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ARTICLE INFO ABSTRACT

Keywords: V-containing solid solution was considered as a promising way to improve the mechanical and tribological
Cr-V-N properties of hard coatings due to the mechanism of solid solution as well as the induced V-based Magnéli
Solid solution lubricant during friction process. In this work, Cr-V-N coatings with different V contents were prepared on
Microstructure polished cemented carbide and P-type Si (100) wafers by cathodic arc evaporation. The microstructure, me-
T;Svi‘;;cral property chanical and tribological properties of the coatings with varied V content were discussed. When the content

ranged from 0.32 to 31.14 at.%, V entered into the lattice of CrN crystal in the form of solid solution without
affecting the coating's phase composition. CrN phase with (111) orientation was formed for all Cr-V-N coatings,
and the coating with 31.14 at.% V content showed the weakest crystallinity. The introduction of V still retained
the composited coatings with high toughness and excellent adhesion strength of around 100 N on cemented
carbide substrates. The maximum elastic modulus and hardness reached up to 438.5 + 5.3 GPa and
20.0 += 1.0 GPa, respectively, with V content at 16.55 at.%. Tribological tests at room temperature demon-
strated that the friction coefficient of Cr-V-N coatings was relatively low, which was between 0.26 and 0.36. The
wear rate was in the order of magnitude of 1077 mm®N~' m~!, and the lowest wear rate was 2.5 x 10~7
mm®N~! m~! with V content at 0.32 at.%. The friction coefficient and wear rate both increased with the
increase of V content. The wear rate of the coatings with high V content (31.14 at.%) was almost four times
higher than that of low V content (0.32 at.%) coatings.

1. Introduction the profiles of the density of states (DOS), and the crystal structure of

CrN is akin to that of VN. So, these two elements show a complete series

Lubricating coatings with good tribological properties are of great
need for cutting tools, machinery components and transportation fields
in modern industry. Recent attention to pollution prevention and cost
saving has accelerated incentives for the application of solid lubricating
coatings, especially transition metal nitride (TMN) hard coatings, to
replace the oil and grease lubrication. Among these coatings, CrN has
been attracting intensive attention due to its superior performance
under harsh environmental exposure, such as high hardness, low in-
ternal stress, anti-corrosion, good environmental adaptation and che-
mical inertness [1-3]. Nevertheless, its high friction coefficient (COF)
of 0.5-0.7 under dry conditions [4] limits its applications.

Xu et al. [5] suggested that Cr and V elements have similarities in

of solid solution rather than any compound [6], which will contribute
to the improvement of the strength of the materials. Moreover, V505, a
typical oxide of V, is easy to form during the friction process. It belongs
to a kind of Magnéli oxide phase and is normally considered as the
lubricating phase due to its easy crystallographic shear feature. Wang
et al. [7] reported that the V5,05 formed during the friction process of
VAICN coating at room temperature, and the high hardness as well as
the improved toughness of the coating jointly resulted in low friction
coefficient and good wear resistance. Therefore, to obtain the combined
self-lubricating and anti-wear effects at room temperature, adding V
element into CrN coatings to form ternary Cr-V-N solid solution coating
becomes an attracting choose. As discussed above, CrN is selected as the
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base material in this study, V element is added as the lubricious ma-
terial, and the formation of solid solution phase is expected to
strengthen the mechanical property. A combination of the basic phase,
the reinforced phase and the lubricating phase is expected to have a
synergetic effect to endow the coating with superior mechanical and
tribological properties.

It is generally recognized that the addition of heterogeneous atoms
to a solid solution will cause the distortion of the crystal lattice, thereby
improving the strength of the materials. Tian et al. [8] prepared the
nearly dense (Cr;4V,)-AIC (x = 0, 0.1, 0.25 and 0.5) solid solutions and
found that the addition of V caused linear increase of Vickers hardness
benefiting from the solid-solution strengthening effect. Similar results
were also observed for (Ti, V),AIC [9], (Ti, Nb),AIC [10], CoCrFeNi-
VA, [11]. However, the effects of heterogeneous solid solution atoms
on mechanical and tribological properties have been in the contra-
dictory statement. Wo et al. [12] constructed the TizAl; 5_4SixCo solid
solution and the enhanced Si doping led to an increased hardness, but
slightly decreased fracture toughness and increased friction coefficient.
Therefore, V content is an indispensable factor to investigate the tri-
bological properties of Cr-V-N coatings.

Although some studies have focused on the tribological properties of
CrVN system, the influence of the V content on mechanical and tribo-
logical properties of the Cr-V-N coating remains controversial. Aissani
et al. [13] reported an obvious decrease in friction from 0.52 to 0.39,
and simultaneously a reduction in hardness from 11.0 GPa to 6.2 GPa
when the V content was improved from 10 at.% to 38 at.%. Whereas,
due to the extremely low hardness, the coating quickly worn out with
the V content at 38 at.%. Conversely, by using the same deposition
technique, the tribological properties of the CrV(35)N coating at room
temperature were reported to have been improved due to its smooth
virgin surface, high hardness and toughness as well as a small grain size
in comparison with the CrV(0)N coating [14,15]. In addition, Uchida
et al. [16] found that the hardness of CrsoVsoN coatings deposited by
cathodic arc ion plating was 15 GPa, equal to that of the CrN coating. In
terms of the CrN/VN coating with 11.5 at.% V content and CrN coating,
the variations of hardness and friction coefficient were not pronounced,
reported by Qiu et al. [17]. Overall, it is necessary to further investigate
the influence of the V content on mechanical and tribological properties
of the Cr-V-N coating, and clarify the friction mechanism.

In this work, arc-evaporated Cr-V-N coatings with different V con-
tents were prepared, and the microstructure, mechanical and tribolo-
gical properties at room temperature of them were systematically stu-
died. Additionally, whether the oxide scales formed during friction
process at room temperature was also revealed.

2. Experimental details
2.1. Sample preparation

Cr-V-N coatings with different V contents were prepared on polished
cemented-carbide (15 mm X 15 mm X 3 mm) and P-type Si (100)
wafers by cathodic arc evaporation. The cemented carbide was YGS,
and the nominal composition (wt%) was: WC-92, Co-8. Before deposi-
tion, the cemented carbide substrate was mirror polished to obtain the
surface roughness (Ra) of ~0.006 um. Cr-V-N coatings were co-de-
posited at N, atmosphere by using the purity of 99.99 wt% Cr (128
mm X 15 mm) and V (9128 mm X 15 mm) targets, which were set
vertically in cylindrical vacuum chamber wall. Polished cemented-
carbides and Si wafers were mounted on a one-axis rotational fixture
facing the two targets, with the rotation speed of 9.5 rpm. The V con-
tent of the coating was tuned by varying the substrate position on the
one-axis rotational fixture. A schematic diagram of the deposition
system is shown in Fig. 1a. The Cr target was fixed above the V target.
The vertical distance between the centers of the two cathode targets
was 133 cm, and the horizontal distance between targets and the sub-
strates was 15 cm. Fig. 1b presented the distances among the samples.
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The mean distance between adjacent samples among S1-S3 was 2.5 cm.
The evaporation rate of V was higher than that of Cr in this work. In
order to avoid the deposition of high V content coatings, the distance
between adjacent samples among S3-S6 was evenly set as 1 cm. Prior to
deposition, the substrates were ultrasonically cleaned in acetone and
ethanol for 10 min, respectively. The deposition temperature of the
chamber was maintained at 450 °C and a base pressure of the chamber
was pumped down to 3.3 x 10~ 2 Pa. To improve the adhesion strength
between the substrates and coatings, all substrates were firstly etched
by Ar" bombardments for 60 min to remove oxides and other con-
taminants on the surface. Then both the thin Cr and CrN interlayer were
successively deposited for 8 min in ambient Ar and N,, respectively.
During deposition process, the deposition time was set at 150 min for
all Cr-V-N coatings. More detailed deposition parameters are presented
in Table 1.

2.2. Characterizations

The surface morphology and cross-sectional microstructure of Cr-V-
N coatings were studied by field emission scanning electron microscope
(SEM, Quanta FEG 250 and Hitachi S4800). The chemical composition
was measured by energy-dispersive X-ray spectroscopy (EDS, OXFORD
X-Max). The surface roughness (Ra) of the coatings was measured by
laser confocal scanning microscope (Zeiss-material type, Germany)
within the fields of 120 x 120 um?. Phase composition of coatings was
investigated by X-ray diffraction (XRD, Bruker AXS D8 Advance,
Germany) using a Cu Ka radiation with scanning angle ranged from 5 to
90°. The lattice parameter (a) of an identified cubic phase was calcu-
lated using the equation a = dyu/(h®> + k* + 1%), where d was the
spacing parameter calculated for (hkl) plane position. The average
crystalline size (D) was calculated using the Debye-Scherrer formula
[18] as an average of 3 main peaks. The equation was D = 0.9A.,/(
c0sOpk1), where A, was 0.514 nm, 3 was the full width at half maximum
(FWHM) of the diffraction lines estimated using Jade software, and 0y,
was the angle of the most intense diffraction line. Chemical bonding
state was characterized through X-ray photoelectron spectroscopy (XPS,
Axis Ultra DLD, Japan) with Al mono Ka radiation at pass energy of
160 eV. The Cr 2p level at 575.6 eV for CrN was used as reference for
energy calibration during data analysis. High-resolution transmission
electron microscopy (HRTEM, Talos F200X, USA) was employed for
analyzing more detailed microstructure. Before TEM test, the samples
were prepared by a focused ion beam system (FIB, Zeiss Auriga, Ger-
many) to obtain the cross-section sample.

The load bearing capacity of coatings and the adhesive strength
between coatings and substrates were measured by CSM scratch tester
with a tapered diamond tip of 0.2 mm radius and 120° cone angle. The
tip moved at a speed of 1.5 mm/min and the scratch length was 3 mm.
Simultaneously, the applied load increased linearly from 0 to 180 N at
the loading velocity of 90 N/min. The critical load corresponding to the
coating started to detach from the substrate (Lc2) was taken as the in-
terfacial adhesive strength. The hardness and elastic modulus of coat-
ings were measured using continuous stiffness mode by MTS Nano
Indenter G200 system, equipped with a 20-nm-radius Berkovich dia-
mond tip. The maximum load ranged from 67 to 167 mN and pure
aluminum was applied to calibrate the equipment. Before test, the
surface roughness of the coatings was polished to < 50 nm, analyzed by
scanning white light interference microscope (3D Universal
Profilometer, Rtec) within the area of 120 X 120 pmz. The maximum
depth of penetration was 1000 nm and six repeated indentations in
different areas were performed to minimize the measurement error.
Loading and unloading were performed for 230 s and 30 s, respectively,
with a holding period of 12 s at the maximum load. The value of
Young's modulus was determined according to Oliver-Pharr method
[19]. The MVS-1000D1 Vickers indenter with the applied load of 5 N
was used to identify the toughness of Cr-V-N coatings, and the tough-
ness was evaluated by comparing the micromorphology of indentation.
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Fig. 1. Schematic diagrams of the arc evaporation system for Cr-V-N coatings (a), and the distances among the samples (b).

Table 1
Detailed deposition parameters.

Bias voltage (V) Current (A)

Chamber pressure Ar flow (sccm) N, flow (scem) Deposition time

(Pa) (min)
Ion beam Cr cathode V cathode
Etching -100 0.2 - - - 40 - 60
Cr layer —200 - 70 - 3 200 - 8
CrN layer —60 - 70 - 7 - 550 8
CrVN layer —80 - 70 70 9 - 550 150

Generally, the coating with a small number of circumferential cracks
and without radial cracks in the indentation was considered to be with
good toughness.

Tribological properties were performed on reciprocating ball-on-
disk dry sliding tester (CETR UMT-3MT) under atmospheric environ-
ments, and Al,O5 balls with a diameter of 6 mm was used as the counter
body. A constant load of 5 N with a sliding stroke of 5 mm was applied
in the experiment, and the frequency and sliding velocity were set at
5 Hz and 50 mm/s, respectively. After the tribo-test, the wear track
profiles were measured by Alpha-Step IQ profile meter. The wear rate
(K) was calculated by the formula K = V/FL, where V is the wear vo-
lume of coatings in mm?, F is the normal load applied in N, L is the
sliding distance in m. Wear debris were analyzed by Raman spectro-
scopy (In Via-reflex, Renishaw) with 532 nm exciting wavelength laser.

Table 2

3. Results and discussion
3.1. Chemical composition and microstructure

The chemical composition of the as-deposited Cr-V-N coatings
characterized by EDS analysis is summarized in Table 2, where the
sample ID is labeled as S1-S6 with increasing V content. The thickness
of the coatings ranged from 4.61 to 7.53 um. Obviously, as the location
of samples approached to the V target, the V content of the Cr-V-N
coatings gradually increased from nearly 0.32 to 31.14 at.%, accom-
panied by a decrease in Cr content. In addition, the oxygen impurities
were found to be in the range of 0.6-1.4 at.%, which was probably a
consequence of the mediocre vacuum degree during deposition process
[20].

Fig. 2 presents the surface morphologies of Cr-V-N coatings on ce-
mented carbide. Numerous droplets and micro-pits in different di-
mension were observed from all coatings, which was a typical feature of
the arc-evaporated coating. With the increase of the V content, the
number of droplets and micro-pits as well as the particle size increased.

The chemical composition, thicknesses and surface roughness of as-deposited Cr-V-N coatings.

Sample ID. Chemical composition (at.%) Thickness Roughness
(um) (um)
Cr \Y N [0}
S1 71.40 = 0.11 0.32 = 0.03 27.00 = 0.19 1.27 = 0.05 7.53 0.172 = 0.011
S2 71.48 + 0.45 0.89 *= 0.09 26.65 = 0.23 0.98 *+ 0.13 6.67 0.169 = 0.010
S3 67.91 *= 0.06 4.46 = 0.15 27.03 = 0.12 0.60 = 0.09 5.14 0.202 = 0.005
S4 55.23 = 0.23 11.16 *= 0.37 32.21 = 0.32 1.40 = 0.19 4.83 0.213 = 0.014
S5 54.33 + 0.04 16.55 + 0.17 28.10 = 0.40 1.02 + 0.61 4.61 0.215 = 0.019
S6 38.60 = 2.29 31.14 = 1.28 29.57 = 2.39 0.70 = 0.23 5.48 0.262 = 0.008
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Fig. 2. Surface morphologies of Cr-V-N coatings with different V contents: (a) S1 (0.32 at.%), (b) S2 (0.89 at.%), (c) S3 (4.46 at.%), (d) S4 (11.16 at.%), (e) S5

(16.55 at.%), (f) S6 (31.14 at.%).

Samples with high V content located between the Cr and V targets,
where large droplets might overshoot due to the low angle to the target
surfaces. The presence of droplets led to considerable surface roughness
and the decreased surface finish. The surface roughness (Ra) listed in
Table 2 increased from 0.172 pm of S1 to 0.262 pm of S6. This would
have adverse effects on mechanical and tribological properties of the
coatings.

From cross-sectional SEM micrographs in Fig. 3, the grains with
compact columnar structure grew perpendicular to the substrate. Some
droplets developed through the coating, leading to the creation of voids
labeled in yellow line in Fig. 3e. The columnar structures became
coarser along the growth direction and formed V-shaped columns (la-
beled with yellow arrows in Fig. 3a). This was related to the deposition
temperature, the melting point of the material and the effect of ad-
ditives, as reported by Petrov et al. [21]. The ratio of deposition tem-
perature (Ts = 723 K) to melting point (Tm = 2043 K) was about 0.35.
The average kinetic energy of ions (E;) corresponded approximately to
the applied negative substrate bias, that was 80 eV. In this condition,
the grain boundaries in the coatings were immobile, and the sig-
nificantly diffusing of adatoms to the surface gave rise to local epitaxial
growth on individual grains. So, the columnar structures developed in
the form of elongated grains.

Fig. 4 shows the XRD patterns of the coatings deposited on Si sub-
strates. The Cr metal and CrN phase were detected in the coatings with

V content (S1-S6) ranged from 0.32 to 31.14 at.%. CrN exhibited NaCl-
type face centered cubic structure with identified diffraction peaks of
(111), (200), (220), (311), (222), and (111) preferred orientation
growth was recognized. With the increase of V content, the peaks of
CrN phase both shifted toward a high angle, whereas, the peak position
of Cr metal remained unchanged. The influence of macro residual stress
could be ruled out, due to the reason that the peak shift caused by
macro residual stress was only for a few or individual high-angle dif-
fraction peaks. The element doping became the leading factor to the
right shifting of CrN peaks. Fig. 4b shows the zoomed-in view of (111)
peak of CrN. The peak position shifted toward a higher diffraction angle
with increasing V content, suggesting both the interplanar spacing and
lattice parameters got smaller. The lattice parameter (a) and grain size
(D) of all the coatings were calculated in Fig. 5. The lattice parameter
(a) of CrN phase was about 0.1388 nm. The addition of V element
decreased the lattice parameter of CrN. With the increase of V content,
the lattice parameter of Cr-V-N coating with a high V content decreased
and would be close to the lattice parameter of VN (a = 0.1376 nm). In
addition, the EDS of S6 sample in Fig. 6 shows that it contained both Cr
and V elements in a single grain. This further indicated that the Cr-V-N
coatings were in the form of solid solution and the Cr lattice sites were
substituted by V atoms. Similar results were reported in other Cr-V-N
[13,16], Cr-Al-N [17], Cr-W-N [22] and Ti-Zr-N [23,24] coatings. The
peak was broadened with a decrease of V content, which implied a
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Fig. 3. Cross-sectional SEM micrographs of Cr-V-N coatings with different V contents: (a) S1 (0.32 at.%), (b) S2 (0.89 at.%), (c) S3 (4.46 at.%), (d) S4 (11.16 at.%),

(e) S5 (16.55 at.%), (f) S6 (31.14 at.%).

lattice distortion or grain refining [25]. As shown in Fig. 5, the grain
size of the S1-S5 enlarged with the increase of V content. Whereas, the
S6 coating, with the broadest (111) peak, showed the minimum grain
size. The full width at half maximum (FWHM) of (111) peak could be
semi-qualitatively used to estimate the crystallinity. The smaller the
FWHM was, the better the crystallinity could be. S6 coating with the
highest V content presented weak crystallinity.

To further clarify the effect of V content on the microstructure of the
coatings, detailed cross-sectional TEM micrographs of S3, S5 and S6
coatings were taken (Fig. 7). Both the S3 and S5 coatings had distinct
columnar structure (Fig. 7a, Fig. 7d) with large grain size, whereas the
S6 coating was featureless (Fig. 7g). The HRTEM image (Fig. 7b, Fig. 7e,
Fig. 7h) of single grain showed the CrN phase only, neither V metal nor
compound phase of V was found. The measured interplanar spacing of
CrN (111) plane decreased with the increase of V content, which was in
accord with the XRD observation. In addition, the HRTEM character-
ization revealed the weakest crystallinity of the S6 coating. The Cr
(211) plane and CrN phase with several distinct orientations were ob-
served in SAED patterns of S3 (Fig. 7c). This result demonstrated that
the excess Cr existed in the form of Cr metal crystal in the coating. The
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Fig. 6. (a)The TEM image of S6, and (b) the EDS of a single grain in S6.
CrN phase was also detected in the SAED patterns of S5 and S6 coatings, an excess addition of V element into CrN weakened the crystallinity and
which indicated the CrN as the main phase component of the coatings. made the coating grew in a way of discontinuous columnar structure.

The continuous growth of the coarse grain in S5 coating was observed
in the dark field TEM image in Fig. 8a. In contrast, the grain of S6
coating in Fig. 8b was manifested to be fine and discontinuous. Overall,

(111) CrN

L 1500nm

Fig. 7. Phase and microstructure of Cr-V-N coatings: (a), (d), (g) low-magnification overview image of S3 (4.46 at.%), S5(16.55 at.%), and S6 (31.14 at.%),
respectively, and (b), (e), (h) corresponding HRTEM and inverse fast Fourier transform images, as well as (c), (f), (i) SAED patterns.
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3.2. Mechanical properties

The wear resistance of hard coatings can be indirectly evaluated
from their hardness (H) and Young's modulus (E). In Fig. 9a, S5 showed
the highest H and E of 20.1 * 1.0 GPa and 438.5 * 5.3 GPa, re-
spectively. When V content increased from 0.32 at.% (S1) to 16.55 at.%
(S5), a significant increase was observed in the H by ~17% and E by
~29%, respectively. However, as the V content continued to increase,
the H and E declined. The solid solution with a certain amount of V

content (< 16.55 at.%) into the CrN coating led to lattice distortion,
which was beneficial to improve the hardness. But an excess of V
content was detrimental to hardness due to the increased disorder
caused by weak crystallinity.

Toughness means the strain-energy absorbing ability to create and
propagate the crack [26-28]. Here, the toughness of S3 and S5 samples
were assessed by the Vickers indentation test under a load of 5 N. From
the SEM images of the indentations (Fig. 10), feeble edge cracks along
the indentation circumference were visible for both coatings and radial
cracks were almost inexistent, which implied their high damage re-
sistance and good toughness.

The scratch test is commonly used to assess the adhesion between
substrates and coatings. The cohesive strength failure that takes place
inside the coating can also be evaluated. Fig. 11 shows the scratch track
morphologies of Cr-V-N coatings on cemented-carbide substrates. The
critical loads (Lc2) of S1, S3, S4, and S6 were determined to be about
105N, 100 N, 98 N and 97 N, respectively. For S1 and S3 coating, the
curved cracks inside the scratch were observed and the coating failure
was caused by wedge spallation along the sides of the scratch (Fig. 11e-
f). For S4 coating, circumferential cracks dominated the scratch and the
fragment was depressed into the substrate surface (Fig. 11g). In these
cases, the coatings all showed remarkable plastic deformation. Instead
of conformal cracks, the failure mode of S6 coating was different from
other coatings discussed above (Fig. 11h). Under the squeezing of
moved diamond stylus, the coating showed good toughness with feeble
spallation observed. The continuous ductile perforations generated in-
side the scratch track and the substrate material was exposed with
depressed crushed coating fragments.

Above all, the coatings with different V contents showed excellent

Fig. 10. SEM images of Vickers indentation for (a) S3 (4.46 at.%), and (b) S5 (16.55 at.%) coatings.
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Fig. 11. Scratch tracks of Cr-V-N coatings with different V contents: (a) S1 (0.32 at.%), (b) S3 (4.46 at.%), (c) S4 (11.16 at.%), (d) S6 (31.14 at.%), and (e), (f), (g), (h)

are enlarged images of crack propagation of S1, S3, S4, S6, respectively.

toughness and adhesion strength. When the V content was in the range
of 0.32 at.% to 16.55 at.%, the solid solution strengthening effect was
more prominent, the H and E were linearly elevated. When the V
content was 31.14 at.%, the solid solution strengthening effect made no
difference and the weak crystallinity caused by the increased disorder
shed some light on the decreased H and E. It is predictable that the good
mechanical properties will make a significant role to improve wear
resistance of the coatings.

3.3. Tribological behavior

The friction curves of different V-containing coatings are shown in
Fig. 12a. Firstly, the COF increased sharply and then decreased
promptly within the running-in period for all curves. After the run-in
period, the curves of S1, S2 and S3 showed great oscillation and there
was a general increase with the extension of friction time, while S4-S6
showed comparatively stable trends. The average value of friction
coefficients is shown in Fig. 12b. Overall, due to the solid solution
strengthening effect, Cr-V-N coatings showed good tribological perfor-
mance with the friction coefficient varying from 0.26 =+ 0.01 to
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Fig. 12. (a) Sliding friction curves, (b) average friction coefficients and wear rates of Cr-V-N coatings sliding against Al,O3 balls in ambient air.

Fig. 13. SEM images of the wear tracks of Cr-V-N coatings (a) S3 (4.46 at.%), (c) S5 (16.55 at.%), and the corresponding wear scars of Al,O3 balls (b) S3, (d) S5.

0.36 + 0.01, and wear rate in 10”7 mm®N ! m ~ ! order of magnitude.
With the increase of the V content, both the average friction coefficient
and the wear rate of the coatings increased progressively. The COF of S6
coating was 0.36 * 0.01, 38% higher than that of S1. The hardness
influenced by the solid solution was not the only factor determining the
friction property, and the surface roughness (Ra) along with the crys-
tallinity of the coating was also of great importance. Perfilyev et al. [14]
reported that the roughness could influence the stick-slip event during
friction. The rough surface led to high amplitude of friction force and
prolonged the time of a single stick in the period of a single stick-slip
event, thus contributed to the high friction. S1 coating, with relatively
smooth surface, showed the lowest wear rate of 2.4 x 1077

mm°®N "1 m ™, With the increase of V content, the surface roughness Ra
increased, thus leading to the increased wear rate. S6 coating, with high
surface roughness and weak crystallinity, exhibited the highest wear
rate of 8.7 x 1077 mm®N~! m™, it was approximately four times
higher than that of S1 coating.

The morphology of wear track and wear scars on Al,O3 balls were
investigated to shed light on the friction mechanism, as shown in
Fig. 13. In the wear track of S3 coating, shallow furrows parallel to the
sliding direction and a great deal of white rod-like wear debris per-
pendicular to the sliding direction could be observed. The rod-like
debris stemmed from the wear particles and was compressed by the
sliding ball [3]. Compared with S3 coating, the wear track behaved
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Fig. 14. X-ray photoelectron spectroscopy spectra for the wear tracks of S3 (4.31 at.%), S5 (16.55 at.%) and S6 (31.14 at.%) sample: (a) Cr 2p, (b) V2p & O 1 s, and

(c) element contents of the wear track of S3 and S6.

wear debris

Intensity (a.u.)
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Fig. 15. Raman spectra of the wear debris (blue line) and wear track (yellow
line) in S3 (4.31 at.%) coating. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

narrower and deeper for S5 coating and the relatively little white rod-
like wear debris with similar composition to those of S5 coating
(49.79 at.% of Cr, 13.27 at.% of V, 33.09 at.% of N) were also detected
by EDS spectrum analysis. The corresponding wear scars are also shown
in Fig. 13. For S3, a large amount of wear debris accumulated and ar-
ranged along the sliding direction. The diameter of the wear scars on S3
and S5 coatings were measured to be 220 pm and 192 pm, respectively,
However, the wear rate of S5 coating was 8.5 X 1077 mm3N ! m_l,
2.6 times higher than that of S3. The rough surface was detrimental to
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the friction that the effective contact area between rough peaks of the
two relatively moving friction pairs got smaller, which in turn increased
the pressure on the unit area. In addition, the exfoliated hard particles
during friction played the role of abrasive wear. It ultimately increased
the friction coefficient and aggravated the wear.

The XPS investigations in the wear track of S3, S5 and S6 samples
were used to identify the chemical states. The use of C 1s level, asso-
ciated with adventitious carbon as energy reference in XPS studies of
nitride coatings, made an accurate identification of chemical state dif-
ficult [29]. The energy reference chosen in this paper was that of the Cr
2p level at 575.6 eV for CrN. As for the metallic constituents, the results
of core level spectra Cr 2p and V 2p showed no significant differences.
In case of Cr 2p (Fig. 14a) and V 2p (Fig. 14b), the 2p 1/2 and 2p 3/2
core level spectra were noticeable due to the spin-orbit coupling. For Cr
2ps,», the peak centered at 574.3 eV and 576.2 eV were related to Cr
metal and Cr,O3 [8], respectively. The peak at 514.2 eV and 515.8 eV of
V 2ps3,, were referred to VN [17] and V-O [30], respectively. The O 1s
spectrum (Fig. 14b) was fitted with two components at 532.1 eV and
530.6-532.4 eV, which were related to Cr-O-N [13], chromium and
vanadium oxide bonds, respectively. The oxide phases detected in XPS
resulted from the tribo-chemical reaction during the friction process
and contaminations from the atmosphere [31]. In Fig. 14c, the O con-
tent in the wear track of S3 and S6 coating was 13 at.% and 17 at.%,
respectively. In high V containing coatings, the content of oxide phases
was low and the rate of tribo-chemical reaction was further limited.

The phase in the wear track and wear debris of S3 coating was
tested using Raman spectroscopy method (Fig. 15). The Cr,05 bands
were not detected in the wear track of S3 coating, but clearly observed
at 305 cm™, 343 cm™, 546 cm ™! [32] in the wear debris. The high
temperature generated during the friction process induced the wear
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Fig. 16. Cross-sectional HRTEM image in the wear track center of S3 (4.31 at.%) coating with the corresponding EDS elemental mapping.

debris to oxidize rapidly, but it was less and played a minor role in
lubrication. In order to further investigate the existence of oxide layer,
the TEM sample was prepared by focused ion beam (FIB) in the wear
track center of S3 coating. Fig. 16 shows the cross-sectional HRTEM
image with corresponding EDS elemental mapping. The top layer of Pt
was deposited to prevent the original information beneath the wear
track being destroyed in the ion milling process. Thin oxide layers were
not observed from TEM image. According to the results of XPS, Raman
and TEM, it was confirmed that the tribo-chemical reaction during the
friction process was sluggish. The detected oxide scales (such as V-O
and Cr,03) could partially influence the tribological behavior of Cr-V-N
coating in this experiment, but the overall explanation of the friction
mechanism needs to be combined with the microstructure and me-
chanical properties.

4. Conclusions

Anti-wear Cr-V-N solid solution coatings with different V contents
were deposited by cathodic arc evaporation. The detailed micro-
structure, mechanical and tribological properties were evaluated. The
incorporation of V increased the surface roughness of the coatings and
weakened the crystallinity. Due to the solid solution strengthening ef-
fect, Cr-V-N coatings exhibited excellent adhesion strength as well as
toughness, and also showed good wear resistance. As the V content
increased, the COF and wear rate both showed a slight increase. The
surface roughness and limited tribo-chemical reaction as well as crys-
tallinity became the dominated reasons to affect the friction behaviors
of different V contained coatings. In low V contained coatings, the
surface was relatively smooth compared with other coatings. Cr,O3 and
V-O oxides generated during friction process benefited the reduction of
COF and wear rate. However, an excess addition of V element destroyed
the original structure of CrN coating. The growth of the coating
changed from continuous columnar to discontinuous columnar struc-
ture and the crystallinity was weakened. The weak crystallinity, rough
surface and limited formation of oxide phases jointly led to the poor
friction behavior of S6 coating. The lubricating oxide phase detected
during the friction process were beneficial to reduce the friction coef-
ficient. Whereas, the tribo-chemical reaction during the friction process
at room temperature was sluggish and the oxidation of V was not ob-
vious.
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