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A B S T R A C T

Multilayer tetrahedral amorphous carbon (ta-C) films comprising alternating layers of different sp3 contents
have been fabricated by periodically adjusting the bias voltage of filtered cathodic vacuum arc (FCVA) system.
The microstructure, tribological and corrosion behaviors of the multilayer ta-C films deposited on YG6 cemented
carbide were systematically investigated. Results showed that the multilayer structure effectively reduced the
residual stress and restrained spalling of ta-C film, which frequently occurred in single-layer structure. The
hardness and Young's modulus of multilayer ta-C films decreased with diminishing sp3 content of soft sublayer.
Compared to the YG6 substrate, multilayer ta-C films exhibited much lower friction coefficient between 0.06 and
0.08 and effectively reduced the wear rate. Multilayer ta-C film deposited at bias voltage alternating between
−50 V and –150 V (M-1 film) had the lowest friction coefficient of 0.06 and the lowest wear rate of
2.87 × 10−7 mm3/N m. The difference in anti-wear performance among the multilayer ta-C films was associated
with the ratio of hardness to elastic modulus (H/E ratio). The electrochemical corrosion test confirmed the
effective corrosion protection provided by the multilayer ta-C films, and the M-1 film obtained the highest
polarization resistance. Judging from electrochemical impedance tests, the existence of some extent of micro-
defects could be the main factor limiting the electrochemical corrosion performance of the multilayer ta-C films.

1. Introduction

In recent years, engineering materials suffering from aggressive
medium and mechanical loading have aroused widespread concerns
[1–4]. Combined protection against friction and corrosion is an urgent
need to improve the reliability and life-time of engineering components
under harsh and complicated working conditions.

Cemented carbide comprised of hard ceramic phase (WC) and me-
tallic binder (e.g., Co, Ni) has been found its use in various engineering
components, such as cutting tools, saw blades, valves and jet nozzles,
due to its excellent hardness and toughness. However, for some special
applications, such as wood cutting, petroleum transportation and
mining, the tungsten carbide has to not only deal with mechanical
wear, but also suffer corrosive attack from cutting fluid, mine water and
seawater [5–7]. Unfortunately, tungsten carbide itself lacks effective
wear resistance in corrosive working conditions [8].

Protective coating serves as an important role in surface

modification of materials. One of the attractive candidate is diamond-
like carbon (DLC) film, which is a metastable form of amorphous
carbon containing sp2 and sp3-hybridized carbon and hydrogen. In DLC
family, tetrahedral amorphous carbon (ta-C) has high content of sp3

bonds, and no hydrogen element is embedded in its carbon network,
which endows ta-C film with high density, excellent wear resistance
and chemical inertness [9]. At present, ta-C film has been employed in
mechanical protection of cemented carbide [10–12]. However, its
corrosion performances on cemented carbides have received less at-
tention, mainly due to the limited thickness of ta-C film resulting from
high stress level during growth.

Interlayer deposition, doping elements and multilayer structure are
effective methods to reduce the residual stress of ta-C film [13–16].
Nevertheless, the transition layer and element doping would complicate
the process and introduce heterogeneous elements. Many literatures
have elucidated that alternating hard and soft multilayer structure
could remarkably reduce stress. In arc deposition, the bias voltage could
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effectively regulate the sp3 bond content and tailor the hardness
[17–24]. For example, Zhu et al. [20] have reported that the sp3 frac-
tion could be tailored from 82% to 56% by changing the bias voltage
between 0 V and –200 V, while the corresponding hardness evolved
from 51 GPa to 31 GPa. Zavaleyev et al. [23] have demonstrated that
regulating the bias voltage in the range of −25 V to −200 V leads to
the modification of sp3 content and hardness of the deposited ta-C films
from 35% and 18 GPa to 63% and 50 GPa, respectively. By periodically
adjusting the deposition bias voltage, multilayer DLC films with alter-
nating high and low sp3 content (hard and soft) layers can be obtained.
At present, the research of multilayer DLC film mainly focuses on mi-
crostructure characterization and mechanical properties [25–28]. Xu
et al. [25,26] demonstrated that the reduction of modulation ratio re-
sulted in lower sp3 content and hardness of the multilayer DLC films,
and sample with modulation ratio of 1:1 obtained the best wear re-
sistance mainly due to balance between hardness and residual stress.
Finite element model could accurately simulate the film deformation,
providing guidance for the optimization process. Han et al. [28] found
that the graded multilayer ta-C films had excellent scratch resistance
and adhesive strength, which possibly originated from the storage of
elastic energy by sublayer's interface during scratch loading. However,
there still lack research for multilayer DLC film in terms of the com-
bined anti-wear and electrochemical corrosion behaviors.

In present work, we construct multilayer ta-C films by alternating
high-sp3-content layer and low-sp3-content layer, aiming to optimize its
performance under complicated working conditions and to figure out
the role of multilayer structure on its tribological and electrochemical
corrosion properties.

2. Experimental

2.1. Film preparation

YG6 cemented carbide with a size of 15 mm × 15 mm, P-type si-
licon (100) wafers with thickness of 280 ± 15 um and 545 ± 15 um
were selected as substrates. The ta-C films were deposited using a self-
designed 45 degree double-bent filtered cathodic vacuum arc (FCVA)
system, as shown in Fig. 1. The magnetic filter composed of 45 degree
double-bent stainless steel tube and permanent magnet coil (PM),
source magnetic coil (SM), extraction magnetic coil (EM), bending
magnetic coil (BM) and output magnetic coil (OM) could realize ef-
fective filtration of large macro-particles. The polarity-direction of the

respective field coils is showed in the insert diagram of Fig. 1. The
current of SM, EM, BM and OM were set as 5.0 A, 4.5 A, 4.5 A and 4.5 A,
respectively. The duct diameter of double bent FCVA was 16 cm. The
magnetic field strength inside the duct was between 43 mT and 108 mT,
and the magnetic induction intensity on the axis of the duct was mainly
between 53 and 94 mT. The spatial distribution of magnetic field in the
duct obtained by simulation was shown in Fig. S1. A trapezoidal high
purity graphite (99.999%) with diameters of Φmax70 mm and
Φmin60 mm was used as target. The arc was triggered by mechanical W
needle. A positive bias voltage of 20 V was applied to the duct and the
arc current was kept at 60 A. Four scanning coils were installed at the
outlet of the magnetic filter duct, in order to increase deposition area
and improve the uniformity of the deposited film. The magnetic field
distribution of the scanning coil is controlled by adjusting the ampli-
tude and frequency of AC power supply. The frequencies of beam
scanning both in X axis and Y axis are 8 Hz. In order to regulate the
carbon ion energy, specific substrate bias voltages (−50 V, −150 V,
−250 V, −350 V) were applied. The arc and bias voltage were both
supplied by pulsed DC power.

The pumping system was comprised of mechanical pump and tur-
bomolecular pump. When the chamber was evacuated to a vacuum of
3.0 × 10−3 Pa, the substrates were firstly cleaned by arc plasma
etching at −300 V for 10 min, then ta-C films were deposited under
specific substrate bias voltages. The Ar flow rate for arc plasma etching
and film deposition processes were 5.0 sccm and 1.5 sccm, respectively.
The pressure during etching and deposition were 0.01 Pa and 0.04 Pa,
respectively. As a preliminary experiment, single-layer ta-C films under
the substrate bias voltages of −50 V, −150 V, −250 V, −350 V were
systematically studied. The deposition rate decreased gradually from
12.4 to 4.3 nm/min with increasing bias voltage from −50 V to
−350 V, as shown in Fig. S2. Then multilayer ta-C films with high-sp3-
content layer alternated with low-sp3-content layer were deposited by
varying the substrate bias voltage periodically. The modulation ratio of
the hard and soft layers was set as 1:1 and the modulation period was
about 50 nm. The performances of the multilayer system could be tai-
lored by regulating components of adjacent layers. The first layer
contacted with the substrate was set as a low-sp3-content ta-C layer in
order to improve the film-substrate adhesion, while a high-sp3-content
ta-C layer was always selected as the top layer for wear protection. The
top hard layer could provide high load carry capacity and contribute to
long wear life. The film thickness was kept almost constant by varying
the deposition time for each case.

Fig. 1. Schematic diagram of FCVA system (Insert diagram shows the polarity-direction of the respective field coils).
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2.2. Microstructural characterization

X-ray photoelectron spectroscopy (XPS, Axis ultradld, Japan) with
monochromatic Al X-ray source was employed to analyze the chemical
bonding ta-C films. The XPS device was equipped with electron neu-
tralizing gun, which neutralized the charge on the sample surface using
a low-energy electron beam. The emitted photoelectrons were detected
using a concentric hemispherical analyzer at a pass energy of 160 eV for
the survey scan and 20 eV for the high resolution XPS peaks. The
sample surface was etched by Ar+ ion beam before measurement to
remove the contaminants. The small spot XPS depth profiling was fur-
ther utilized to characterize the distribution of sp3 content with depth.
Argon ion etching conditions for removing the contamination were:
Ar+ energy of 2 keV, time duration of 1 min. The etching conditions for
small spot XPS depth profiling were: X-ray spot of 150 × 1000 mm2,
Ar+ energy of 2 keV, testing every 2 min of etching. The energy re-
solution of the XPS instrument was 0.48 eV in term of Ag 3d5/2
(FHMW). The binding energies were referenced with C 1s peak at
284.6 eV. The fitting process of C 1s spectra was provided in the sup-
porting information S3. The field emission scanning electron micro-
scopy (FE-SEM, Hitachi S-4800, Japan) was employed to analyze the
surface and cross-sectional morphology of the multilayer ta-C films.
High-resolution transmission electron microscopy (TEM, Tecnai F20,
US), with a point-to-point resolution of 0.24 nm, was used to char-
acterize the microstructure. The TEM sample was prepared by Focused
Ion Beam (FIB) instrument (Carl Zeiss, Auriga). Electron energy loss
spectroscopy (EELS) was acquired by scanning transmission electron
microscope (STEM, Tecnai F20, US) operated at acceleration voltage of
200 kV, using a CCD camera (2048 × 2048 pixels) behind the Gatan
imaging filter. The convergence and collection semi-angle were set at
25 and 60 mrad, respectively. The energy resolution, determined from
the full width of half maximum of the zero-loss peak, was 0.64 eV. The
typical acquisition times for C-K edge and low-loss spectra were 0.01
and 0.005 s, respectively. Highly oriented pyrolytic graphite (HOPG,
100% sp2-C bonds) was selected as a standard for quantitative analysis
of carbon bonding. The processing of C-K edge spectra follows the
standard procedure, i.e., background subtraction by power-law model,
removing the plural scattering using the Fourier-ratio deconvolution
with the relevant low-loss spectra, spectra calibration by shifting the π*
peak to 285 eV. Raman spectroscopy (Renishaw inVia-reflex, UK) with
a wavelength of 532 nm was used to measure the atomic bonds of the
films before and after tribological test at a detecting range from 800 to
2000 cm−1. The nano-indenter (MTS-G200) in continuous stiffness
measurement mode was used to characterize the mechanical properties.
The indentation depths were about 180 nm. The average values of
hardness and elastic modulus in the stable region of 50–100 nm were

selected as the test results. Six indentations were done for each sample
to ensure repeatability. A laser tester (JLCST022, J&L Tech) was uti-
lized to define the film/substrate curvature, then the residual stress was
further calculated through Stoney equation.

2.3. Tribological tests

Dry friction performance was evaluated by a reciprocating ball-on-
disk tribo-meter (UMT-3) with Al2O3 ball (6 mm in diameter) as the
counterpart at room temperature. The applied load, stroke length and
sliding frequency were 5 N, 5 mm and 2 Hz, respectively. Each test
lasted for 900 s. At least three friction tests were conducted for each
sample to ensure repeatability. After friction tests, a surface profil-
ometer (Alpha Step-IQ) was employed to measure the wear track pro-
files. The wear rate of each sample was calculated by the following
equation:

=
×
V

F L
K (1)

where V is the wear loss of the film in mm3, F is the applied normal load
in N and L is the sliding distance in m [24]. The field emission scanning
electron microscopy (FE-SEM, FEI Quanta FEG 250) equipped with X-
ray energy dispersive spectroscopy (EDS) was applied to characterize
the wear tracks after friction test.

2.4. Electrochemical corrosion studies

Electrochemical corrosion performance was evaluated by a three-
electrode electrochemical system in 3.5 wt% NaCl solution at room
temperature. Platinum mesh, KCl saturated silver/silver chloride (Ag/
AgCl) electrode, the ta-C film coated and uncoated YG6 samples were
employed as counter, reference and working electrode, respectively.
The exposed area of each sample to the electrolyte was 1.0 cm2. Before
measurement, the open circuit potential (OCP) was monitored for 1 h to
establish an equilibrium. Electrochemical impedance spectroscopy
(EIS) was conducted over a frequency range from 100 kHz to 10 mHz
with 10 mV sinusoidal perturbation. In potentiodynamic polarization
tests, the potential was swept from −0.6 V to 1.5 V at a scanning rate of
0.5 mV/s. All tests were repeated three times for each sample. The ac-
quired data were analyzed using Modulab and ZSimpWin software.

3. Results and discussion

3.1. Film characterization

The XPS tests were firstly employed to characterize the sp3 content

Fig. 2. (a) The XPS C1s core level spectra and (b) sp3 content of single-layer ta-C films under different bias voltages.
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of single-layer ta-C films under various bias voltage. As shown in
Fig. 2(a), the C 1s spectra were deconvolved into three peaks located at
284.3 ± 0.2 eV, 285.2 ± 0.2 eV and 286.5 ± 0.3 eV, which originate
from CeC sp2 bond, CeC sp3 bond and CeO bond, respectively [29].
The obtained sp3 contents are further depicted in Fig. 2(b), which
clearly shows that adjusting the bias voltage from −50 V to −350 V
leads to monotonous decrease of the sp3 content from 60% to 36%.

Based on the above results, multilayer ta-C films with high-sp3-
content layer (bias voltage of −50 V) alternated with low-sp3-content
layer (bias voltage of −150 V/−250 V/−350 V) were designed and
prepared, which were labelled as M-1, M-2, M-3, respectively. The
single-layer ta-C film with the same thickness deposited at −50 V, la-
belled as S-1, served as a contrast sample. Specific information of the
designed films is shown in Table 1. The film thickness of each sample
was controlled around 240 ± 20 nm (Fig. S3).

It is worth noting that the S-1 film peeled off from the YG6 substrate
(Fig. S4), while the multilayer films retained integrity without visible
delamination. Meanwhile, a smooth surface of multilayer ta-C films
could be obtained due to the effective filtration of macroparticles by
magnetic filter system, as shown Fig. S5. Scratch tests revealed the
improved adhesion were about 10 N between the multilayer ta-C films
and the substrate, while the single layer ta-C films easily peeled off from
the substrate (shown in Supplementary file). High stress generally leads
to weak adhesion of the single layer ta-C film on the YG6 substrate. The
residual stress test results (Fig. S6) revealed that the S-1 film possessed
a high value exceeding 10 GPa, leading to the occurrence of extensive
spalling and fragments. The decreased values of 8.2, 7.6, 6.2 GPa were
obtained for the M-1, M-2, M-3 film, respectively. The periodically in-
troduced low-sp3-content layers are susceptible to plastic deformation,
which could act as cushion to relieve the stress. Besides, the interfaces
could play an important role in stress relief by absorbing energy and
restrain initiation and propagation of cracks [30–32]. Therefore it can
be concluded that the designed multilayer structure effectively reduced
the residual stress and restrained spalling of the ta-C films. Therefore,
the following studies are focused on the multilayer ta-C film system.

XPS depth profiling was carried out to elucidate the evolution of sp3

and sp2 content in multilayer system. Typical deconvolution of the C 1s
spectrum of the M-3 film at different etching time are demonstrated in
Fig. 3(a) and (b). The sp3 content at the etching time of 600 s and 3120 s
is 58.5% and 43.1%, respectively, which clearly confirms the variation
of sp3 content at different depth of the film. Fig. 3(c) further exhibits the
relative content of sp3 and sp2 carbon atoms as a function of etching
time. There is a sp2-rich layer on the top surface of the film until etching
to 300 s. Then, a modulation of sp3 content emerges, in which high sp3

content is alternated by low sp3 content. In Fig. 3(c), the interface is
defined when sp3 content equals to the sp2 content. Including the top
sp2-rich layer, six individual layers can be identified, as illustrated by
different background colors. High hardness of ta-C films led to weak
etching effect of argon ion, so the depth profile only proceeded to six
layers. The sp3 content of the individual layer in multilayer system
deviates from the corresponding single layers, which could be ascribed
to the influence of stress or strain field in the multilayer film [33].
These results prove that multilayer structure with different sp3 content
can be obtained by adjusting the bias voltage.

The TEM cross-sectional image of the M-3 film on silicon substrate
are exhibited in Fig. 4(a). Alternate dark and bright layer could be

obviously observed due to density variation. The bright layer corre-
sponds to the low-sp3-content layer deposited at −350 V, while the
dark layer is the high-sp3-content layer deposited at −50 V. Due to the
influence of platinum protective layer, only seven layers can be dis-
tinguished. The first layer in contact with the silicon substrate is rela-
tively thicker due to a combination of pre-deposited ta-C by arc etching
and the first soft layer deposited at −50 V. The total thickness is
~260 nm measured from the TEM cross-sectional image, which is
consistent with experimental design. Fig. 4(b) displays the enlarged
image of the multilayer structure. The thickness of high-sp3-content and
low-sp3-content layer is 30 nm and 40 nm, respectively. HRTEM image
in Fig. 4(c) demonstrates the formation of a mixed Si/ta-C interface
layer, due to the impingement of high energy carbon ions into the
substrate. HRTEM images also testify the amorphous structure of ta-C
film.

STEM image and EELS spectra were employed to access the local
carbon bonding. Taking the M-3 film as an example, obvious multilayer
structure was observed in STEM image, as shown in Fig. 5(a). The
variation of contrast may be due to the difference of sublayer density.
High resolution EELS spectra were obtained at different locations (dif-
ferent sublayers) in STEM image, which was labelled as a-g. HOPG was
served as a standard. The processed C-K edge spectra are presented in
Fig. 5(b). The π* peak centered at 285 eV is fitted with a Gaussian
function, while the σ* peak is integrated within the small energy
window from 290 to 305 eV. The fraction of sp2 bonded carbon atoms x
is given by [34,35]

= x
x

( / )
( / )

3
4

film

standard (2)

The calculated carbon bond fractions for different EELS position are
showed in Fig. 5(c). The contents of sp2 and sp3 hybridized carbon
atoms in adjacent sublayers are effectively modulated, showing a per-
iodic oscillation of sp3 content between 40% and 60%. The EELS results
confirm the existence of alternating multilayered structures with high
and low sp3 content, which is consistent with XPS depth profiling.

3.2. Tribological properties

Friction coefficient curves against sliding times are presented in
Fig. 6(a). It can be noted that the friction coefficient of YG6 substrate is
higher than 0.3, and the friction coefficient curve exhibits a high fluc-
tuation, while the multilayer ta-C film coated YG6 samples have smooth
curves and much lower friction coefficient between 0.06 and 0.08,
exhibiting good lubricant effect. The average friction coefficient and the
wear rate calculated according to the cross-section profile of the wear
tracks are exhibited in Fig. 6(b). The M-1 film has the lowest friction
coefficient of 0.06, while the M-2 and M-3 films obtain the same value
of 0.08. Moreover, the lowest wear rate of 2.87 × 10−7 mm3/Nm is
obtained by the M-1 film, while the YG6 substrate possesses a highest
value of 6.14 × 10−7 mm3/Nm. After coated with the multilayer ta-C
films, the wear rate decreased 34% to 50%. The above results justify the
good lubrication and anti-wear effect of the prepared multilayer ta-C
films.

SEM morphology and cross-section profile of wear tracks are shown
in Fig. 7. YG6 substrate possesses the widest wear track and a large

Table 1
Specific information of the designed films.

Samples Bias voltage (V) sp3 content (at.%) Thickness (nm)

S-1 –50 60 230 

M-1 –150/–50 51/60 245

M-2 –250/–50 44/60 261

M-3 –350/–50 36/60 221
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amount of debris, indicating the poor wear resistance. On the contrary,
narrowed wear tracks are observed for the multilayer ta-C film coated
YG6 substrates, in which M-1 film coated one has the narrowest and

shallowest wear track.
In order to understand the friction mechanism, Raman tests were

conducted to detect the wear products. Fig. 8 shows the Raman spectra

Fig. 3. Typical deconvolution of the C 1s spectra at etching time 600 s (a) and 3120 s (b) and XPS depth profiling scheme (c) of the M-3 film.

Fig. 4. TEM cross section image (a), HRTEM image of region A (b) and B (c) of M-3 film.
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of original ta-C films and their corresponding wear tracks. All spectra
exhibit a broad asymmetric Raman peak in a wavenumber range from
1000 cm−1 to 1800 cm−1, indicating the typical characteristics of
amorphous carbon. Typically, Raman spectra of amorphous carbon is
composed of D peak and G peak, which locate at 1350 cm−1 and
1580 cm−1, respectively. After Gaussian fitting, the area ratio of D peak
and G peak are calculated, which is referred as ID/IG ratio. The evolu-
tion of ID/IG ratio could shed light on the friction mechanism. The ID/IG

ratio of the deposited ta-C is 0.54, then increases to 0.62 in the middle
of wear track, and reaches the maximum of 1.26 in tail area. The in-
creased ID/IG ratio reveals an increasing number of sp2 clusters, which
indicates that graphitization occurred in the contact interface during
friction. However, no Raman signal of amorphous carbon could be
detected on the wear scar of the Al2O3 counterpart, suggesting that no
obvious transfer layer was formed. At the same time, Al2O3 is in-
trinsically chemical inert, leading to the weak interaction across the
sliding interface [36]. As a result, the weak interaction between gra-
phitization component and grinding ball leads to good antifriction
performance.

In addition, it is worth noting that the passivation of dangling bonds
of ta-C film could work. Those dangling bonds existed in contacting
interface would be passivated by chemically active molecules such as
water and oxygen, which are abundant in atmospheric environment.
Deactivation of dangling bonds further weakens the adhesion of fric-
tional pairs and thereby yields low friction coefficient and good wear
resistance [37,38].

At present, few studies have elucidated the origin of difference in
anti-wear behavior of different multilayer DLC films consisting of sp2-
rich DLC layer (soft layer) and sp3-rich DLC layer (hard layer). Xu et al.
[25] and Lin et al. [31] both presented that the best wear resistance of
multilayer DLC film was attributed to a balance between hardness and
residual stress. Zhang et al. [30] found that high toughness is consistent
with high wear resistance for multilayer DLC films, due to inhibition of
abrasive wear and contribution to the formation of a graphitized
transfer film. However, our experimental results are inconsistent with
the above standpoints.

In principle, the wear behavior of DLC film is closely related to test
conditions and its intrinsic properties. Considering the same friction test
parameters and counterpart ball, the difference in wear resistance be-
tween M-1, M-2, M-3 film is mainly ascribed to the characteristics of the
film itself. The hardness and Young's modulus, supplied in Fig. S7, show
a decreasing trend for M-1, M-2, M-3 film. The correlation between the
sp3 content and hardness has been verified by numerous researches
[9,39]. As a result, it is rational that the mechanical properties will be
dominated by the soft sub-layer since the hard sub-layer is fixed. The
highest hardness of 54.6 GPa and the highest Young's modulus of
693.5 GPa was obtained in the M-1 film.

During friction, high hardness provides superior load carrying ca-
pacity and contributes to the decreased depth of wear track, which is
evidenced by narrower and shallower wear track of M-1 film (Fig. 7).
Moreover, the ratio of hardness and elastic modulus (H/E), which is
associated with the elastic strain to failure, plays an important role in
determining the limit of elastic behavior in a surface contact and then
clearly affects the wear performance [40]. In this work, hardness and
H/E ratios are employed to analyze the wear behaviors between dif-
ferent samples, as shown in Fig. 9. The hardness exhibits similar trends

Fig. 5. STEM image of the M-3 film (a) and the C-K edge spectra obtained from different locations in the STEM image, labelled as a-g, and HOPG (b), calculated
carbon bond fractions for different EELS position (c).

Fig. 6. (a) Friction coefficient curves against sliding times (the inset is sche-
matic diagram of friction test), (b) average friction coefficient and wear rate of
multilayer ta-C films coated and uncoated YG6.
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with the wear rate, suggesting the beneficial effect of high hardness to
wear resistance. In contrast to the hardness, the wear rate is mainly in
inverse proportion to H/E ratio, which means a high H/E ratio indicates
good wear resistance of multilayer ta-C film. Many researchers have
shed on the relationship between H/E ratio and wear behavior [41–43].
Cai et al. [43] and Bai et al. [44] concluded that higher H/E ratio in-
dicates enhanced wear resistance of a-C/a-C:Ti multilayer films. Pei
et al. [45] suggested that the wear rate of TiC/a-C:H nanocomposite
coatings significantly decreases with increase in hardness and espe-
cially with increasing the H/E ratio. Maruno et al. [46] demonstrated
that improving the wear resistance required high plastic index para-
meter (H/E) values rather than high H values. Considering our friction
results, a high H/E ratio indicates good wear resistance of multilayer ta-
C film, which provides guidance for evaluating the wear performances
of materials.

Fig. 7. Surface and cross-section profile of wear tracks M-1(a); M-2(b); M-3(c); YG6(d).

Fig. 8. Raman spectrums of original area and wear track area.

Fig. 9. Relationship between wear rate, hardness and H/E ratio.
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3.3. Electrochemical corrosion behaviors

To elucidate the effects of multilayer structure on electrochemical
corrosion performance of the multilayer ta-C films, electrochemical
corrosion tests were conducted in 3.5 wt% NaCl solution. Fig. 10(a)
presents the potentiodynamic polarization curves of multilayer ta-C
film coated and uncoated YG6 cemented carbide substrate. For the YG6
substrate, the corrosion current density maintains a high level during
the whole potentiodynamic scanning. Even worse, pitting corrosion
occurred at about −0.14 V, revealing poor intrinsic corrosion re-
sistance of the YG6 substrate. The surface deposition of ta-C film im-
proves the corrosion resistance and retards the occurrence of pitting
corrosion. For multilayer ta-C coated samples, adjusting the component
of adjacent layer leads to little difference on polarization behavior. The
cathode branch of the potentiodynamic polarization curves nearly co-
incides with each other, while the anode branch differs a little, in-
dicating that similar electrode reaction occurs during the test.

The corrosion current density (icorr) and corrosion potential (Ecorr)
deduced from potentiodynamic polarization curves through Tafel fit-
ting are summarized in Table 2. It shows that Ecorr of the multilayer ta-C
coated sample shifts towards noble direction in 3.5 wt% NaCl solution
compared to the YG6 substrate, indicating the decreased corrosion
tendency. Moreover, icorr reduces by about 10 times and the M-1 film
obtains the lowest corrosion current density of 2.19 × 10−8 A/cm2,
further revealing the improved corrosion resistance.

Fig. 10(b) shows the Nyquist plots of multilayer ta-C coated and
uncoated YG6. The YG6 substrate shows only one semicircle, while at
least two distinct semicircles could be observed for the ta-C coated
samples. Multilayer ta-C films significantly increase the arc radius
compared to the YG6 substrate, while the M-1 film has the largest arc
radius. Large arc radius suggests superior corrosion resistance.

Therefore, the deposition of the multilayer ta-C films provides good
corrosion protection to the YG6 substrate.

Impedance data obtained from EIS test are fitted with equivalent
circuit (EC), in order to analyze the physical process taking place in the
system. Two different equivalent circuit models presented in Fig. 10(c)
and (d) are established to fit the EIS data of uncoated and multilayer ta-
C coated YG6, respectively. The EC diagram of the YG6 substrate, la-
belled as Rs(Q3R3), possessed one time constant in which R1, R3, Q3

represent the solution resistance, the charge transfer resistance and
double layer capacitance, respectively. With respect to the multilayer
ta-C coated YG6 samples, an equivalent circuit Rs(Q1(R1(Q2R2)(Q3R3)))
with three time constants is employed to simulate the EIS data. In this
circuit, Rs corresponds to solution resistance, R1 and Q1 are related to
pore resistance and its capacitance, stemming from microdefects (e.g.,
pinhole, inclusion, dimple) existed in amorphous ta-C film. These mi-
crodefects could act as active sites for corrosion, leading to aggravated
penetration of corrosive electrolyte solutions. R2 and Q2 are associated
with the resistance and capacitance of the ta-C barrier layer. Similarly,
R3 and Q3 represent the charge transfer resistance and double layer
capacitance of the interface between the substrate and the film. The
fitting results are showed in Table 3.

It can be noted that the values of R1 are relatively small
(63.90–740.6 Ω cm−2). This phenomenon could be attributed to the
existence of microdefects. The polarization resistance Rp evaluated by
the sum of R1, R2 and R3 is proposed to evaluate the corrosion re-
sistance of different samples. The YG6 substrate just has a charge

Fig. 10. (a) Potentiodynamic polarization curves, (b) Nyquist plots, (c) and (d) equivalent circuit model of multilayer ta-C coated and uncoated YG6.

Table 2
Summary of Ecorr and Icorr values from the polarization curves.

Sample Ecorr

(V, vs Ag/AgCl)
icorr

(A/cm2)

M-1 −0.257 2.19 × 10−8

M-2 −0.265 2.71 × 10−8

M-3 −0.243 2.81 × 10−8

YG6 −0.305 2.20 × 10−7

Table 3
Fitted parameters deduced from EIS data using equivalent circuits.

M-1 M-2 M-3 YG6

Rs (Ω cm−2) 27.86 32.01 46.52 49.50
Y1 (Ω−2 cm−2 S−n) 2.76 × 10−7 9.09 × 10−6 9.10 × 10−6 –
n1 0.79 0.50 0.84 –
R1 (Ω cm−2) 740.60 63.90 333.70 –
Y2 (Ω−2 cm−2 S−n) 1.97 × 10−4 1.83 × 10−6 8.18 × 10−6 –
n2 0.81 1.00 1.00 –
R2 (Ω cm−2) 2.36 × 104 4.50 × 104 3.53 × 104 –
Y3(Ω−2 cm−2 S−n) 5.44 × 10−6 1.30 × 10−5 1.92 × 10−4 2.73 × 10−5

n3 0.85 0.93 0.49 0.92
R3 (Ω cm−2) 4.76 × 104 188.10 3.03 × 104 5.45 × 103

χ2 3.93 × 10−4 3.23 × 10−4 4.69 × 10−4 1.54 × 10−3
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transfer resistance of 5.45 × 103 Ω cm−2. The Rp values for M-1, M-2,
M-3 films are 7.19 × 104, 4.52 × 104, and 6.59 × 104 Ω cm−2, re-
spectively. The M-1 film exhibited superior corrosion resistance to the
M-2 and M-3 films, which might be attributed to the higher sp3 content
of the soft-layer in the multilayer structure. The corrosion solution
could penetrate into the multilayer system due to the existence of
through-hole defects as revealed by the small pore resistance. Under
these circumstances, ta-C sub-layers with higher sp3 content have lower
corrosion tendency, thus providing better corrosion resistance [47,48].
As a whole, the results clearly confirm that the corrosion resistance of
YG6 in 3.5 wt% NaCl solution is effectively improved by the multilayer
ta-C films, although adjusting the composition of the adjacent layer has
little effect on the electrochemical corrosion performance.

A schematic diagram of corrosive behavior of the multilayer ta-C
film coated YG6 is presented Fig. 11. As discussed above, multilayer ta-
C film provides good corrosion resistance to cemented carbide sub-
strate, which could be attributed to the good barrier effect and in-
sulating property of the amorphous ta-C film. Meanwhile, the multi-
layer structure introduces new interfaces, leading to deterrence of
penetration of the corrosive media. On the other hand, EIS results, as an
effective tool to elucidate the holes and defects in films [49–51], clearly
demonstrate small values of pore resistance in the multilayer ta-C
system. Besides, the equivalent circuit employed for ta-C coated sample
is in accordance with studies concerning micro-arc oxidation and sur-
face porous materials, also confirming the existence of some extent of
through-holes and defects [51,52]. These holes could act as fast diffu-
sion channels for corrosive ions such as chloride ions, triggering the
electrochemical corrosion of substrate. As a result, the through-holes
limit the electrochemical corrosion protection performance and result
in the indistinguishable electrochemical behavior of different multi-
layer ta-C films.

4. Conclusions

The multilayer ta-C films with alternating high and low sp3 content
were prepared by a facile method through periodically adjusting the
bias voltage. It was found that the mechanical and tribological prop-
erties could be tailored by varying sp3 content of the individual layers.
The M-1 film had the lowest friction coefficient of 0.06 and the lowest
wear rate of 2.87 × 10−7 mm3/Nm. The wear rate of multilayer ta-C
film was in inverse proportion to H/E ratio, which means that a high H/
E ratio indicates good wear resistance. The graphitization and surface
passivation were responsible for the antifriction effect of multilayer ta-
C films.

Electrochemical tests confirmed the good corrosion protection
provided by the multilayer ta-C films. However, adjusting the compo-
sition of the adjacent layer had little effect on the electrochemical

corrosion performance. Effective strategies to restrain pinholes and
defects in the ta-C films are needed to further improve the corrosion
resistance in 3.5 wt% NaCl solution.
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