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Hard coatings have beenwidely used in industrial applications aswear-resistant coatings, but are prone to failure
due to the high intrinsic brittleness. In order to improve toughness without significantly sacrificing hardness,
here we designed the V-Al-C-N nanocomposite coatings, and the microstructures consisting of V-based nano-
crystalline hard phases and sp2-riched amorphous carbon soft phases were successfully manipulated by
sputtering V2AlC target under various N2 flow rates. Results indicated that the coating hardness was almost inde-
pendent on the N2 flow rate and maintained around ~30 GPa as changing N2 flow rate from 5 to 20 sccm, while
the toughness was significantly improved, and the high H/E ratio of 0.11 and elastic recovery of 69% could be ob-
tained, respectively. In addition, the V-Al-C-N nanocomposite coatings showed lowwear rate (b1.5 × 10−16m3/
Nm) under a normal load of 10 N. The hard yet tough characteristic and high wear resistance for the deposited
coatings were attributed to the special nanocomposite microstructures as well as the synergistic lubricant effect
derived from both sp2-riched amorphous carbon and V2O5 Magnéli phases formed during friction stage.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In the past few years, transition metal nitride or carbide hard coat-
ings have been widely studied for various applications [1–3]. However,
due to the rapid development of high-speed or heavy-dutymanufactur-
ing processes and tribologically stressed components application, the
design and fabrication of the required multi-functional hard coatings
with the combined high hardness, good toughness, wear resistance
and so on still remain a challenge [4]. Embedding the nanocrystalline
phase into amorphousmatrix to form the nanocomposite structure pro-
vides a promising way to tailor the coating properties to a specific de-
sired value and thus satisfy the required properties [5–7].

Since the superhard (N40 GPa) Ti–Si–N coatings based on nanocom-
posite structure comprising TiN nano-crystallites and a grain boundary
phase of amorphous SiNxwas obtained [8],many researches [9,10]were
focused on how to improve the coating hardness by adjusting interface,
oxygen content or the amount of amorphous phase in Ti-Si-N or other
systems, such as Cr-Si-N [11], Ti-B-N [12], Cr-B-N [13] and so on. Despite
the superhardness, their friction coefficients are rather high [14,15] thus
hinder its application in dry machining. Recently, V-based hard coating
has aroused wide interest due to its lower friction coefficient (b0.4)
over a wider temperature range (293–993 K) than the traditional Ti or
Cr-based coatings [16,17]. Ge et al. [18] successfully prepared the V-Si-
N nanocomposite coatings with high hardness (N30 GPa) and low fric-
tion coefficient (~0.4), but the severe wear still occurred under the nor-
mal load of 10 N during dry sliding condition due to its poor toughness.
Pei et al. [19] also found that the toughness played a key role in thewear
resistance and thehard coatingwith high toughnesswas usually follow-
ed by the superior wear resistance property. However, it is difficult to
obtain the coatings with high toughness without sacrificing superior
hardness. The combination of the hard nanocrystalline phase (10–
20 nm) with a soft matrix (2–10 nm) such as TiAlCN/a-C [20], ZrN/Cu
[21] or SiC/Ni [22] has been proved to be an effective way to meet
hard yet tough properties suggested by Voevodin et al. [23]. The crystal-
lite size of the hard phase was maintained at the nanometric level to
guarantee the hardness, while the second soft phase provided ductility
[24]. Previous studies [4,24] indicated that amorphous carbon existed in
the grain boundary and it can not only improve the coating hardness
and toughness but also decrease the friction coefficient and further en-
hance the wear resistance. Many researchers have synthesized the hard
yet tough carbon-composited coatings for tribological applications, such
as Ti–N–C [25], Cr–C–N [26,27], Ti-Al-C–N [28], and Ti-Si-C–N [29].
However, there is still a difficulty and challenge to control the structures
of these nanocomposite coatings with the combination of high hard-
ness, good toughness and wear resistance by a facile technique over
large area. Especially, the nanocomposite coatings composed of V-
based nanocrystalline hard phase and amorphous carbon lubricious
phase have not yet been reported in detail.
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Fig. 1. GIXRD patterns of the V-Al-C-N coatings deposited under different N2 flow rate.

Table 1
Chemical composition of as-deposited V-Al-C-N coatings determined by XPS.

Sample Chemical composition
(at%)

(C + N)/(V +
Al) ratio

N/C
+ N

Thickness
(nm)

O V Al C N

S1 6.08 39.69 8.29 45.94 – 1.01 – 2000
S2 4.95 25.72 12.08 32.73 24.53 1.51 0.43 1950
S3 4.69 23.58 12.09 33.22 26.43 1.67 0.44 2220
S4 4.37 24.57 12.95 29.61 28.53 1.55 0.49 2230
S5 3.76 24.44 11.58 29.94 30.29 1.67 0.50 2150
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In the present work, V-Al-C-N nanocomposite coatings were pre-
pared by reactive sputtering from a V2AlC compound target under Ar/
N2 gas mixtures. Because of the stronger chemical binding of nitrogen
relative to carbon, to vanadium ions [30] and the limited carbon solubil-
ity in the lattice of metal nitrides, the nanostructure as well as the for-
mation and content of amorphous carbon were controlled by varing
the nitrogen flow rate. The composition andmicrostructure of the coat-
ings and the related mechanical and tribological properties are investi-
gated. The optimization of the nanocrystalline and amorphous phases
was carried out by controlling the nitrogen flow rate to achieve a com-
bination of high hardness, good toughness and wear resistance
properties.

2. Experimental details

V-Al-C-N coatings were prepared by a hybrid ion beam deposition
system [31] consisting of a circular DC magnetron sputtering and a lin-
ear anode-layer ion source (LIS). P-type Si (100) wafers andmirror-fin-
ished high speed steel (HSS) with a dimension of
15 mm × 15 mm × 3 mm were used as substrates. Prior to deposition
the substrates were ultrasonically cleaned in acetone and ethanol for
15 min, respectively. To improve the adhesion strength of the coating
to substrate, all the substrates were sputter-cleaned for 30 min using
Ar ions generated by LIS to remove the contaminants of surface, and
then a Ti interlayer with thickness of ~0.25 μm was introduced. After
that, V-Al-C-N coatings were deposited in Ar/N2 gas mixtures, at a
base pressure of 2.0 × 10−3 Pa and deposition pressure of 0.5 Pa to
0.9 Pa. The Ar flow rate of 70 sccm was kept constant for all deposition
process, while the N2 flow rate was changed from 0 to 40 sccm to adjust
the coating composition. The V-Al-C-N coatings were labeled S1 to S5
according to the used deposition parameters. The substrate tempera-
ture and distance of target to substrate were kept constant at ~250 °C
and 160 mm, respectively. The substrate bias voltage of −150 V with
a frequency of 350 kHz and reverse time of 1.1 μs was applied.

The microstructure of the coatings was investigated by glancing in-
cident x-ray diffraction (GIXRD), scanning electron microscopy (SEM),
Raman spectroscopy and cross-sectional transmission electron micros-
copy (TEM). The GIXRD measurements were performed on a Bruker
D8 Advance diffractometer (Cu-Ka radiation) with a glancing incident
angle (0.5°). The cross-sectional morphology of the coatings was exam-
ined by a Hitachi S4800 high-resolution field emission SEM. Raman
spectroscopy (In Via-reflex, Renishaw) equipped with a 60 mW He–
Ne laser of 532 nm exciting wavelength was used to evaluate the sub-
structures of nitride and free carbon in the deposited coatings. Cross-
sectional TEM studies were performed on a FEI Tecnai G2 TF20 system
operated at an accelerating voltage of 200 kV. The specimens for plan-
view TEM examination were prepared through mechanical polishing
and ion milling. Chemical bonding state and compositions analysis
through x-ray photoelectron spectroscopy (XPS) was performed in a
Kratos Axis ULTRA DLD XPS system, using a monochromatized Al (Ka)
x-ray sourcewith photon energy, hν=1486.6 eV. The graphite C 1s po-
sition at 284.6 eV was used as reference for the energy calibration and a
Shirley-type background subtractionwas used in data analysis. For each
sample, two XPS tests were made to estimate the average chemical
compositions and the XPS signals were taken at about 500 nm depth
into the coating.

Mechanical properties weremeasured by aMTSNanoindenter G200
tool in a continuous stiffness measurement mode using a Berkovich di-
amond tip. Hardness and.

Young's modulus were determined using the Oliver-Pharr method.
The characteristic hardness was chosen in a depth of around 1/10 of
the coating thickness, where the measured value was not affected by
the substrate. Six replicate indentationswere done for each sample. Tri-
bological behavior was evaluated by reciprocating ball-on-plate dry
sliding tests against Al2O3 balls with a diameter of 6 mm on a universal
tribometer (RTEC Instruments). The sliding speed and frequency were
set at 0.02 m/s and 2 Hz, respectively. All tests were conducted under
a load of 10 N at the ambient temperature (~293 K) and a relative hu-
midity of 50–60%. The total sliding time was 3600 s. After tests, the
wear track profiles were measured by the surface profilometer. The
wear rates were evaluated as volume per sliding distance per load.
The morphology of the wear tracks was examined by the FEI Quanta
FEG 250 SEM, while the chemical species was probed by the Micro-
Raman spectroscopy mentioned above, which was equipped with a
50× objective lens to locate the regions of interest.

3. Results and discussion

3.1. Composition and phase structure

The Chemical composition of the deposited V-Al-C-N coatings is
given in Table 1. It shows that N content and N/(C + N) ratio increase
monotonically with increasing the N2 flow rate. For the V-Al-C coating
(S1), the C/(V + Al) ratio is around 1, while the (N + C)/(V + Al)
ratio increases significantly and varies in a narrow range, from 1.51 to
1.67, when the N is incorporated, implying the controlled composition
of introduced N content. It should be noted that there is low content
of oxygen contamination presented in all samples due to the possible
low base vacuum degree.

The phase evolution of the V-Al-C-N coatings was examined using
GIXRD. As shown in Fig. 1, the V-Al-C coating is composed of face-cen-
tered cubic (fcc) (V, Al)C phase with (111) preferred orientation at
the diffraction peak 2θ of approximately 38.24°, which is similar to the
case of Ti-Al-C-N coatings [32], but the lattice parameter for fcc-(V, Al)
C is smaller than the ideal fcc-VC phase (PDF#65-8825 VC) because of
the partial replacement of V by Al atoms. For the V-Al-C-N coatings, it
still exhibits the face-centered cubic structure, but the incorporation of
N into V-Al-C coatings leads to the shift of (111) peak toward lower dif-
fraction angle, which attributes to the changes in the chemical

Image of Fig. 1


Fig. 2. XPS spectra of V-Al-C-N coatings deposited under different N2 flow rates: (a) N 1s; (b) C 1s.
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composition and the residual stress of the coatings [33]; in addition,
the other two peaks located at 2θ=43.48° and 63.52° are assigned to
(200) and (220) reflections, respectively. Because the lattice con-
stant value of the VC and VN phases is adjacent, it is difficult to accu-
rately distinguish the phase constitute just by XRD analysis. Previous
study [30] reported that a small amount of N could replace the C sites
in the fcc-(V, Al)C lattice to form the fcc-(V, Al)(C, N). Meanwhile,
the diffraction peak widths are broader with the nitrogen incorpora-
tion, revealing that nitrogen incorporation can fine the nano-
crystallites.

To characterize the bonding structure of the coatings, typical
high-resolution core-level XPS analyses were carried out. Fig. 2
presents the C 1s and N 1s XPS spectra of the V-Al-C-N coatings de-
posited at different parameters, respectively. Compared to V-Al-C
coating (S1), the N 1s XPS spectra of V-Al-C-N coatings in Fig. 2a
show a main peak at 396.8 eV and a shoulder peak at 398.1 eV,
which are assigned to N\\(V, C) and N\\C (sp [2]) bonds, respective-
ly [34,25]. These results indicate the successive substitution of nitro-
gen into carbon in (V, Al) C and linkage between the substituted
carbon and the incorporated nitrogen with increasing incorporation
of nitrogen. In the C 1s spectra (Fig. 2b), the spectra exhibit a
Fig. 3. (a) Raman spectra of the V-Al-C-N coatings depo
significant variation with the increase of N2 flow rate. For the V-Al-C
coating (S1), the spectra consist of the main peak at 282.4 eV
which is assigned to C\\V bonds [25], and two weak peaks at higher
binding energies of 282.6 eV and 284.6 eV corresponding to C\\O\\V
and sp2 C\\C bonds [35], respectively, indicating that most of the C
atoms are bonded to V atoms. But in the coating of S2–S5, the C 1s
spectra are fitted into four components at 282.2 eV, 283.3 eV,
284.7 eV, and 286.1 eV, which correspond to C\\V, C\\(V, N), C\\C,
and C\\N bonds [36], respectively. Especially, the fraction of C\\C
bonds increases with increasing the N2 flow rate, suggesting that
the fraction of amorphous carbon phase increases and become
main component for coating S4 and S5.

Additional information on the phase composition of the V-Al-C-N
coatings obtained using Raman spectroscopy is given in Fig. 3a. It
shows that the Raman spectra could be divided into two regions.
One is located from 100 to 1000 cm−1 due to the vibrational modes
of V(C, N) compound, while the other one located from 1000 to
1800 cm−1 shows typical asymmetric and broad peak, indicating
the emergence of amorphous carbon phase in the V-Al-C-N coatings
[37]. The amorphous carbon spectra are fitted into two peaks includ-
ing G peak centered at ~1550 cm−1 originating from all graphite-like
sited under different N2 flow rates; (b) ID/IG ratio.

Image of Fig. 3
Image of Fig. 2


Fig. 4. Cross-sectional morphologies of the V-Al-C-N coatings deposited under different N2 flow rates (a) S1; (b) S2; (c) S3; (d) S4; (e) S5.
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sp2 bonds and D peak centered at ~1380 cm−1 due to the aromatic
sp2 bonds (insert in Fig. 3a) [38]. Besides, the intensity of the D and
G peaks with N2 flow rate increases gradually, as reported for other
carbonitrides [32]. Further information for carbon atomic bonds
can be obtained from the intensity ratio of D peak to G peak (ID/IG
ratio), which is given in Fig. 3b. It reveals that the ID/IG values of
the V-Al-C-N coatings vary from 3.7 to 4.1. Taking into account that
the ID/IG ration is closely related to the sp2 cluster size in the coating,
it can be said that incorporating N could not only promote the forma-
tion of amorphous carbon phases, but also benefit the sp2-riched
graphite-like bonds dominated in the amorphous carbon matrix
[28]. Therefore, combining the XRD, XPS and Raman results, the
structure of V-Al-C-N coatings is the nanocomposite structure com-
posed of the (V,Al)(C,N) nanocrystallites and amorphous sp2-riched
carbon as well as little amount of CNx.
Fig. 5. Cross-sectional TEM and HRTEM images of the V-Al-C-N coatings deposite
3.2. Morphology and microstructure

Fig. 4 shows the fractured cross-sectional SEMmicrograph of the V-
Al-C-N coatings. The obvious morphology evolution of the coatings can
be clearly seen following the N2 flow rate. For the V-Al-C coating (S1), a
typical columnar structure extends through the coating thickness as
displayed in Fig. 4a. When the nitrogen is incorporated, the coating
morphology evolves into fibrous columnar structure (Fig. 4b). Based
on the aforementioned phase structure analysis, it can be concluded
that the appearance of amorphous carbon probably distributed among
the grain boundary inhibits the grain lateral growth. In addition, the
cauliflower-like surface structure can be clearly seen by AFM (inserted
in Fig. 4a and b) for the coatings S1, S2 and each cauliflower cell corre-
sponds to the top of columnar grain. With further increasing the N2

flow rate (coating S3), a feature-less structure is generated instead of
d under different N2 flow rates (a), (b) S1; (c), (d) S2; (e), (f) S4; (g), (h) S5.

Image of Fig. 5
Image of Fig. 4


Fig. 6. Hardness, H/E ratio and elastic recovery (We) of the V-Al-C-N coatings deposited under different N2 flow rates.
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the fibrous columnar structure in S2 (Fig. 4c), which results from the in-
creased content of amorphous carbon. For the coatings deposited under
higher N2 flow rate (S4 and S5), the surface morphology (Fig. 4d and e)
stays feature-lesswith finer grain, the size ofwhich cannot be evaluated
from the SEM image due to the limited resolution of the used
microscope.

The cross-sectional TEM observation was performed on the coating
S1, S2, S4 and S5 to further investigate the detailed nanostructure devel-
opment with N2 flow rate. As shown in Fig. 5, a clearmodification of the
microstructure occurs by modifying the N contents of the coatings. For
the N-free V-Al-C coating (Fig. 5a), it exhibits a well defined columnar
microstructure with a grain width of 30-50 nm. The corresponding se-
lective area electron diffraction (SAED) patterns in the inset of Fig. 5a
shows three discontinuous rings, which are identified to be (111),
(200) and (220) planes of fcc-(V,Al)C phase. This is consistent with
the XRD results (Fig. 1). Moreover, high-resolution TEM (HRTEM) in-
vestigations are shown in Fig. 5b. The lattice fringes of V-Al-C coating re-
veal the single-crystal characteristics in each column. For the coating S2,
columnar microstructure along the growth direction still exists, but it is
followed by some finer grainswith awidth of 5–10nm(Fig. 5c); the dis-
continuous SAED pattern in the inset shows three rings corresponding
to the (111), (200) and (220) planes of the fcc-(V,Al)(C,N) phase. Ac-
cording to theHRTEMobservation (Fig. 5d), amorphousphase is formed
inside the column, but the nano-crystalline domains in each columnar
grain still exhibit an identical lattice orientation, implying that the
Fig. 7. (a) Friction behavior and (b) average friction coefficient and wear r
precipitation of amorphous phase do not block the columnar crystalline
growth. As the content of amorphous phase is further increased (Fig.
5e), the columnar structure vanishes and elongated nanograins are sep-
arated by the amorphous phase. Namely, these amorphous phases
completely block the continuous growth of the (V,Al)(N,C) crystallites.
The near-continuous SAED pattern still shows the diffraction rings of
fcc-(V,Al)(N,C), which contains strong (200) and weak (111) and
(220) rings. Moreover, the HRTEM image (Fig. 5f) clearly shows the
nanocomposite structure, which consists of elongated nanocrystalline
(V,Al)(C,N) grains embedded in an amorphous matrix. When the nitro-
gen content is further increased (coating S5, as shown in Fig. 5g), the
nanograins become spherical, accompanying with a further decrease
of grain size. The SAED patterns in the insets exhibit continuous rings,
corresponding to the finer microstructures and the increased amount
of amorphous phase [39]. The HRTEM observation (Fig. 5h) further re-
veals the structure of the coating in which the (V,Al)(C,N) nanocrystal-
line is dispersed in an amorphous matrix.

3.3. Mechanical and tribological properties

Fig. 6 shows the hardness, H/E ratio and elastic recovery (We) of the
V-Al-C-N coatings as a function of N2 flow rate. For the N-free V-Al-C
coating (S1), the results indicate that the hardness, H/E ratio and We

are 19.59 ± 1.07 GPa, 0.07 and 54%, respectively. It should be noted
that the coating hardness increases significantly and then almost
ates of the V-Al-C-N coatings deposited under different N2 flow rates.

Image of Fig. 7
Image of Fig. 6


Fig. 8. SEM images of the wear track for the V-Al-C-N coatings deposited under different N2 flow rates (a) S1; (b) S2; (c) S3; (d) S4; (e) S5 and (f) Raman results for the coating S5.
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keeps constant at around 30GPawith increasing theN2 flow rate for the
coating S2 to S4.Meanwhile, the high H/E ratio (0.11) and elastic recov-
ery (69%) are obtained for the coating S4. Musil et al. [40] has proposed
that the toughness was determined by the H/E ratio andWe, and found
that the hard coatings with enhanced resistance to cracking could be
characterized by higher H/E (N0.1) and elastic recovery (We N 60%).
Thereafter, the results here reveal that the designed V-Al-C-N nanocom-
posite coatings with optimized nitrogen incorporation display the en-
hanced toughness without sacrificing hardness. However, a slightly
decreases of the hardness and elastic recovery occurwith the further in-
crease of N2 flow rate, which might be related to the increased amor-
phous phase content. Indentation is a widely accepted method to
measure the fracture toughness of the coatings, though the determina-
tion of the toughness is still a difficult task [41]. The insets in Fig. 6 illus-
trate the Vickers indentation morphology with a loaded 3 N force to
assess the cracking resistance. For the V-Al-C coatings, severe radical
cracks are formed along the indentation, indicating the poor toughness
or adhesion to the substrate. However, for the nanocomposite V-Al-C-N
coating S2, all the cracks exist inside the indentation region and there
are no obvious cracks observed for the coating S3–S5, which denotes
the obtained hard yet tough performance of V-Al-C-N coatings due to
the formed nanocomposite structures.

Fig. 7 and Fig. 8 show the friction behavior, wear track morphology
and Raman spectra of the wear debris of the different samples under
the normal load of 10 N against Al2O3, respectively. For the V-Al-C coat-
ing S1, the friction coefficient as a function of sliding time in Fig. 7a fluc-
tuates severely from 0.4 to 0.6 and it is worn out soon, severe wearwith
thewear rate of 8.06 × 10−5 m3/Nm is obtained; Fig. 8a shows thewide
wear track. The reason is that localized breaking and cracking start to
form and grow during sliding when the stress exceeds a critical value
of the coatings, and the columnar structure also accelerates this phe-
nomenon. Therefore, the low hardness and poor toughness or adhesion
combined with the columnar structure can account for the severe wear
of V-Al-C coating under high normal load. After the nitrogen is intro-
duced into the coatings, the friction coefficient against sliding time be-
comes stable after the running-in period; the average friction
coefficient decreases monotonically with increasing the nitrogen com-
position and the lowest value of 0.36 is obtained for the coating S5.
This phenomenon is related to the self-lubrication effect arising from
the formation of amorphous carbon acting as a graphite-like lubricating
layer [29]. Thewear tracks for the coating S2 to S5 (Fig. 8b–e) seem to be
very smooth and are almost free of any cracking or spalling, and the
loose debris is uniformly distributed on both sides of the wear track or
aggregated in the front of the wear track. In order to obtain more infor-
mation about the tribologicalmechanisms, Raman analysis is performed
on the selected area of the wear track and the wear debris for the coat-
ing S5, as illustrated in Fig. 8f. It can be seen that the V2O5 is present, in-
dicating that V-based coating is oxidized to form the vanadium oxides
during sliding. V2O5 Magnéli phase has easy slipping shear planes
which can act as lubricant during tribo-process [42]. Based on the
above discussion, the synergistic lubricant effect caused by the formed
amorphous carbon and V2O5, good hardness and improved toughness
result in the low friction coefficient and good wear resistance of the V-
Al-C-N coatings.
4. Conclusions

The V-Al-C-N nanocomposite coatings were deposited by sputtering
V2AlC compound target under different nitrogen flow rates. The de-
tailed composition andmicrostructure aswell as the relatedmechanical
and tribological properties of these coatings were evaluated. The incor-
poration of nitrogen decreased the grain size and promoted the forma-
tion of the sp2-riched amorphous carbon. With increasing the nitrogen
flow rates, the nanostructure of coatings evolved from columnar struc-
ture to nanocomposite structure composed of the (V,Al)(C,N)
nanocrystallites and amorphous carbon and CNx. The V-Al-C-N coating
with such an optimized nanocomposite structure exhibited both high
hardness (N30 GPa) and good toughness (H/E N 0.1, We N 60), which
contributed to the relative low friction coefficient (b0.4) and wear
rate (~1.2 × 10−16 m3/Nm). The V-Al-C-N nanocomposite coatings pre-
pared by sputtering V2AlC composite target with nitrogen can be a good
choice to produce thewear-resistant coatings on drymachining. Our re-
sults provide a route to fabricate the coatings with high hardness and
good toughness for the dry wear-resistant applications.
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