R.L. VASILENKO, and B. WARCHOLINSKI

The binary vanadium-nitrogen (V-N) coatings were formed using cathodic arc evaporation.
Two sets of coatings were produced using: (a) nitrogen pressure (pnz) from 0.001 Pato 3 Pa ata
constant substrate bias voltage (Ug) of — 100 V and (b) a substrate bias voltage from — 50
to — 300 V at a constant nitrogen pressure of 1.5 Pa. The influence of the above parameters on
the coating properties, in particular on the insufficiently investigated and described adhesion of
the coatings to the substrate, was demonstrated. The phase transformation V- V + V2N —
V + ¢-VN — h-VN — h-VN + ¢-VN and ¢c-VN — h-VN occurs for coatings formed with
increasing nitrogen pressure and substrate bias voltage, respectively. With the increase in pyp»
and Up, an increase in coating hardness and adhesion to the substrate is observed, as well as an

improvement in wear resistance.

https://doi.org/10.1007/s11661-023-07177-8
© The Author(s) 2023

I. INTRODUCTION

TRANSITION metal compounds with nitrogen,
carbon or a mixture of carbon and nitrogen form the
coatings with high hardness and wear resistance. Due to
such properties, the above-mentioned coatings are used
in many fields, mainl?f as a protective coatings on tools
and machine parts.'"” The chromium and titanium
based coatings were among the first to be used as
protective coatings and are still used today. Due to the
large number of publications devoted to them, it may be
assumed that they are probably the best studied among
transition metal nitrides. Similar protective properties
are also exhibited by other transition metal nitrides:
MoN, NbN, ZrN, VN.

One of the most interesting and relatively rarely
studied coating is the vanadium-nitrogen (V-N) system.
The melting point of chromium (Cr) is 1870 °C. The
melting point of vanadium is similar and is about
to — 1910 °C. The phase diagrams Cr-NP! and V-N*!
are also similar. They show that, as in the case of CrN,
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there are two stable phases in the V-N system: hexag-
onal V,N and cubic VN. They show high hardness as
well as wear resistance.

Thin nitride coatings of transition metal compounds
are formed mainly by the physical vapor deposition
(PVD) method. The VN coatings are formed by both
methods. PVD methods include: magnetron sputter-
ing,5 % cathodic arc evaporation,'”'® pulsed laser
deposition,!'”?” reactive electron beam evaporation,”"
high power impulse magnetron sputtering (HiPIMS).[*%!
Cathodic arc evaporation (CAE) is characterized by a
high degree of plasma ionization and a high kinetic
energy of ions compared to other methods of coating
synthesis.**! Therefore, the formation of the coatings by
CAE technique due to the unquestionable advantages of
high density and good adhesion to metal substrates is
widely used. Chemical Vapor Deposition (CVD) depo-
sition method is also applied for VN coatings.***"

It is known that the technological parameters of
coating formation, e.g., substrate bias voltage, reactive
gas pressure, arc current, substrate temperature, rota-
tional speed of substrate holder, source-substrate dis-
tance strongly affect the properties of coatings.!!!->3-2¢!
The coating deposition rate, their structure and pre-
ferred orientation, chemical composition, mechanical
and especially tribological properties are influenced,
among others, by the substrate bias voltage and gas
pressure. Thus, these are the parameters that enable the
desired coating properties to be obtained. Another
factor in the formation of coatings is technology
applied. In the case of formation of transition metal

METALLURGICAL AND MATERIALS TRANSACTIONS A


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-023-07177-8&amp;domain=pdf

nitride films using magnetron sputtering, the working
atmosphere is mixture of nitrogen N, and argon Ar
gases.'%12716 Few studies present the results of tests of
coatings formed in the atmosghere of pure nitrogen, and
rather as single samples.| I There are also published
papers presenting the results of tests of VN coatings
with addition of other elements!''*?* 3% and multilayer
coatings.[>3134

The VN coatings are tested relatively rarely compared
to other transition metal nitride coatings. At elevated
temperature oxidation of the coating may occur.* This
is due to e.g., friction between the tool and the
workpiece. The formed V,0,,,_; or V>0, vanadium
oxides with n from 3 to 6 are characterized by easy
crystallo% aphic shear planes with reduced blndlng
strength.*® This leads to a noticeable improvement in
the tribological properties of coatings, especially at
elevated temsperature.

Structurel>7--17:19.35.36]
erties, such as
Young’s modulus were the most fre-
quently studied properties of the V-N coatings. Fric-
tionl!!:12:17.18.27] and  wear of  the above
coatingst! 1217182127391 were Jess frequently studied.
The friction tests were performed on V-N coatings

[11,12, 37]
ynthe51zed by mdénetron sputtermg and multi-
arc ion plating!' bgy ball-on-disc!™'*!"! and recipro-
cating ball-on-plate!"®"! tests. The ALO;!'"'®3" and
100Cr6 steel balls!'""'? were used as counterparts. In the
tests, relatively small normal loads were applied (i.e., 2
N, (112,37 15 N3 and 10 N as well as sliding speeds
of 0.02 m/s!"”" and 0.05 m /s.""'*37] The coefficient of
friction and the wear rate were evaluated in a test on a
sliding distance of 200 m!'"'>'7'81 and 1000 m.*”

There are few reports on the adhesion of coatings!
and they concern only two compositions corresponding
to the phases V,N and VN. The test results for V-N
coating systems synthe51zed at different nitrogen pres-
sures are presented in a few reports.>®!11327N There is
no systematic research on the mechanical properties of
coatings formed in a breath of nitrogen pressures,
especially by cathodic arc evaporation.

The Cr;_, VN coatings we previously studied were
characterized by a decrease in both the coefficient of
friction and wear with increasing V content in the
coating.[*”! In the absence of systematic studies of V-N
coatings synthesized in a wide range of nitrogen
pressures and substrate bias voltage, especially with
regard to one of their most important properties
(adhesion) determining industrial applications, we
undertook the subject area of optimizing coating for-
mation and finding a relationship between the properties
of coatings synthesized by cathodic arc evaporation, and
technological parameters. An effect of above parameters
on the coatings morphology, structure, mechanical and
tribological properties was shown. Particular attention
has been paid to the so far poorly described adhesion of
the coatings to the substrate. The correlation of the
structure of coatings and the results of hardness and
adhesion with the results of their wear enables a more
complete assessment of the possibility of using coatings
on tools and machine parts as protective coatings.

and basic mechanical prop-

hc],I'dl’lCSSS 7,10-13,15-17,27,36-38] and
[10-12,16,17,27,37]

[17.27]
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II. EXPERIMENTAL

A. The Coating Preparation

A set of the VN coatings was deposited using
unfiltered cathodic arc evaporation (CAE) in a
“Bulat-6" system equipped with a V (99.9 pct) cathode
of 60 mm diameter. A vacuum-arc plasma source w1th
magnetic stabilization of a cathode spot was used.*
HS6-5-2 (DIN standard) steel substrates, 32 mm in
diameter and 3 mm thick with the chemical composition
(wt pct): C—0.87, W—6.4, Mo—35.0, V—1.9, Cr—4.2,
Mn—0.3, Si—0.4 and Fe (balance) were applied. The
substrates were finished to a roughness Ra of c.a. 0.02
um. The process of chemical cleaning of substrates and
their mounting on a planetary rotating holder is
described in Reference 41. Prior to the coating forma-
tion, the pressure in the vacuum chamber was reduced
to2 x 1077 Pa.

The process of synthesizing V-N coatings consisted of
three stages: ion cleaning, deposition at a pressure in a
vacuum chamber lower than 1 mPa of a thin (about 0.1
mm thick) adhesive layer of metallic vanadium, improv-
ing the adhesion of the V-N coating to the steel
substrate, and deposition of the proper V-N coating at
the given parameters as in Table I

B. Coating Characterization Techniques

The coatings synthesized at various substrate bias
voltage and nitrogen pressure were investigated to
characterize their thickness, surface morphology, crys-
talline structure, mechanical properties, as Young’s
modulus, hardness, adhesion, and tribological proper-
ties, i.e., friction and wear. All measurements were
performed at least 3 times except X-ray diffraction. A
greater number of measurements, 20, were made in the
case of hardness (and Young’s modulus) tests. The
average value of the R, and R, coating roughness
parameters was calculated from 5 measurements. The
friction process was carried out three times under the
same conditions. The profile of the wear track (to
determine the wear volume) was measured 4 times every
90° for each friction track. The following methods were
used to evaluate above mentioned properties, Table II.

The analysis of the friction test parameters presented
in the Introduction shows that no higher loads and
sliding speeds have been used so far. Therefore, in order
to check the behavior of the coatings in severe test
conditions, the parameters as in Table II were used.

III. RESULTS
A. Thickness of the Coatings

The coatings are characterized by thickness ranging
from about 2 um to about 6 um. The thickness and
other mechanical properties of the coatings strongly
depends on both variable technological parameters,
nitrogen pressure (Table III) and the substrate bias
voltage, Table IV.
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Table I. Technological Parameters of VN Coating Synthesize
Ton Etching Adhesive Layer VN Coating
V Cathode Current (A) 80 80 80
Argon Pressure (Pa) 0.5 —
Ist set 2nd set
Nitrogen Pressure (Pa) — 0.001 to 3 1.5
Substrate Bias Voltage (V) — 1300 — 100 — 100 — 50 to — 300
Time (min) 3 3 60
Temperature, 450 °C 450 °C 450 °C
Cathode-Substrate Distance (mm) 300 300 300
Rotation Speed (rpm) 30 30 30

B. Chemical Composition of V—N Coatings

In Figure 1 elemental composition of the coatings
deposited in various pn» and [Figure 1(a)] and the Up
[Figure 1(b)] are shown. It can be observed that as the
nitrogen pressure increases during the coating deposi-
tion, the nitrogen concentration in the coating increases.
The coatings, formed under a pressure of not less than
0.5 Pa, are almost stoichiometric and the N/V ratio is
approximately 1. The chemical composition of the
coating formed at Ug = — 50V is 43 at. pct V and
57 at. pct N. With the increase of the negative substrate
bias voltage, the V concentration increased almost
linearly to 47 at. pct (Ug = — 300 V). A decrease in
the N/V ratio is associated with a simultaneous decrease
in nitrogen concentration in the coatings, Figure 1(b).

Presented in Figure 1(b) data indicate that the
substrate bias voltage slightly changes the chemical
composition of V-N systems deposited using arc evap-
oration. The tested coatings are not stoichiometric, and
the N/V ratio decreases from about 1.3 (Ug = — 50 V)
to about 1.1 (Ug = — 300 V).

It should be added that a small amount of oxygen, up
to about 1.8 at. pct, was recorded in all coatings. It is
not an intentional introduction of oxygen into the
coating, but an impurity related to the applied method
of coating formation—cathodic arc evaporation. Due to
its small amount, it was not included in Figure 1.

An increase in the N/V ratio with nitrogen pressure
during coating deposition is commonly known.!%!!!13!
However, this ratio is presented differently depending on
the bias. Qiu er al. indicate that it grows and this
increase is associated with an increase in ionized
nitrogen ions."¥ In turn, Caicedo et al. found that the
obtained results®® did not indicate a significant effect of
the Ug on the chemical composition of the coatings.
They found that at bias from 0 to — 150 V, the atomic
percent of N and V was constant. Other results,
although only for coatings formed at Ug = — 70
and — 100 V, are presented in Reference 6. Here, a
decrease in the N/V ratio was observed with increasing
negative bias.

An almost homogeneous chemical composition is
observed [Figure 1(d)] in the cross-section of the coating
[Figure 1(c)]. Three zones can be distinguished in
Figure 1(d): (I) an increase in the amount of vanadium
and oxygen is visible with a simultaneous lower
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concentration of nitrogen. In zone (II) almost the same
concentration of elements is observed in the cross-sec-
tion of the coating, and in zone (III) the concentration
of the coating components decreases and the concen-
tration of iron from the substrate increases. Effects at
the boundary of zones (I) and (IT) and (IT) and (IIT) may
result from the diameter of the electron beam and the
analysis of the area above the boundary of the coat-
ing—environment or coating—substrate.

C. The Surface Morphology of V—N Coatings

The morphology of the surface of the coatings with
the highest and the lowest number of surface defects is
shown in Figure 2. The coatings were formed at nitrogen
pressure of 0.001 Pa [Figure 2(a)] and 0.2 Pa [Fig-
ure 2(b)]. The surfaces of other tested coatings had an
intermediate amount of surface defects.

Among the many types of defects that may appear on
the surface of the coating (nodular—n, red arrows in
Figures 2(a), (b), flake, hole/crater—c, yellow arrows,
droplet defects—d, blue arrows), the latter most often
occur in coatings synthesized using the cathodic arc
deposition method. The above defects deteriorate the
coating surface quality. Defects in the surface of the
coating are the result of the deposition of droplets
formed in the arc discharge on it. Droplet defects tend to
be more regular in shape than other defects and are
usually spherical or oval. They are poorly bonded to the
coating. Other defects observed on the surface are
discontinuities of the coating—holes or craters of
different sizes. Craters are likely formed by the detach-
ment of a droplet defect from the surface of the coating
due to stresses in the growing coating.

The roughness parameters R, and R, (Table III) are
the highest (0.25 & 0.03 and 2.06 £+ 0.23 um, respec-
tively) for the coating with the highest number of surface
defects. The increase in nitrogen pressure in coating
deposition results in almost twice decrease in their
roughness to the values of 0.13 4 0.01 and 1.1 £ 0.1um,
respectively. The coatings synthesized under higher
nitrogen pressure are characterized by similar roughness
of the coating surface, about 0.18 + 0.2 and 1.3 + 0.1
wm, respectively.

The coatings formed with increasing negative sub-
strate bias voltage show slightly decreasing values of
roughness parameters, Table IV.
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D. Structure of V-N Coatings

The coatings formed under a small nitrogen pressure,
0.001 to 0.03 Pa, show only diffraction line (110) from
metallic vanadium phase, Figure 3(a). Phase identifica-
tion was performed according to ICDD card
01-085-4783. Other expected diffraction lines, mainly
positioned at 61.2° (200), 77.2° (211) and also the others,
were not recorded probably due to their much lower
intensity. The coatings synthesized at pny of 0.07 and
0.2 Pa show apart from (110) V the diffraction line also
(211) V line. There is (pn2 = 0.03 and 0.07 Pa) also a
diffraction line located at about 41.6° coming from the
most intense (111) line of V,N hexagonal phase (ICDD
00-032-1413) or (110) V line. In the coatings synthesized
at pn2 of 0.2 Pa and above, the presence of the cubic
phase of vanadium nitride, c-VN (ICDD 00-035-0768)
and also h-VN phase can be observed.

The highest intensity of the diffraction lines was
observed for the coating synthesized pn, = 0.5 Pa, and
slightly lower for the coating formed at pn, = 0.8 Pa. It
is the (001) h-VN phase line (ICDD 01-080-2702).This
suggests that these coatings are the best crystallized.

In the coatings formed under a nitrogen pressure
ranged from 0.5 Pa to 1.5 Pa, the (001) and (002) h-VN
lines are observed, and in a coating synthesized at
pn2 = 1.5 Pa and 3 Pa also, the most intense (101)
diffraction line according to the applied standard, of low
intensity here. A (200) diffraction line of the cubic phase
of vanadium nitride, c-VN was observed in the coatings
formed under nitrogen pressure ranged from 0.8 Pa to
3 Pa. No diffraction lines of (220), (311) and (222)
planes parallel to the substrate surface from the c-VN
phase were observed. Their strong texturing is indicated
by different intensities of diffraction lines characteristic
for above phases.

Cubic and hexagonal VN phases of were detected in
the coatings synthesized in the previously presented
range of substrate bias voltage, Figure 3(b). The coating
synthesized with the lowest Ug = — 50 V crystallized
in cubic crystal system with space group Fm-3m. In the
coatings formed at substrate bias voltage ranged from

100 to — 200 V the mixture of cubic and hexagonal
phases is present. In other coatings from this set of
samples only hexagonal phase is observed. On the
diffractograms of all samples, except the diffraction lines
from the coating, there are also lines from the substrate.
It is also worth noting that the determination of
substructural characteristics was not carried out for
phases with a low content in the sample (due to the weak
intensity of the lines or an insufficient number of them).
All coatings are strongly textured, the higher the Uy, the
more pronounced the texture.

With the increase in nitrogen pressure during the
coatings synthesis, the lattice parameter of the pure
vanadium cubic phase decreases from 0.3036 nm
(pn2 = 0.001 Pa) to 0.3012 nm (pny = 0.2 Pa), while
the lattice parameter of the cubic and hexagonal phase
of VN increases, %ure 4(a). A similar effect was also
reported previously.

The lattice parameter of a cubic VN phase decreases
from a = 0.4142 nm at Ugs = — 50V to a = 04114
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nm at Ug = — 200V, Figure 4(b). For hexagonal
vanadium nitride, parameter a decreases, and parameter
¢, on the contrary, increases with Upg increase. The
lattice parameter is similar to the value in the above
mentioned ICDD cards, which proves the low-stress
level in the tested coatings.

The same effect, decrease the lattice parameter from
0.4117 nm for VN coating formed using magnetron
sputtering at substrate bias voltage of 0 V to 0.4092 nm
for coatrng formed at substrate bias voltage of — 150

V. Simultaneously, decrease in the lattice constant is
accompanred by a reduction in the crystallite size. For
coatings formed at the above substrate bias voltages, it
was 34 nm and 7 nm, respectively.®

The influence of both variable coating synthesis
parameters (pn»> and Ug) on the crystallite size is also
registered, Figures 4(c), (d). With the increase of both
above mentioned parameters, a increase in the crystal-
lites of c-VN and their decrease in the h-VN are
observed.

E. Mechanical Properties of V—N Coatings

The hardness of the coatings synthesized under
different nitrogen pressure increases from about 1.5
GPa (pn2 = 0.001 Pa) to about 37 GPa (pn> = 0.2 Pa)
and then decreases to about 15 GPa (pn2 = 3 Pa),
Table III. Similar changes are observed for Young’s
modulus, with the maximum being observed for the
coating synthesized under pn> = 1.5 Pa to 570 GPa.
With the increase of negative bias, the hardness and
Young’s modulus of the coatings increase, Table III.

Aissani et al. stated, that with increasing nitrogen
flow, the hardness of the magnetron sputtered VN
coatrnf% s increased from approx. 11 GPa to approx. 26
GPa.l'!l This is probably due to a change in the stresses
in the coating showing the same tendenc gy A compara-
ble result was presented by Qiu et al ' An opposite
effect was confirmed by Huang er all'” They showed
that with increasing nitrogen flow there was a decrease
in hardness from approx. 32 GPa to approx. 30 GPa.
This was consistent with a change in compressive
stresses in the coatings.

Hardness measurements of a set of coatings synthe-
sized at different substrate bias voltages show an
increase in hardness with Ug, as previously
reported.’®13! The opp051te effect, a decrease in hardness
with Usg, is also observed.’

The coating synthesized at px, = 0.001 Pa is almost
pure vanadium (99.9 at. pct) and its hardness is about
1.5 GPa (Table III). For this reason, not all mechanical
and tribological properties for this coating were
investigated.

The scratch method consists in moving the indenter in
two mutually perpendicular directions, horizontally—
with constant velocity, and vertically—with rising load.
Under the critical load characteristic for the coat-
ing-substrate system, the indenter initiates coating
cracking, pressing it into the substrate, and finally
separating it from the substrate. In this test made it is
possible to determine the critical load, i.e., the load at
which the delamination of the coatings occurs: the
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Table II. Properties of the Coatings—Characteristics of Instruments Applied
Property Instrument/Type (Manufacturer) Details
Coating Thickness calotest spherical abrasion test method

Surface Profile

Surface Morphology

Elemental Composition

Phase Composition

Hardness

Adhesion

Friction and Wear

contact profilometer/Hommel Tester T8000
(Hommelwerke GmbH, Schwenningen,
Germany)

scanning electron microscope / JSM-7001F
(JEOL Ltd., Tokyo, Japan)

optical microscope/Nikon Eclipse MA200
(Nikon Corporation, Tokyo, Japan)

scanning electron microscope (JSM-7001F)
equipped with EDS (energy dispersive X-ray
spectroscopy) microanalyzer JEOL
EX-24063 JG

(JEOL Ltd., Tokyo, Japan)

X-ray diffractometer/DRON-4-07
(Bourevestnik, Saint Petersburg, Russia)

nano indenter/G200 system
(Agilent Technologies, Santa Clara, CA)

Scratch tester/revetest
(CSM Instruments, Peseux, Switzerland)

Daimler-Benz test

ball on disc / T-01 M
(Institute for Sustainable Technologies,
Radom, Poland)

inductive TKL 100 sensor with a diamond stylus
tip—tip angle 90° and a nominal tip radius of
1.5 um

tracing length—4.8 mm, tracing speed: 0.15 mm/
s, measuring length—4.0 mm, resolution:
0.1 um

the accelerating voltages was of 10-15 kV

magnification objective, low—x 1, x2.5x and top
quality high magnification objectives (50x,
100x) were applied

the accelerating voltages was of 10-15 kV. The
elements were analyzed with an accuracy of
approx. 0.5 at. pct (V) and 1.5 at. pct (O)

a Cu-Ko radiation (4 = 0.154056 nm),
U = 35kVand I = 20 mA. Phase
analysis—ICDD PDF-2 international
database of crystallographic compounds.
The analysis was carried out according to the
Williamson-Hall method. Annealed
silicon-silicon powder was taken as a
reference for the selection of
instrumental line broadening
the system equipped with Berkovich diamond tip.
The continuous stiffness measurement
method was used. The average hardness was
calculated from ten indentations
intender—diamond C Rockwell type,
radius—200 um
Measurements—scratch length—10 mm, indenter
speed—10 mm/min, loading force increase 0 to
200 N
number of scratches—at least three
critical loads—Lcl—the first damage to the
coating appears, from the curve of acoustic
emission as a function of normal load recorded
during testing and microscopic observations,
Lc2—complete delamination of the coating,
determined from microscopic observations
the Baimler -Benz test was performed by applying
a force of 1471N to the coating. It is a
qualitative destructive test for coating / sub
strate systems. In this test, damage to the
layer adjacent to the Rockwell indentation
boundary is observed and compared with a
defined pattern of adhesion force.**
counterpart—Al,O3 ball, 10 mm in diameter,
hardness of 15 GPa and Ra < 0.03 ym
test conditions—normal load 20 N, sliding dis-
tance of 2000 m, sliding speed 0.2 m/s, sliding
radius—12 mm, dry sliding, ambient tempera-
ture, humidity around 50 pct
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Fig. 1—Elemental composition of the V-N coatings deposited under different (@) pn> and (b) - Ug. The cross-section of the coating deposited
under nitrogen pressure of 1.5 Pa and substrate bias voltage of — 100 V (¢) and the EDS analysis in the cross-section (d). Dotted lines in this
and other figures are only for eye guiding.

Fig. 2—SEM pictures of the V-IN coatings formed under pn;: (a) 0.001 Pa, (b) 0.2 Pa.
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Table III. Characteristics of V-N Coatings Formed Under Various Nitrogen Pressure

Nitrogen Pressure, pn» [Pa]
Parameter 0.001 0.03 0.07 0.2
Thickness (um) 20+£02 25+02 3.0£ 0.2 35+£02
Roughness R, (um) 0.25 £ 0.03 015 £ 0.02 0.16 = 0.03 0.13 £ 0.01
Roughness R, (um) 2.06 + 0.23 1.14 £ 0.22 1.35 £ 0.42 1.09 + 0.11
Hardness 1.5+ 0.3 277+ 1.5 322+22 373 £ 2.1
Elastic Modulus 70 £+ 8 328 + 21 387 £ 23 522 £+ 26
Critical Load (N) — 70 £ 15 66 + 13 87 £ 4
Wear Rate, x 1077 (mm?®/Nm) 132 £+ 32 17.0 £ 2.1 7.2 £ 1.1 1.3+£02

Nitrogen Pressure, pn» [Pa]
Parameter 0.5 0.8 1.5 3.0
Thickness (um) 37£03 4.0 +£0.3 57+£04 47+ 04
Roughness R, (um) 0.19 £ 0.02 0.17 £ 0.02 0.18 + 0.03 0.18 + 0.02
Roughness R, (um) 1.31 &£ 0.06 1.43 + 0.06 1.19 £ 0.07 1.31 £ 0.18
Hardness 364 £2.5 348 £ 1.8 29.0 £ 1.5 156 £1.2
Elastic Modulus 537 £ 29 516 £+ 33 570 £ 30 365 + 24
Critical Load (N) 92+5 80 £ 1 113+ 2 146 £ 3
Wear Rate, x 1077 (mm?®/Nm) 12403 0.6+ 04 13403 1.5+04

coatings synthesized at various pno (Table 111) or Usp,
Table IV. It can be seen that the adhesion of the
coatings increases almost linearly from about 70 N
(pn2 = 0.03 Pa) to about 140 N (pn» = 3 Pa) with
nitrogen pressure. The coatings synthesized at various
substrate bias voltage have a more complex dependence
on Ug. The lowest Lc, value is characteristic for

coatings synthesized at Ug = — 150 V, about 100 N.
At other voltages they show higher adhesion—about
150 N (Ug= —50V) and about 120 N

(Ug = —300V).

The same test on the Vo,N and VN coatings showed
significantly higher critical load Lc, for VN coating—
about 130 N than V,N—about 80 N.*” Critical load
Lc; corresponding to the cohesive failure for the above
coatings are slightly lower, about 10 pct. The much
lower Lc; critical load for the VN (63 N) coating is
presented in Reference 17.

In Figure 5 a big difference in critical loads and
coating failures of selected coatings is presented. It is
worth pointing out that the value of the critical load (30,
60 N, ezc.) presented in Figure 110 refers to the center of
the fragment of the appropriate scratch, and the width
of the scratch image corresponds to the difference in
critical loads equal to 2 N. With a load of 30 N, the
scratch after passing the indenter is hardly visible. All
coatings are not damaged. At a load of 60 N, conformal
cracking™®! is visible in the coating formed at 0.2 Pa,
when coating try to conform to the groove. Above
damages are open away from the direction of scratch.
The other coatings are characterized by a rather smooth
scratch bottom. One can also notice small chipping on
the edge of the scratch. Cohesive failures of the coatings
occur at a load between 30 N and 60 N. Increasing the
normal load results in more severe damage to the
coating, its cracking and chipping, especially at the
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scratch boundaries, and leads to the
delamination.

The coatings are characterized by good adhesion with
a critical load of above 66 N, Table III and IV. Another
quick method for evaluating coating adhesion is the
Rockwell test in which both coating brittleness, cohe-
sion as well as the interfacial adhesion is exhibited. The
microscopic image of the type of cracks in the coating
and its delamination at the indentation boundaries are
analyzed. The coating adhesion is then assigned to one
of the six adhesion classes. The best adhesion is
demonstrated for coatings showing only radial cracks
of the coating at the edges of the indentation and the
presence of no more than a small local delamination of
the coating.

All tested coatings synthesized under variable nitro-
gen pressure (Figure 6) and the substrate bias voltage
(Figure 7) show acceptable failures and can be classified
as HF1. Figure 6 shows the failures of the coatings
synthesized at pn» of 0.03 Pa, 0.07 Pa, 0.5 and 3 Pa, i.e.,
characterized by the lowest [Lc, = (66 £ 13) N, prno =
0.07 Pa, Figure 6(b)] and the highest (Lc, = (146 + 3)
N, pn2 = 3 Pa, Figure 6(d) adhesion. The coatings
synthesized under the other pressures showed slight
radial cracks as in Figures 6(c), (d).

The coatings synthesized at various substrate bias
voltages have a critical load above approx. 100 N. The
highest load is shown by the coating formed at Ug =

— 50V, about 147 N [Figure 7(a)], while the low-
est—about 97 N, the coating formed at Ug = — 150V,
Figure 7(b). A critical load of other coatings is about
110 to 120 N.

coating

F. Tribological Properties of V—N Coatings

Figure 8 shows examples of friction coefficient
changes over time, and in the tables inside, a list of
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Table IV. Characteristics of V-N Coatings Formed Under Various Substrate Bias Voltage

Substrate Bias Voltage, Uy [V]

Parameter — 50 — 100 — 150 — 200 — 300
Thickness (um) 57+£04 57+ 04 52+04 5+£04 38£03
Roughness R, (um) 0.19 £ 0.04 0.18 £+ 0.03 0.18 £ 0.01 0.13 £ 0.01 0.18 £ 0.02
Roughness R, (um) 1.45 + 0.40 1.19 £ 0.07 1.32 + 0.09 1.22 +0.35 1.31 £ 0.12
Hardness 202 £ 1.5 29.1 £ 2.2 359+ 1.9 372+ 2.0 357+£23
Elastic Modulus 391 £ 33 570 + 30 523 £ 22 510 + 35 492 £+ 38
Critical Load (N) 147 + 4 113 £2 97+ 9 114 £ 3 121 £ 6
Wear Rate, x 1077 (mm?/Nm) 57403 13403 0.8 +0.3 08+£0.2 0.5+ 0.2
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Fig. 3—XRD patterns of the V-N coatings synthesized under different (a) pn> and (b) Ug. Symbol ““s” in both figures means substrate.

calculated friction coefficients for coatings formed at
different nitrogen pressure [Figure 8(a)] and substrate
bias voltage [Figure 8(b)].

Relatively high values of friction coefficient from 0.51
to 0.66 were recorded for V=N coatings synthesized at
nitrogen pressure from 0.03 Pa to 3 Pa, Figure 8(a). A
slight decrease in the friction coefficient with increasing
nitrogen pressure can be noticed. The slope of the least
squares line is about — 0.05.

For coatings synthesized at different substrate bias
voltages the values of the coefficient of friction are
similar. However the nature of their changes is different.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The friction coefficient increases almost linearly from
0.56 (Ug = —50V) to 0.67 (Ug = — 150 V) and
then decreases to 0.48 (Ug = — 300 V), Figure 8(b).
In Table III and IV are summarized the wear rates
(kv) for all coatings calculated as the volume of coating
material removed from the friction track during the
ball-and-disk test divided by the product of the length of
the sliding distance and the normal load. With increas-
ing nitrogen pressure in deposition process, the wear
rate of the VN coatings decreased. The coating formed
at a pressure of 0.001 Pa with a metallic vanadium
structure (Table III) is characterized by a high wear rate,
about 3.2 x 107> mm®/Nm. This rate is much lower for
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Fig. 4—Lattice parameter (a, b) and crystallite size (¢, d) of the V-N coatings synthesized under different pn» (a, ¢) and Ug (b, d).

the coatings formed with nitrogen pressure not lower
than 0.2 Pa - below 1.4 x 10~" mm?®/Nm, Table III.
This means that the coatings synthesized at higher pno,
where the N/V ratio is close to | or higher, are
characterized by better wear resistance.

The coatings synthesized at various substrate bias
voltages are characterized by lower wear rate. For the
coating formed at substrate bias voltage of — 50 V, it is
the largest and amounts to approximately 5.7 x 107’
mm?*/Nm, and decreases to about 4.9 x 10~® mm?/Nm
(Table 1V) with the increase of negative substrate bias
voltage.

A comparison of the same coatings produced using
cathodic arc evaporation and magnetron sputtering
indicates a higher wear resistance of the former. Aissani
et al" reported that the lowest value of the wear rate
(2.72 x 10> mm?®/Nm) was observed for the coating
formed in Ar + N, mixture at nitrogen flow rate of 20
sccm, corresponding to ratio of N/V = 1. The coatings
formed at lower and higher nitrogen flow rates were
characterized by a higher wear rate - worse wear
resistance. They also showed the dependence of the
wear rate on the coating thickness, the wear rate
decreasing with increasing coating thickness.!'”
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Similarly, the coating formed using cathodic arc ion
plating technique with the ratio of N/V = 0.86 had a
wear rate of about 3 x 107® mm®/Nm and a friction
coefficient against Al,O5 ball of 0.68.1*% Similar results
of the wear rate and coefficient of friction were shown
for the V(C)N coatings by Cai et al. [217].

Similar coatings, formed by cathodic arc evaporation,
tested under the conditions presented in this work
(normal load 20 N, sliding speed 0.2 m/s and sliding
distance 1000 to 2000 m) had lower wear rates. For CrN
it ranged from 1 x 10" *mm?*/Nmto 2 x 107" mm’/Nm
depending on the concentration of nitrogen in the
coating,* while for Cr- V-N it decreased from
4.1 x 107 mm*/Nm (CrN) to 1.2 x 1077 mm®/Nm "

However, significantly lower values for the wear rate
are also shown. The coatings deposited by magnetron
sputtering, tested in the reciprocating ball-on-disc with
Al,O; ball as a counterpart, under the sliding speed and
normal load of 0.05 m/s and of 5 N, respectively,
showed a wear rate of about 3 x 10~® mm?*/Nm.>”

In Figure 9 are presented selected wear tracks of
investigated coatings formed under different nitrogen
pressures. There is a noticeable reduction in the wear
track width. The coating synthesized at pn> = 0.03 Pa
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Fig. 5—The view of scratches from scratch test of the V-N coatings synthesized under various nitrogen pressure pnp.

is characterized by maximum wear track depth (about
2.1 ym) and width (about 780 um), which indicates high
abrasive wear. The coatings synthesized at higher
nitrogen pressures are characterized by a smaller wear
track width and depth. Only small abrasive wear is
observed, Figures 9(b) through (d). No wear debris was
observed at the edges of the tracks. For the coating
synthesized at pno = 0.2 Pa [Figure 9(b)], the wear
track width and depth are approximately 542 and 0.38
um, respectively, and decrease to approximately 480 and
0.26 um for the coating synthesized at pn> = 3 Pa,
Figure 9(d). The smallest width (about 430 um) was
found for the coating synthesized under pny = 0.8 Pa.
It also shows the smallest wear depth - about 0.22 um,
Figure 9(c). This coating is characterized by the lowest
wear rate, (6.2 & 0.5) x 10~® mm?®/Nm (Table III).

Small wear track depths for the coatings formed
under pnp > 0.2 Pa means that with increasing in N/V
ratio in the coatings increases their wear resistance. The
wear tracks of the above coatings are smooth without
debris, which indicates their better tribological
performance.

Figure 10 shows two images of friction tracks in the
coatings from the set formed at different substrate bias
voltage, with the lowest bias, Ug = — 50 V [Fig-
ure 10(a)] and the highest Ug = — 300 V [Figure 10(b)].
The wear tracks of the other coatings from mentioned
set are similar to the image shown in Figure 10(b).
Among the set of coatings formed at different substrate
bias voltage, the coating formed at Ug = — 50 V has
the largest width, about 544 ym and a wear track depth
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- about 1.0 um. High abrasive wear of the coating is
visible. The same abrasive mechanism is likely to occur
as for the coating synthesized at pny = 0.03 Pa.

The coating formed at Ug = — 100 V has a width of
about 510 um and a significantly smaller wear track
depth, about 0.20 um. The wear track width decreases
almost monotonically to about 420 um (Ug = — 300
V) with negative substrate bias voltage increase. The
change in the wear track depth has a similar character.
For the recently presented coating it amounts to about
0.12 um.

In Figure 11 are presented the SEM surface of the
coating at two magnifications [Figures 11(a), (b)] and
the results of the elemental analysis of the surface
[Figure 11(c)], as well as SEM images of the wear track
[Figure 11(d)] and its bottom [Figure 11(e)] and the EDS
results [Figure 11(f)] of the bright area, white rectangle
in [Figure 11(e)]. The smooth bottom of the path is
visible with craters from poorly bonded macroparticles
removed from the coating surface in friction test. There
is also a significant difference in oxygen concentration in
the coating and in the friction track. The N/V ratio in
both cases [Figures 11(c), ()] is similar and amounts to
about 1.08.

The wear rate of the Al,O3 counterpart is about one
or two levels lower than that of the tested coatings. As
can be seen in Figure 12, where images of abrasion of
several counterparts are shown, the largest diameter of
abrasion is shown by the ball cooperating with the
coating synthesized under a pressure of 0.03 Pa, about
850 um.
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Fig. 6—Rockwell indentation images of the V-N coatings synthesized at pn» of: () 0.03 Pa, () 0.07 Pa, (c) 0.5 Pa, (d) 3 Pa.

This corresponds to a ball wear rate (kb) of approx.
6.6 x 107® mm?/Nm. The wear rate of this coating is
1.7 x 10~ mm?/Nm. For coatings synthesized at higher
nitrogen pressure, the counterpart abrasion diameter is
smaller, as well as the wear rate is lower for them. For a
coating formed under a pressure of 0.8 Pa, the ball
abrasion diameter is about 630 um (kb = 1.9 x 10~*
mm?/Nm, kv = 6.2 x 10~* mm?/Nm). A slightly larger
ball wear diameter (about 640 um) was observed after
the test with a coating synthesized under a pressure of
3 Pa. It is characterized by a slightly higher coating wear
rate (approx. 1.5 x 10" mm?/Nm) than the previously
described one. It was observed that the lower the wear
rate, the smaller the wear diameter of the counterparts.

IV. DISCUSSION
A. Effect of Nitrogen Pressure

With increasing nitrogen pressure, the number of ions
involved in the coating formation process increases. As a
result, the thickness of the coating increases, and due to
the constant time of their formation, the deposition rate.
However, as nitrogen pressure increases, the number of
collisions increases, which can reduce the kinetic energy
of the particles, their velocity and free path. As a result,
the deposition rate may decrease. Another phenomenon
is “‘target poisoning”’. Higher melting point of vanadium
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nitride synthesized on the cathode surface (2050 °C)
than of the vanadium cathode (1910 °C) may reduce the
deposition rate of the VN coatings.

The results of many studies confirm the decrease in
the deposition rate of V-N coatings with nitrogen
pressure increase.'®!1314 This may be related to a
decrease in the target sputtering rate as a result of
“target poisoning”.t'*!¥

What is important, however, is the atmosphere in
which the coating is deposited. The findings of Zhang
et al™¥ indicate higher sputtering capability of argon
compared to nitrogen. This means that the deposition
rate of the coating synthesized from the vanadium
cathode in an atmosphere of a mixture of nitrogen and
argon is completely different than in a pure nitrogen
atmosphere. Thus, the deposition rate of the coatings
formed in the Ar + N, atmosphere will decrease with
increasing nitrogen content in this mixture of gases.

The analysis of the above phenomena shows that in
the case of the coating formation in a nitrogen atmo-
sphere, the increase in the deposition rate results from
an increase in its pressure. The increase in collisions of
gas atoms causes a decrease in their kinetic energy.
Resputtering efficiency drops, which causes an increase
in the deposition rate. Similar effect was observed, for
example, in CrNM7 and CrAIN 2

The surface quality of the coating and its morpho-
logical features are influenced by two factors: the quality
of the substrate preparation and the method of the
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Fig. 7—Rockwell indentation images of the V-N coatings synthesized at Ug: (@) — 50 V, (b) — 150 V, (¢) — 200 V, (d) — 300 V.
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Fig. 8.—Dependence of friction coefficient on test time of the V-N coatings synthesized under nitrogen pressure of 0.2 Pa () and substrate bias
voltage of — 300 V (b). Inside, tables with friction coefficients of coatings formed in various pn» and Ug.

coating formation. The morphological features of the
substrate are reflected on the coating surface, usually
this effect is magnified.[*®! Therefore, all substrates were
mechanically prepared and ion-cleaned in the same
manner and under the same conditions. The purpose of
these treatments was eclimination of irregularities and
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fine particles from the substrate surface that could result
in coating growth defects due to the shadowing effect.
The method of the coating deposition also demonstrates
a significant impact on the quality of its surface. The
coatings formed by the magnetron sputtering method
are characterized by much smaller number of surface
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Fig. 10—Optical microscopy images of the V-N coatings synthesized under substrate bias voltage of: () — 50 V, (b) — 300 V.

defects than those synthesized by cathodic arc evapora-
tion.*®*¥1 1t should be noted that the cathodic arc
evaporation deposition method is characterized by a
large number of defects such as nodular, flake, hole/
crater, droplet defects and others. In general, they
worsen the surface roughness of the coating, cause pores
as a result of the removal of droplets by high compres-
sive stresses in the coating, and may contribute to local
loss of its adhesion. However, the number of surface
defects can be reduced by reducing the arc current
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(which leads to a lower deposition rate and extending
the time of the coating deposition process), increasing
the partial pressure of the reactive gas during deposition
(see Table III) or increasing the substrate bias voltage
(see Table 1V), which results in increased re-sputtering.
No flake defects were observed, which may indicate
good adhesion of the coatings to the substrate.

The phase transformation of the coatings related to
the increasing nitrogen pressure during their formation
is quite complex. At low pressure of nitrogen, only the
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Fig. 12—Abrasion of the Al,O; ball counterpart after a dry sliding wear test against V-N coatings synthesized at nitrogen pressure: (a) 0.03 Pa;

(b) 0.8 Pa; (c) 3 Pa.

vanadium V phase synthesizes. In the shells synthesized
at pno > 0.03 Pa, apart from the V phase, the addition
of the V,N phase, and then the cubic c-VN phase is
observed. At a nitrogen pressure above 0.5 Pa, highly
textured coatings are formed consisting of VN phases:
hexagonal h-VN and cubic ¢c-VN. At pno = 0.5 Pa,
h-VN nitride is formed, above this pressure, a decrease
in the amount of h-VN nitride in the coatings and a
corresponding increase in the content of c-VN nitride
are observed. Based on diffractograms of the coatings
synthesized under different nitrogen pressure [Fig-
ure 3(a)], the diagram of structure evolution can be
shown , Figure 13.

The lattice parameters increase of VN-h and VN-c
nitrides is also observed with increasing the nitrogen
pressure during coating synthesis, Figure 6(a). This may
be due to the higher nitrogen concentration in the
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coating, Figure 2(a), resulting in the observed increase in
microstress.

Figures 1(a) and 4(c) show that the crystallite size
decreases with the increase of the N/V ratio. According
to the Hall-Petch relationship, this may be responsible
for the observed increase in hardness, Table III. The
increase in the lattice parameter with the N/V ratio
observed here is confirmed by previous studies of
coatings formed by magnetron sputtering.!'+'%

The hardness of the material depends on many
factors, including the V-N ionic binding energy, the
ordering of the structure, the additives present in the
structure and their amount, microstructure and poros-
ity. It was previously reported that TiN coatings with
(111) crystal plane show the highest hardness.®” Tt
seems that because V-N coatings are characterized by
the space group number (225) and similar lattice
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Fig. 13—Structure evolution of the V-N coatings with nitrogen increase.

parameter one can expect similar behavior. As can be
seen in Figure 3(a), the (111) VN diffraction line is
visible in the coating formed under the pressure of
0.2 Pa. This coating is characterized by the highest
hardness among coatings formed under pressure in the
range of 0.001 Pa to 3 Pa, Table III.

The high values of the critical force Lc, are related to
the used Rockwell C indenter with a diamond tip radius
of 200 um and the type of substrate on which the coatin%
was synthesized. One of the findings of Valleti er al.®
was to determine the relationship between substrate
hardness and adhesion. They found that the higher the
hardness of the substrate, the higher the adhesion of the
coatings. Here, the coatings were deposited on heat-
treated HS6-5-2 steel substrates.

The friction coefficient of VN coating synthesized at
pressure of nitrogen below 0.1 Pa is high, Figure 8(a).
Such a high value is probably related to the hexagonal
V,N phase presence in the coating.

In the initial sliding stage [friction curve in Figure 8(a)],
a low value of the friction coefficient is observed, which
then quickly increases to a constant level after about 250 s
of the test, i.e., 50 m of the sliding distance. Surface
roughness plays an important role in this running-in
stage. Coatings with high roughness, in which the contact
surface of the coating with the counterpart is small
(runnin%-in stage, are characterized by a low coefficient of
friction,'!! which increases as the surface defects
(macroparticles) are removed and the contact area of
the coating with the counterpart increases.

It should also be added that no detachment of the
coating from the substrate was observed in the wear track
for any of the observed coatings. The test parameters,
especially the sliding distance, were selected so that the
wear depth was not greater than the thickness of the
coating. It is known that friction coefficients of coat-
ing-counterpart and substrate-counterpart systems differ
significantly. As can be seen in Figure 8, no significant
changes in the friction coefficient were observed on the
selected distance of 2000 m, which suggests contact of the
counterpart with the coating only and indirectly indicates
the absence of delamination in the friction track.
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Increasing Pn,

Tribological studies of Ti-N coatings showed the
correlation of low friction and high wear resistance with
crystalline orientation. It has been shown that due to the
higher packing density (111), the crystal Plane of the
coating is characterized by low friction.'” Such effect
was also observed for a coating formed under a pressure
of 0.2 Pa, Figure 8(a).

The wear rate of the coatings is generally very low,
except for the coating synthesized at 0.001 Pa of
nitrogen pressure with a characteristic metallic vana-
dium structure, Table III. This is related with the way
the coatings are deposited. Those synthesized by the
cathodic arc deposition method, compared to those
formed by magnetron sputtering, are characterized by
better mechanical and especially tribological properties,
including wear rate.*”! The differences in the wear rate
may also result from different hardness and structure of
tested coatings made of vanadium and nitrogen.

The hardness of the coating formed under the
pressure of 0.001 Pa is small (Table III), therefore it is
significantly less compared to the hardness of the
applied counterpart - alumina ball. Therefore, the
coating wear was abrasive. The wear width and wear
depth were the greatest in comparison to the other
coatings, Figure 9(a), which resulted in the big wear
rate, Table III. The coatings formed at nitrogen pressure
not less than 0.03 Pa have a hardness above 25 GPa,
and also lower roughness, Table III. Hence, smaller
wear depths and a smaller calculated wear rate. No
cracks or chipping were observed in the wear tracks -
they are smooth, Figures 9(b) through (d). It proves the
abrasive wear of the coatings investigated.

Although the friction test was carried out in dry
conditions and at room temperature, tribochemical
reactions on the coating surface and a formation of
oxides cannot be excluded. These oxides contribute to
the improvement of the coatings abrasion resistance.
The presence of vanadium oxide V,Os5 was observed in
loose wear debris in the VN coatings.””! A similar effect,
the presence of oxides in the wear debris, occurred in
coatings such as CrN, MoN and TiN, i.e., transition
metal nitrides.”
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The SEM and EDS image of the wear track,
Figures 1l1(e), (f), indicate a high concentration of
oxygen in the bright part of the bottom of this track.
The presence of light and dark surfaces next to them
suggests the possibility of a different concentration of
oxygen. It was confirmed that the concentration of
oxygen in dark areas is higher than in bright areas.>?
The N/V ratio is comparable in the coating and in the
wear track. The oxidation of the coating during the
friction test may be due to the so-called ““flash temper-
ature”’, dependent on, inter alia, normal load, sliding
velocity, coating-counterpart friction coefficient, ther-
mal conductivity of the coating and counterpart, as well
as coating hardness.®™ The “flash temperature”, taking
into account the above dependencies, can reach several
hundred degrees, which is sufficient for the oxidation of
the coating and form a V-O tribolayer.[*3:3%%

There are two reasons for the increase in oxygen
concentration in the wear track: from the Al,Oj3
counterpart material and the absorption of oxygen
from the air during the friction test. The first reason is
unlikely due to the absence of aluminum from the
counterpart in the wear track.

The formation of areas with different oxygen concen-
trations may be related to their different mechanical
properties. A local increase in hardness or friction
coefficient observed, for example, in AICrN coatings?®®
may cause a higher flash temperature and, as a result of
this catalytic phenomenon, an increase in oxygen
concentration. This higher local temperature resulting
from friction enables the formation of oxides in the wear
track of the coating.® The formation of oxides
characterized by different structural (crystalline system,
lattice parameter), mechanical (Young’s modulus, hard-
ness), thermal (temperature coefficient of linear expan-
sion, heat capacity) and other than coating properties
can generate stresses between these layers. This allows
the upper, more brittle (oxide) layer to crack.

Despite the relatively low value of H/E ratio, parameter
for predicting wear resistance,”” ranged from about 0.05
to 0.08 (excluding the coating synthesized under pn, =
0.001 Pa), caused mainly by high values of Young’s
modulus E (365-570 GPa) does not lead to an increase in
the wear rate. The wear is a complex process that can be
influenced by many factors, such as grain size, crystal
structure, and reactivity between the coating and the
sliding material. The reduction the size of the crystallites in
the coating results in an increase in hardness (Hall-Petch
strengthening) and enhances the yield strength and also
increases the density of the material and limits the
propagation of cracks and avoids dislocations and avoids
the continuity of pores in the deposited layers.!'"

The wear rate is not in line with the hardness. It
should be the smallest for coatings formed under
pressure in the range from 0.2 Pa to 0.8 Pa, and for
other coatings characterized by lower hardness it should
be higher. However, it should be noted that the adhesion
of the coatings increases with nitrogen pressure and
reaches the highest value for the coating formed under
the pressure of 3 Pa. Thus, it confirms that adhesion, in
addition to hardness, significantly affects the wear of
coatings.
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B. Effect of Substrate Bias Voltage

Many competing phenomena occur during the coat-
ing deposition. With higher substrate bias, more metal
ions may be attracted to the substrate. Particles with
higher kinetic energy nucleate on the substrate. The
synthesized coating is denser, and this phenomenon is
accompanied by the re-sputtering, as a result of which
ions hitting the coating knock out atoms from it. As a
result, the deposition rate is reduced and the coatings
properties and their structure may change. The sputter-
ing phenomenon is dependent on many factors, includ-
ing bias, and with its increase the above results will be
more visible.

Changing the phase composition of the coatings can
affect the change of mechanical properties, including
hardness. The modification in the structure of the
coating results from the increasing energy of the ions,
atoms and molecules bombarding the coating. The
increase in the energy of the shot-blasted particles,
resulting from the higher bias, contributes to the
increase in the coatings compactness and density. This
can lead to a change in the lattice parameter as shown in
Figure 4(b). The coating synthesized under Ug = — 50
V shows a cubic structure, Figure 4(b), and the coatings
formed at bias not lower than — 150 V have a hexag-
onal structure. The coating formed at Ug = — 100 V
shows both of these phases. As the bias voltage
increases, the lattice parameter of ¢c-VIN phase reduces,
Figure 4(b). For h-VN phase, parameter a decreases,
while parameter ¢, on the contrary, increases with
increasing Ug. The change of crystallite size depends on
the VN phase. For c-VN phase, the size of the
crystallites decreases from approx. 30 nm to approx.
20 nm for substrate bias voltage of — 50 V and — 100
V, respectively. In case of h-VN the size of the
crystallites increases from approx. 30 nm (Ug = — 100
V) to approx. 200 nm (Ug = — 300 V) is observed,
Figure 4(d).

The c-VN coating has a lower hardness than h-VN
coating, Table IV and Figure 3(b). In the coating formed
under pressure of nitrogen of 1.5 Pa, both phases are
present and its hardness is below 30 GPa. A similar
relationship, higher hardness of h-VN phase coatings
than c-VN phase was presented by Fallqvist and Olsson
for arc-evaporated coatings.*”) It is also necessary to
point out a significant increase in the crystallite size,
which may be responsible for the reduction of hardness
according to the Hall-Petch relationship.

Many parameters determine the use of coatings, and
one of the most important is their adhesion to the
substrate. One of the methods to define it is the crack
test, in which the value of the normal load causing
detachment of the coating from the substrate is deter-
mined, Table IV. In the coating-substrate system, there
are many factors affecting the strength of its adhesion.
These include: the friction coefficient in the coating -
Rockwell indenter system, coating thickness, as well as
the elastic properties of the substrate and wear of the
indenter.>®! Therefore, identically prepared substrates
from the HS6-5-2 steel were used. The coating thickness
varied slightly, although, as mentioned above, the
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deposition rate decrease was observed with increasing
negative substrate bias voltage. All coatings were
characterized by a similar nature of its damage in the
scratch test. The coatings adhesion was found to be high
and the critical force generally decreased with increasing
negative substrate bias voltage. It is known that com-
pressive stresses increase with increasing substrate bias
voltage. Hence, as a result of bombardment with higher
energy, there is a lattice mismatch and a probable
reduction of the critical force. Proper substrate prepa-
ration (ionic etching) and a thin metallic vanadium
adhesive transition layer are responsible for high
adhesion.

The results of scratch test are confirmed by analyzing
the coating damage caused by the Rockwell test. All
coatings (Figure 7) show only slight radial cracks. No
chipping of the coating at the indentation edge was
observed. The coatings can be classified as the most
resistant to damage - HF1.

High hardness and adhesion of the coatings are
responsible for the high wear resistance, Table IV. Only
the coating formed at Ug = — 50 V shows a higher
wear rate. It is probably connected with lower hardness,
about 20 N, Table IV. The width of the wear tracks
decreases with bias, which confirms the results obtained
by Chen ez al.’®. Both the coating durability indicators,
H/EP? and H*/E2'Y increase with negative bias,
suggesting the wear rate decrease. The data presented
in Table IV confirm this assumption. Similarly to the
first series of coatings, the abrasive wear mechanism
dominates.

In the initial stage (friction curve in Figure 8b), a high
value of the friction coefficient is observed, which then
decreases very quickly to a constant level. In the case of
coatings formed with a variable substrate bias voltage,
the resputtering effect should be taken into account, in
which weakly bound particles are removed from the
coating surface. They leave behind craters. The surface
roughness can be even greater than for the coating
formed under pressure of 0.2 Pa, for which the result of
the friction test is shown in Figure 8(a). However, the
contact surface of the coating with the counterpart, due
to the small amount of macroparticles and the greater
number of craters, is larger and hence the high initial
value of the friction coefficient. Its decrease observed in
the further stage of the friction process is probably
related to the high hardness of the coating, Table IV.

V. CONCLUSION

The article shows the results of V-N coatings forma-
tion using cathodic arc evaporation method. Two sets of
the coatings were synthesized: (a) In various nitrogen
pressure in the working chamber and constant substrate
bias voltage, (b) different substrate bias voltage and
constant nitrogen pressure. The correlation between the
technological parameters and the structure, mechanical
and especially tribological properties of coatings depos-
ited is presented. The analysis of the test results of both
series showed a strong correlation of the
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above-mentioned properties with the change of both
coating formation parameters, i.e., nitrogen pressure
and substrate bias voltage.

(a) The VN coatings deposited under nitrogen pres-
sure from 0.001 Pa to 3 Pa are characterized by a
different structure, mechanical properties. It was
found that the deposition rate and nitrogen
concentration in the coating increased almost
linearly for pnp from 0.03 Pa to 0.8 Pa. The phase
transformation is also observed V —V +
VoN -V + ¢-VN - h-VN — h-VN + ¢-VN.
The calculations also showed an increase in
crystallite size and lattice parameter for the cubic
phase and the opposite effect for the hexagonal
phase. The Young’s modulus and hardness reach
maximum values of 570 GPa (pn> = 1.5 Pa) and
37 GPa (pno = 0.2 Pa). An improvement in the
adhesion of the coatings with pressure of nitrogen
was observed. It was approx. 70 N to approx. 140
N at nitrogen pressure of 0.03 Pa to 3.0 Pa,
respectively. All coatings show HF1 adhesion in
the Rockwell test. Also with nitrogen pressure,
the wear resistance increases by about two orders
of magnitude, from about 3 x 107> mm*/Nm at
pn2 = 0.001 Pa to about 1.5 x 1077 mm®/Nm at
pn2 = 3 Pa. In all cases the counterpart - Al,O3
ball show abrasive wear.

(b) Systematic tests of VN coatings deposited in a wide
range of bias voltage from — 50V to — 300 V
have shown a significant influence of bias on their
structural, mechanical and tribological properties.
The test results indicate an almost linear decrease
in the deposition rate and nitrogen concentration
in the coating with the increase in the negative
substrate bias voltage. This is presumably because
of the resputtering phenomenon and reduces the
surface roughness. There is also a ¢-VN — h-VN
phase transition, in which a reduction in the
crystallite size and the lattice parameter of the
cubic phase is observe. In the case of the hexagonal
phase, the opposite effect is observed. Hardness,
Young’s modulus also increase with Ug reaching a
maximum of 37 GPa (Ug = — 200 V) and 570
GPa (Ug = — 100 V) respectively. This is due to
the ion bombardment that grows with Ug. The
high hardness is also accompanied by the high
coatings adhesion, confirmed in the scratch and
Rockwell tests. All coatings show HF1 adhesion.
Hardness and adhesion determine the high wear
resistance of the coatings. It increases, similarly to
hardness, with bias, which is also confirmed by the
H/E and H?/E? ratios.
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