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Mechanical and tribological properties of V-C-N
coatings as a function of applied bias voltage

The aim of this work is to determine the mechanical and tribological
behavior of V—C-N coatings deposited on industrial steel substrates (AIS 8620) by
using carbon—nitride coatings as a protective materials. The coatings were deposited
on silicon (100) and steel substrates via magnetron sputtering and by varying the
applied bias voltage. The V-C—N coatings were characterized by X-ray diffraction
(XRD), exhibiting the crystallography orientations (111) FCC for V—C-N conjugated
by VC (111) and VN (111) phases and (200) FCC for V—C—N conjugated by VC (200)
and VN (200) phases. X-ray photoelectron spectroscopy (XPS) was used to determine
the chemical composition of metallic carbon—nitride materials. Atomic force microcopy
(AFM) was used for determination of the change in grain size and roughness with
deposition parameters. By using nanoindentation, pin-on-disk, and scratch test curves,
it was possible to estimate the hardness, friction and critical load of V-C—N surface
material. Scanning electron microscopy (SEM) was performed to analyze morpho-
logical surfaces changes. Mechanical and tribological behavior in VCN/ste€l(gsog Sys-
tem, as a function of a bias voltage deposition, showed an increase of 58 % in the hard-
ness, and reduction of 39% in the friction coefficient, indicating thus that the
V—C-N coatings may be a promising material for industrial applications.

Keywords: surfaces, crystal growth, physical vapor deposition,
mechanical testing, tribology and wear.

INTRODUCTION

Mechanical and tribologoical properties of hard coatings have
been extensively studied and contributed to the improvement of the surface proper-
ties of a myriad of industrial devices such as cutting tools and injection molds for
polymeric materials [1]. In this regard, the literature reports on different systems
and heterostructures based on nitride, carbide, and carbon nitride such as ZrCN [1],
TiCN [2], NbCN [3], and CrN/AIN [4], which exhibits high corrosion resistance
and acceptable tribologica properties. Other transition metals such as vanadium
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(V) have been used as binary coatings (e.g., VC and VN), thus showing relevant
mechanical and electrochemical properties[5, 7]. Accordingly, in the current litera-
ture it is possible to observe novel reports on coatings based on conjugate com-
plexes for V-C-N from VC and VN materials [8]. Moreover, it has become
established that the carbon nitride with transition metals has very promising
physical characteristics due to high chemical and physical stabilities, which allow
many applications under several mechanical conditions. Interestingly, G. Kamath
et al. [9] reported the microstructure—property relationship of reactively magnetron
sputtered VCNy films. Nevertheless, the literature still presents a few research
examples focused on analysis of mechanical and tribological properties for VCN
system as a function of applied negative bias voltage, which is critical in the
understanding of carbornnitride system for industrial application under aggressive
environments. Furthermore, changes of physical properties (hardness, elastic
modulus, friction coefficient and critical load) on steel coated with VCN have not
yet been thoroughly studied. Often, a decrease of functiona performance of this
material is observed in devices with industrial application (e.g., cutting tools, injec-
tion molds, and surgical devices). The am of this work is to study the effect of
negative bias voltage on the structural and mechanical properties of V—C-N
coatings deposited on commercial AISI 8620 steel with different bias voltages
from 0 to —100 V (with 2 um of thickness) for possible metalworking applications.

EXPERIMENTAL DETAILS

V—C-N coatings were grown on silicon (100) and AlSI 8620 steel substrates by
using a multitarget magnetron reactive sputtering technique, with an r.f. source
(13.56 MHz) and two stoichiometric vanadium (V) and graphite (C) targets of
99.9 % purity for both targets. The deposition parameters for obtaining high-
quality coatings were sputtering power of 450 W for V and 400 W for the C target;
substrate temperature of 300 °C; under circular rotation substrate with 60 RPM to
facilitate the formation of the stoichiometric coating; the sputtering gas was a mix-
ture of Ar 92.5 % and N, 7.5 % with a total working pressure of 6-10° mbar, under
argon and nitrogen gas flow of 50 and 3.75 sccm, respectively. An unbalanced r.f.
bias voltage was applied, which generates a negative signal of 0, -40, —70 and —
100 V to systematically study its effect on coating electrochemical properties. The
total thickness of all the coatings was kept constant around 2 pm. The crystallo-
graphic structure was analyzed via X-ray diffraction (XRD), with a Bruker D8
Advance diffractometer with Cu cathode (CuKa: radiation A = 1.5405 A) and scin-
tillation detector using a 020 setting and performing a sweep from 20° to 80° with
apitch of 0.01 degreesand astep time of 2 s.

The surface analysis for all coatings was determined by using a scanning
electron microscopy Philips XL 30 FEG. The chemical composition of the coatings
was determined via X-ray spectroscopy Photoelectron (XPS). Thus, the XPS
experiments were performed in a SPECS Sage HR 100 spectrometer with a non-
monochromatic X-ray source (aluminum Ka line of 1486.6 €V energy and a power
applied of 300 W and calibrated using the 3d5/2 line of Ag with a full width at half
maximum (FWHM) of 1.1 eV). The selected resolution for the spectra was 30 eV
of Pass Energy and 0.5 eV/step for the genera survey spectra and 10 eV of Pass
Energy and 0.15 eV/step for the detailed spectra of the different elements. All
measurements were made in an ultra-high vacuum (UHV) chamber at a pressure
around 5-10° mbar. Samples were etched for 5 min with an Ar ion beam with
energy of 3 keV. Moreover, Cls spectra were fitted with software CasaXPS
V2.3.15 using Gaussian Lorentzian functions (after a Shirley background
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correction), where the FWHM of all the peaks were constrained while the peak
positions and areas were set free. The thickness for ternary coatings was around of
2+0.1 um, and determined by means of a (Dektak 3030) Profilometer. Grain size
and roughness was determined via atomic force microscopy (AFM-Asylum
Research MFP-3D®) and calculated by a Scanning Probe Image Processor
(SPIP®). In this work, SPIP® was used in the grain size analysis for a quantitative
study of the grains and particles, and in the roughness analysis for an advanced
measurement of the surface roughness. Hardness and elastic modulus
measurements were performed by using a nanocindenter (UBI1-Hysitron) under
load and unload mode with a matrix measurements of 25 points and maximum load
of 8 mN. Moreover, tribological characterization was performed by means of Mi-
crotest, MT 400-98 tribometer, using a 6-mm diameter 100Cr6 steel ball like pat-
tern slide. The applied load was 0.5 N with a total running length of 400 m.
Adherence of the layers was studied by using a Scratch Test Microtest MTR2
system. The parameters were a 6 mm scratch length and araising load of 0-60 N.

RESULTSAND DISCUSSION
X-ray diffraction analysis

Figure 1 shows the XRD patterns of the V-C—N coatings deposited on Si(100)
for different r.f. negative bias voltages from 0 to —100 V. From that data, it is
possible to infer that the coatings have a cubic structure based on complex
conjugate with two substructures of vanadium carbide (VC) and vanadium nitride
(VN). Therefore, the strongest peaks correspond to the V—C-N (111) and (200)
planes, indicating a light textured growth along these orientations. The other weak
peaks correspond to diffractions from V—C—N (220) planes of the fcc structure.
With regard to the lattice parameter, it was obtained the value of ag (+0.0001 nm)
for V-C-N coatings, where the Nelson—Riley function was employed in the re-
finement procedure (table). The presence of the V—C-N (111) obtained is associ-
ated to a substitution mechanism, where C atoms replace N atoms, resulting in a V-
ordered C—N disordered fcc NaCl-type structure in which Ti placed the Wyckoff
site 4a, while C and N atoms occupied randomly the Wyckoff site 4b [9]. This
means that the nitrogen gas flow rate influences directly the structure of VCy.4Ny
coatings. When the nitrogen gas flow rate is around 16 sccm and r.f. negative bias
voltages from 0 to —100 V are used, V access to the deposition surface is facili-
tated; hence, the fcc structure is determined by a partialy ordered structure with V
atoms, creating vacancies in nonmetalic sublattices [9, 10]. On the other
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Fig. 1. XRD patterns: V—C-N coatings grown with different r.f. negative bias voltages (0 (1),

—40 (2), =70 (3), —100 (4) V) (a) and maximum peak with shift toward low angles in relationship

to the increase of applied r.f. negative bias voltage (b); dash lines indicate the position of the

peaks obtained from JCPDF files ((VN) JCPDF 00-035-0768 and (VC) JCDDF 01-073-0476).
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hand, it was observed that the V—C-N (111) peak position suffers a great deviation
from bulk value for (VC and VN) materials, indicating thus a possible stress evo-
lution of V—C-N single layers with the applied r.f. negative bias voltage (see Fig.
1, b). The quasi-relaxed position observed for a lower bias voltage was
progressively shifted to higher compressive stress values as the bias is increased
until =100 V, therefore, this compressive effect is reached due to impact Ar’
mechanism actuating onto V—-C—N coatings. For the higher negative bias voltage
(-100 V), an abrupt change in V-C-N (111) peak position was observed,
presenting a stress increasing due to the movement of this peak toward higher
angles compared to other single layer. The stress changes in V-C-N (111) peak
position come together with a low symmetric broadening and a decreasing in its
intensity.

Lattice parameter and stoichiometric relationship determined by XPS
of V=C1 4Ny coatings as a function of the negative bias voltage

Negative bias voltage, V V—C1.xNx fca:fl(;:ql) V/(C + N)
0 V5sCp7N1g 0.4161 1.20
—40 V5eCosNig 0.4168 1.40
—70 V54CsN1g 0.4180 1.17
-100 Vi55Co8N17 0.4187 1.22

XPS analysisof VCN coating

The XPS survey spectra for all V—C-N single layers as function of a negative
bias voltage from 0 to —100 V are shown in Fig. 2. According to the XPS literature
regarding V C;_«Ny coatings materials [9, 11], the concentration measurements and
identification of the specific bonding configurations for the VC, Ny layers are
more reliable when XPS analysis is used. Hence, the composition of the VCy_4Ny
coating is slightly over stoichiometric (see table), which is attributed to the huge
number of nitrogen vacancies that can be accommodated in the face centered cubic
structure of VC,_\Ny analyzed by XRD (see Fig. 1) [11]. So, the electronic spectra
carry information of the chemical composition and bonding characteristics of the
VC,.4«Ny coatings generating thus an increase in the reliability of the results.
Finally, the carbon (C) signal presence can be associated to a few surface
contaminations. In this sense, the binding energies’ identification was realized in
agreement with NIST X-ray photoelectron spectroscopy Database 20, Version 3.5.
So, the integral V2p, Cls, and N1s, spectra corrected by relevant sensitive factors
can evauate the concentrations of V and N elements of VCy 4Ny coatings. The
corresponding integral of the deconvoluted peaks can also be used to estimate the
bond contents, which are described by the following equation (1) [12]:

_—A-]' D

where Sisthe sensitivity factor, A isthe integra of deconvoluted peaks, and C; isthe
atomic content. The numerator is the sum of the integral of one sort of bond; the
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denominator is the sum of the integral of al types of bonds decomposed from the
whole peak of V2p, Clsand N1s, spectrain the sample. In the chemical composition
of the coating (see table), the prevalence of ternary carbon nitride
(VC1xNy), such asit is shown in the X-ray diffraction pattern, isevident (see Fig. 1).
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Fig. 2. XPS survey spectrum for VC,,N, coatings deposited on Si substrate with the r.f. negative
bias voltage from 0 to —100 V: 0 (1), —40 (2), =70 (3), —100 (4) V.

Regarding the V Cy..Ny coating deposited with the applied negative bias voltage of —
40 V, Fig. 3 shows the peaks with highest intensity corresponding to V-N (514.4 eV)
and V—C (513.3 eV) bounds a V2p signal, C—C (285.0 eV) bounds at Cls signd, and
N-V (397.4 eV) bounds a N1s signa evidencing the formations of metal—nitride and
metal—carbide bounds. [12-14]. In this sense, for V2p signd (see Fig. 3, a), it was
found the energy bindings for V2py, signd with V-O (523.6 eV), V-N (522.8 eV)
bounds, moreover, for V2ps, signal was found O-V-O (516.4 €V) bound [15].
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Fig. 3. High-resolution spectrum for V-C-N coatings: V2p (a), Cls(b), N1ssignals (c).
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For Cls signal (see Fig. 3, b), it was found the energy bindings of 286.7 eV for
C=N bounds, 285.0 eV for C—C bonds and 282.8 eV for bounds C-V associated to
chemical interaction in VCy_4N, molecule [16]. Moreover, the Fig. 3, ¢ exhibits the
energy bindings for N=C with 398.8 eV, and N-V with 397.4 €V, showing thus,
the organic and metallic principa bounds[17]. The change of binding energy com-
pared to VC,.\Ny single layer materials verifies the formation of V-C-N layer;
therefore, calculating the peak area yields an atomic ratio of VsgCasN1e, Similar to
others reports in the literature [18]. Accordingly, the last stoichiometric relation
corresponds to chemical bounds, which are contained in fcc structure present in
VC,«Ny materia (XRD results (see Fig. 1)).

Surface analysis by AFM

Surface morphology of ternary materials in relation to the increasing negative
bias voltage on V—C-N coatings deposited onto Si (100), was studied. Figure 4
shows AFM images for single layer coatings with statistical distribution of grain
size 5 umx5 pum for the bias voltage — 0 (a), —40 (b), =70 (c), —100 (d) V.
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Fig. 4. AFM images for V—-C—N coatings deposited at the negative bias voltage of 0 (a), —40 (b),

—70(c), —100 (d) V.

Figure 5 shows AFM results where each data point in the graphs represents an
average over 4 AFM images for each sample. It is aso possible to compare the
grain size (see Fig. 5, a) and roughness (see Fig. 5, b) values for V-C—N single
layers; therefore, in this study it was found a decreasing trend for grain size and
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roughness when the bias voltage is increased. Moreover, this study found that the
lowest value for the grain size is associated with the layers deposited with —100 V
(see Fig. 5, b), determining thus a reduction in the grain size of 39.5 % for the V—
C—N layer, in relation to grain sizes obtained for the deposited layers to 0 V,
respectively. Furthermore, it is possible to observe a reduction in the grain size of
43 % for the ternary coatings, in relation to grain sizes obtained for the deposited
layers at O V, respectively. Thisis relevant, since the surface morphology plays an
important role in the mechanical and tribologica properties.
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Fig. 5. Morphological analysis obtained from AFM results: roughness (a) and grain size (b) asa
function of applied negative bias voltages from 0 to —100 V. Corresponding error bars were
obtained by the standard deviation of the values using the statistical data processor for images
(SPIP®).

Mechanical properties

L oad—displacement indentation curves of V—C-N layers using the standard
Berkovich indenter and indentation matrix image via AFM are shown in Figs. 6, a
and b. The values of elasticity modulus, E, and hardness, H, were obtained by
using Oliver and Pharr’'s method in multilayers deposited on AISI 4140 steel
substrates [4, 19]. Hardness values of both, V-C-N coatings and the ternary
coating measured by nanoindentation as a function of applied negative bias
voltage, are presented in Fig. 7, a and Fig. 8, a, respectively.

10
[ A aan an.
9 7 ¥ § = =
sk
7r e - b A v v
Z 6 =1
E 2
g5 I w v - v
3 4F =0 .
— 4 g"
3 g
2r >~
1k
" e e =7
0 10 20 30 40 50 60 70 80 90 100 -7 0 7
Displacement, nm X-range: 14.00 um
a b

Fig. 6. Nanoindentation measurements: |oad—displacement indentation curves of VCN system
(-100 (1), —70 (2), 40 (3), 0 (4) V) (a) and AFM image of indentation matrix for ternary coat-
ings deposited with a negative bias voltage of 40V (b).
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Fig. 7. Mechanical properties for V-C—N coatings as a function of applied negative bias voltage:
hardness as a function of n (a) and elastic modulus (b).
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Fig. 8. Elasto-plastic properties with plastic deformation for V—C-N single layer coatings growth
with the negative bias voltage form 0 to —100 V: plastic deformation resistance (a) and elastic
recovery (b).

Elastic modulus values of ternary layers are also presented in Fig. 7, b, which
show relevant differences in their values in relation to the different applied nega-
tive bias. Moreover, the hardness and elastic modulus in these single layer coatings
varied from 18 to 30 GPa and from 223 to 260 GPa, respectively. The highest
hardness of the V—-C-N coatings corresponding to 30 GPa, was obtained by the
highest negative bias (—100 V), therefore, was increase a 40 % of hardnessin rela-
tion to coating growth with O V voltage. This increase in mechanical properties is
related to the remarked densifying effect that is present when the bias voltage is
applied, inducing the impact of Ar* ions on coating surface, thus creating greater
momentum transfer and generating an increase of residual stress in the V-C-N
coating showing within the (111) crystallography direction study by XRD results
(see Fig. 1, b). The enactment in the mechanical properties can be associated with a
hardness improvement by using coating with lower grain size, as observed from
AFM images (see Fig. 4) [4, 20, 21].

The high interface density of ternary coatings contributes to impeding
dislocation motion and the dislocation glide across the grain boundaries, which
would require a critical yield stress being related to the difference in the elastic
shear modulus of the single layer deposited without a bias voltage [22, 23]. The
Hall-Petch effect is routinely used to explain material hardening. Therefore, when
metal—ceramic materials such hard, V-C—N coatings with grain size higher than
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5.2 nm are obtained, it is possible to apply the Hall-Petch effect to explain the
hardening, because the current V-C—N coatings with lower grain size are within
nanoscale regimen (AFM results, see Figs. 4, 5), and thus the dislocations should
not occur in nanoscale structures below a certain value of grain sizes (5.2 nm) [19].
In this sense, Fig. 7, a shows that the hardness for single layer coatingsis related to
the bias voltage for the effect of the grain size reduction [21-23].

Additionally, it was possible to analyze the influence of the bias voltage on
coating hardness, as hardness values increase with the increases of applied voltage.
Thisresult can be explained by correlating with the results obtained by AFM where
the increase of the applied voltage decreases the grain size, which increases grain
boundaries and results in an increase in coating hardness due to the Hall-Petch
effect as shown by the following equation [24]:

H=H,+kD%?, 2

where H is the hardness of the polycrystalline material with grain size D, Hyp is the
hardness of the same material with alarger grain size, and k is a constant measure
of relative hardening with the contribution of grain boundaries. The increase of
coatings hardness is attributed to the increase of the bias voltage associated with
increase sputtering of Ar” atoms causing a higher density and a reduction in grain
size. The grain boundaries act as barriers to the movement of dislocations in the
V—C-N material, thus a dislocation is difficult to move from one grain to another
across borders due to a relative disorder, in which the atoms are in that area, caus-
ing the material with small grains to have higher hardness. These results indicate
that the mechanical properties of hardness and elastic modulus (Y oung’s modulus
(Er)) are highly dependent on a bias voltage [25].

On the other hand, plastic deformation resistance (H¥E? [26] and elastic
recovery (R) in the carbon nitride coatings are shown in Fig. 9. Elastic recovery for
all V—C—N coatings was calculated by using the following equation:

) )

R= max

o ©)

Smax

where Smax and &, are the maximum and residual or plastic displacement,
respectively [27, 28]. Data for the equation were taken from the load—penetration
depth curves of indentations for each coating, according to Fig. 6, a. From Fig. 8,
the carbon nitride coatings increased the plastic deformation resistance and elastic
recovery with respect to the applied negative bias voltage. The maximum value
was reached for V-C-N system deposited with (=100 V), i.e. the plastic
deformation (see Fig. 8, a) due to the applied load is more markedly reduced than
that of other coatings deposited without the bias voltage. This effect is clearly
correlated to the reduction of grain size, increasing the film density, hardness, and
elastic recovery [4, 27].

Tribological properties

Pin-on-disk analysis. The friction coefficient values for AlISI 8620 steel
substrates coated with V—C—N coatings deposited at different bias voltages, were
tested against steel balls and presented in Fig. 9, a. The friction coefficients curves
showed two distinct stages. In the first stage (zone 1), the friction coefficient (1)
began at alow level (0.18-0.45) in the first contact; this stage can be attributed to
the running-in period associated with a kind of contact between the steel ball and
the coating, where the formation of wear debris occurs by the cracking of rough-
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ness tips on both counterparts. This stage has a short-time period, then the friction
coefficient increases to 0.20-0.50 followed by a decrease to the friction coefficient
of the second stage (zone Il). This stage (zone ) is defined as the steady-state
friction period and begins after about 2090 m of diding distance (m) [4, 28, 29].
In the zone |1, from (pin-on-disk analysis picture), it was possible to observe the
distance settling range (steady-state friction period) between 100 and 400 m for
each of the friction curves. In these results, there were not significant changes
appreciated in the increase of the friction coefficient. This effect may be associated
to overcome the distance of 100 m, the surfaces of the tribological pair between
100Cr6 steel pin and the V-C-N system was normalized relative to the contact
surface which had higher (V-C—N) Y oung’'s modulus generating a constant Er and
a coefficient of friction ailmost invariable. Figure 9, b shows the friction coefficient
as afunction of the applied negative bias voltage.
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Fig. 9. Tribological results of 8620 steel substrates coated with V—C-N single layers coatings:
friction coefficient as a function of a sliding distance (steel (1), 0 (2), —40 (3), —70 (4), —100 (5)
V (&) and friction coefficient as a function of the applied negative bias voltage (b).

Distance, m

Tribological properties of V-C-N carbon nitride coatings are provided in
Fig. 10 for comparison in relation to single layer systems. These tribological results
showed the reduction of the friction coefficient while the applied negative bias is
increased. Thus, the friction coefficient of V—C-N coatings ranged from
approximately 0.46-0.19, being the lowest value reported for the single layers
growth at V = -100V (friction coefficient 0.25) [19]. In this regard, the friction
coefficient value represented a decrease at approximately 58 % of the friction
coefficient with respect to the V—C—N coating deposited at 0 V. The last behavior
can be related to the friction mechanical model proposed by Archard [30], which
relates the contribution of the contact surface roughness and the elastic-plastic
properties of the coating in the following equation:

F
u:_fzck&, 4
Fa Olin )

where [ isthe friction coefficient, Cy is a constant that depends on the parameter of
the test, R4 iS the coating roughness, and ot is a variable that takes into account
the elastic-plastic properties (hardness, H, or elastic modulus, Er), obtained by
mechanical measures [29]. In agreement with the model presented by Archard,
when the surface coating has low roughness and high hardness, the friction
coefficient will tend to decrease and will be stable for long dliding distances,
specificaly if the counterpart of the test is softer than the coating. On the other
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hand, although hardness has long been regarded as a primary material property that
defines wear resistance, strong evidences suggest that the elastic modulus can also
have an important influence on the wear behavior. In particular, the elastic strain to
failure, related to the ratio of hardness H and elastic modulus Er, which has been
shown by a number of authors to be a more suitable parameter to predict wear
resistance than with hardness alone.

Adhesive wear”* ¥

Insert 11

Fig. 10. SEM micrograph of wear track on V-C—N coatings deposited on AlISlI 8620 stedl:
V—C—N coating deposited with negative bias voltages of 0V (a), and V—-C—N coating deposited
with negative bias voltages of =100 V (b).

In this research, it is possible to discuss the concept of ternary carbon nitride
(V—C-N) with relatively high hardness and high elastic modulus, which can exhibit
improved toughness and are, therefore, better suited to optimize the wear resistance
of “‘real’’ industrial substrate materials (i.e., mechanical devices with low moduli).
Recent advances in the development of metal—ceramic coatings are summarized
and discussed in terms of their relevance to practical applications. Therefore, it is
possible to observe that the elastic strain to failure, which is related to H¥/E? (see
Fig. 9), affects the tribological behavior of V-C—N single layer. That provides
superior wear resistance when deposited on the substrate materials for mechanical
applications [4, 31]. Consequently, this behavior suggests that improving plastic
deformation resistance (H*/E?) when the negative bias voltage is increased, exerts
more wear resistance due to enhanced mechanical properties (see Fig. 9) associated
with the changes in the internal stress (previously observed in XRD results), thus,
generating areduction in the friction coefficient (see Fig. 9, b).
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As can be seen in Fig. 10 (SEM micrographs), it is possible to find different
wear mechanisms, such abrasive wear (scuffing), adhesive wear, oxidation, and
diffusion. In this sense, the abrasion mechanism is a predominant phenomenon at
V—-C-N coatings with a low bias voltage (low mechanical and tribologica
properties, see Figs. 6-9). The value of a negative bias voltage, at which the
maximum wear values occur will depend on different factors like the combination
of high roughness, small grain size (see Figs. 4, 5 ), and low eastic modulus,
among others. Therefore, in this research it was presented the wear surface for V—
C—N coatings deposited with different bias voltages (from 0 to —100 V), showing
thus changes in the wear mechanisms when the negative bias voltages were applied
and increased respectively (e.g., reduction in scuffing presence on V-C—N
deposited with —100 V).

Adherence analysisby using acritical load criterion

Adhesion behavior. The scratch test was used to characterize the coating
adherence strength. The adhesion properties of single-layer coatings can be
characterized by the following two terms: L¢;, the lower critical load, which is
defined as the load where cracks first occurred (cohesive failure); and Lc,, the
upper critical load, which isthe load where the first delaminating at the edge of the
scratch track occurred (adhesive failure) [31]. The values of critical load (Lc; and
Lcp) for the different coatings are shown in Fig. 11. The L¢; was shown for the
different coatings in the range of 8.3-15 N, in which the lowest value was
attributed to the hard coatings deposited with the bias voltage of 0 V and the
highest value was attributed to the V-C—N ternary system growth with the negative
bias voltage of —100 V.

0.8
0.71
0.6
% 0.5F

£ 04F
L

0 10 20 30 40 50 60

Fig. 11. Tribological results for friction coefficient curves vs. applied load for V—C-N coatings
deposited with different applied negative bias voltages, showing thus the adhesion failure (L¢,):
0 (a), —40 (b), =70 (c), —100 (d) V.
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The critical loads in adhesive failure (L) values for the different coatings are
summarized in Fig. 12. This figure clearly shows that the adhesion properties of
metal ceramic coatings increase as a function of the increase in the applied
negative bias. Due to the quantitative adhesion measurements between the layers
and substrates, this process is complex even for single layer coatings, which isin
agreement with some previoudy published reports [4, 29]. A quditative
characterization is necessary to evaluate the adhesion behavior of V—C—N coatings,
as described before in this section, that is, in terms of L¢; and L, critical loads.
Therefore, for the purpose of ensuring a fair comparison between the different
ternary coatings, it was assumed that the adhesion between the substrate and the
single layer remains constant for similar applied negative bias voltage (since the
preparation conditions and parameters were the same). Besides, in al cases, it was
verified that the parameters of the scratch test for all samples were also the same.
According to the latter, it was expected that the response to the applied load and
adhesive failure will only depend on the coating properties due to the applied
negative bias voltage effect.

40

—W— (8620 Steel)/VCN
38

36 T
z 34} T
i) L
i T

200 10 20 30 40 50 60 70 80 90 100
Negative bias voltage, V

Fig. 12. Correlation of critical loads (adhesive failure) as a function of applied negative bias

voltage for al V—C-N coatings.

From Fig. 12, it was possible to analyze that the values of critical load increased
when the applied negative bias voltage was increased. Then, thisimprovement isin
part due to the increase in the coating/substrate deformation resistance (see Fig. 8).
In this mechanism, the densification and grain size reduction (see Figs. 4, 5) serves
as a crack tip deflector that changes the direction of the initia crack when it
penetrates deep into the coating, and strengthens the coating performance.
Moreover, by decreasing the grain size, the dislocations among the boundaries
grain found a major impediment to moving; therefore, those dislocations will
require higher critical shear stress to move and spread throughout the coating and
allow delaminating the V—C-N coating. This effect means that carbon nitride coat-
ings can fail in a fragile manner [32, 33] because these coatings are homogeneous
systems. In consequence, the ternary single layers such as those studied in the
current work can enhance the resistance of coatings against crack propagation in
relation to the mechanical property evolution presented by the enhanced hardness
and elastic modulus (see Fig. 7) with highest elastic recovery (R, %) (see Fig. 8),
preserving the integrity of the coatings under punctual (static) and dynamic loads
[34]. It was observed that an increase of 34 % in the L, for V-C—N coating
deposited with the applied negative bias voltage of —100 V in relation to the single
layer coating growth with the lowest applied negative bias voltage (0 V).
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Surface tribological analysis. Scanning electron microscopy images showing
the different behaviors of V—C-N coatings deposited with different negative bias
voltages, after scratch tests are shown in Figs. 13, a and b. These images revealed
that at the beginning of the scratch, pronounced deformation appeared due to the
substrate plastic deformation and a coating debris removal, associated with the
adhesive layer/substrate failure mechanism sideward lateral flanking [35]. Thus,
SEM images confirm the scratch test results observed in Fig. 13. Figure 13, a
shows a premature adhesion failure due to the accumulation of stress at the scratch
edges to the ternary coating growth with the lowest bias voltage (0 V) in relation to
V—C—N coating deposited with the highest applied negative bias voltage (see Fig.
13, d).

100x 1.3 mm

13 mim o

1.3 mm

e -

Fig. 13. SEM micrographs of scratch tracks: 0 (a), —40 (b), —70 (c), —100 (d) V deposited onto
industrial AlSI 8620 steel.

Further away from scratch, conformal cracking of the layer associated with ad-
hesive failure (Lc,) appearsin a single layer coating with a relative low bias volt-
age. But unlike the last discussion, the coatings deposited with —100 V presented
‘*Recovery Spallation’” type wear mechanisms (see Fig. 13, d). These series of
ternary coatings showed a failure behavior type ‘‘Buckling Cracks’ that is
characteristic of protective systems where the substrate is ductile and hard coatings
have good adhesion between them, these systems generate compressive stress that
are characteristic of cracks buckling failure mode [4, 31].

It was found that the highest values of hardness and elastic modulus, 29 and
261 GPa, respectively, were observed for V—-C-N coating growth with (=100 V)
bias voltage. The enhancement in the hardness value of the metal ceramic coating
stack was attributed to high density that blocking the micro-crack movements
across the boundaries grain due to the reduction of the pores occurrences; together
with the Hall-Petch models, which gives a good overall picture of the hardness
enhancements.

Furthermore, the tribological performance for V—-C-N coating with critical
loads in adhesive failure of 35 N and friction coefficient of 0.19 were observed for

76 www.ism.kiev.ua/stm



the ternary metal ceramic material deposited with a bias voltage of —100 V. From
the SEM micrographs, it was determined that for the single layer coatings different
types of adhesive layer/substrate failures appear under strong plastic deformation
conditions, which is important for the preparation of wear resistant cutting and
forming tools and mechanical devices used in industrial applications.

CONCLUSIONS

The applied r.f. negative bias voltage in the ternary V—C—N coatings was varied
from 0 to —100 V generating a slightly shift of the peak positions to lower angles,
due to the increase in the tensile residual stress at higher voltages. The r.f. bias
application induces important formation of crystallographic phases with similar
intensity such asfcc (111) and (200).

The chemical, morphological, and mechanical characteristics and properties are
strongly related to the applied negative bias voltage, therefore, the evolution in the
dynamical surface and physical properties have been found when the bias voltage
was applied on V-C—N material around —100 V (hardness — 30 GPa and elastic
modulus — 260 GPa).

The lowest critical load in the coatings was found when ar.f. negative bias of
—100 V was applied, observing thus an enhancement of the tribological properties
by reduction of the friction coefficient in 60 % for V—C-N coatings when both
coatings were compared with the same deposited 0 V, therefore, a high critical load
for adhesive failure was obtained in coatings due to two factors: growth with the
highest negative bias voltage, which produce the increase of the density, and there-
fore, improve the mechanical properties (hardness and elastic modulus) which can
be used in manufacture industry (e.g. tools for High Efficiency Machining).
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Memoro pobomu 6y10 8usHAUEHHS MeXAHIUHOT ma MpuUbONIOSTUHOT NOBEOIHKU
V—C—N-noxpummis, ocadocenux na cmanesi (AIS 8620) nioxradxku, ons eukopucmanHs sK
saxucui mamepianu. Hokpumms ocadxcysanu na kpemnicei (100) i cmanesi nioknaoku mazhe-
MPOHHUM — HANULEHHAM Npu 3Mini  Hanpyeu 3miwenna. Jocniodcenns 3a  O0ONOMO20I0
penmeeniscokoi  ougpaxyii  nokazamu, wo NV-C—N-nokpummsa manu xpucmanospagiuny
opienmayito (111) ona I'IIK V-C—N-cmpyxmypu, ymeopenoi VC (111) i VN (111) ¢azamu, i
(200) ons I'JK -C—N-cmpyxmypu, ymeopenoi VC (200) i VN (200) ¢paszamu. Penmeeniscoka
Gomoenekmporra cheKmpockonis 6yia UKOPUCMARA Ol BUSHAYEHHS XIMIYHO20 CKIAOY Mema-
Jeux gyenelyb-HimpuoHux mamepianis. [ 6U3SHAUeHHs 3ePHUCMOCMI | WOPCMKOCME NPU 3MIHI
napamempie ocaoddxicents Oyaa 6UKOPUCTNAHA AMOMHO-CUNO8A MIKPOCKONIS. 3 6UKOPUCMAHHAM
HAHOIHOCHMYBAHHS, Memoody “ OUCK—CMPUICEHb” [ KPUBUX CKIePOMEMPUYHUX 6unpobyeans
oyiHlosanu meepoicme, mepms i Kpumuytne naganmaoicenns mamepiany nogepxui V-C—N. Pac-
mMpogy eneKmpOHHY MIKPOCKONII0 8UKOPUCMOBYSANU Olid aHANi3y 3MiH MOponoeii nogepxons.
Hocnioocenns mexaniunux ma mpubonoeiynux xapaxkmepucmuk cucmemu VCNlcmanvigeso Ak
@yHkyii Hanpyeu 3cysy noxasaau 36invuenus meepoocmi Ha S8 Y% i 3menwenHs xoepiyicnma
mepms Ha 39 Y, 36i0ku eunausae, ugo V—-C—N-nokpumms moacyme 6ymu nepcnekmueHuMuy oJst
3ACMOCYBAHHSL 8 NPOMUCTOBOCII.

Knrouogi cnosa. nosepxmsi, 3pocmanus Kpucmana, Qisuyne ocaodcenms 3
napogoi ¢haszu, mexaniune sunpobYants, mpudono2is i 3Hoc.

Lenvio pabomei 6bi10 onpedeneHue MEXAHUHECKO20 U MPUOOIOSUYECKO20
nogeoenuss \-C—N-nokpoimuii, ocaxcoennoix na cmanvivie (Al 8620) noonooicku, ons ucnons-
306aHUsA Kak 3awumusie mamepuanst. Ilokpeimus ocaxcoanu Ha kpemuuessvie (100) u cmanvrvie
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NOONOINCKU MASHEMPOHHbIM HANbLICHUEM NPU USMEHEHUU Hanpsidicenust cmewjenus. Mccnedosa-
HUsL ¢ NOMOWbIO penmeenogckoll ougpakyuu nokazanu, umo V—C-N-nokpeimus umenu xpu-
cmannoepaguueckyio opuenmayuio (111) onan 'K V-C—N-cmpyxmypei, obpasosannoti VC
(111) u VN (111) ¢paszamu, u (200) ors I'LTK V-C—N-cmpyxmypwi, obpazosannoi VC (200) u VN
(200) gpazamu. Penmeenosckas ghomodsneKmpoHHas CREeKMPOCKONUs OblIA UCNOTb308aHA OIS
onpeoenieHus XUMUYEeCK020 COCMABA MEmALIU4ecKux yenepoo-HumpuoHslx mamepuanos. Jns
onpeoenieHus 3ePHUCIOCIU U WUEPOXO8AMOCHIU NPU USMEHEHUU NAPAMEMPO8 0CaXCOeHUs Oblia
UCNONBb306AHA AMOMHO-CUN08as Mukpockonus. C UCnoIb3068aHueM HAHOUHOEHMUPOBAHUS, Me-
mooa “ cmepoceHb—OUCK” U KPUGbIX CKIePOMEMPUYECKUX UCHbIMAHULL OYeHUBAIU MeepoOoCnib,
mperue u kpumuueckyio Haepysky mamepuana nosepxrocmu N—C—N. Pacmpoeyro snekmpoHHyio
MUKPOCKONUIO UCNONb308ANU OISl AHAU3A UsMeHeHull Mop@oaoauu nosepxnocmeii. Hcciedosa-
HUsA MeXaHuueckux u mpubonozuueckux xapaxmepucmux cucmemvt VCNIcmanvgeq xax gyux-
Yuu HANPANCEHUs. CMeweHs noKasan yeeiudenue meepoocmu Ha 58 % u ymenvwenue kosgp-
@uyuenma mpenus na 39 %, omxyoa credyem, umo N—-C—N-nokpweimusi mocym 6vime nepcnex-
MUBHBIMU OJI1 NPUMEHEHUSL 8 NPOMBIUIEHHOCU.

Knioueswie cnosa. NnoBEepxXHOCmosb, pocm Kpucmajiid, d)u3uqec1<oe ocadicoenue
us3 napoeoﬁ d)aSbl, MmexarnuyecKkoe ucnvlmarue, mpu60ﬂ02uﬂ U U3HOC.
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