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The anticorrosion and tribocorrosion properties of a multilayer diamond-like carbon (DLC) film were

systematically investigated in NaCl solution. Electrochemical measurements suggest that the corrosion

performance of the multilayer DLC film is superior to those of the substrate and single layer DLC film in

NaCl solution, which is attributed to the successively multilayered structure with a well-bonded interface

and the formation of Si oxides. An extremely high Warburg impedance value, higher than 107 U cm2, of

the multilayer DLC film has been observed. Tribocorrosion tests show that the multilayer DLC film

presents lower wear rate in NaCl solution, with the substrate and single layer DLC film as comparisons.

We demonstrate that the multilayer DLC film is an excellent protective material for improving both

corrosion and wear performance of the substrate.

m.cn
m
o

1. Introduction

Some stainless steel components are subjected to simultaneous
wear and corrosion in corrosive environments, which leads to
accelerated degradation of the components, such as in off-
shore, mining, power generation, biomedical and food pro-
cessing applications.1–3 Therefore, it is very signicant to take
some protective measures to improve corrosion performance of
the substrate, thereby extending the lifetime of these compo-
nents. Although a lot of work has reported that coatings such as
TiN, CrN and polymers could improve the corrosion resistance
of the substrates, the impedance values of these coatings (104–
106 U cm2) were lower than those of DLC lms (105–108 U

cm2).4–7 Consequently, we consider that the DLC lm is
a promising candidate for corrosion protection for metals due
to its high hardness, chemical inertness and tribological
properties.8–10

However, as protective coatings, the high intrinsic stresses
and through-lm thickness defects associated with lms'
deposition give rise to poor adhesion strength and corrosion
resistance.11,12 Functional grading,4 doping12–16 and multilayer
structure17 with interlayer have been widely used to overcome
these problems. Particularly, the intrinsic stress can be
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effectively reduced by designing multilayer systems.17–19 More-
over, the successively multilayer structure can neutralize
defects, like pores, crevices or columnar structure occurring in
the single layer DLC lms so that the ion transportation path is
prolonged or blocked.4,5,17,20–22 Whereas, there is rarely work on
the corrosion performance of the multilayer DLC lms in
corrosive medium. Wang et al. has reported that the multilayer
DLC lm can effectively prevent the substrate from long-term
corrosion attack due to the minimization of sub micro-scale
defects by corrosion product deposition.17 Nonetheless, the
impedance value of the multilayer DLC lm reported decreased
dramatically aer long-term corrosion attack.

In our previous work, super thick Si doped multilayer DLC
lm that was composed of two different alternative materials
had been successfully deposited on steel substrate by plasma
enhanced chemical vapor deposition (PECVD) method, exhib-
iting excellent mechanical and tribological properties.18,23

Consequently, in the present study, Si doped multilayer DLC
lm was prepared by PECVD method. Its corrosion resistance
was evaluated through electrochemical measurements in NaCl
solution, with the thin single layer DLC lm and substrate as
a comparison. Finally, tribocorrosion properties of the multi-
layer DLC lm were preliminary investigated.

.c
2. Experimental details
2.1 Preparation of the DLC lms

The multilayer DLC lm was deposited on the steel substrate
and Si substrate using PECVD method. Firstly, the substrates
were cleaned ultrasonically in acetone and ethanol for 20 min,
respectively. Then the substrates were etched in Ar plasma for
RSC Adv., 2015, 5, 104829–104840 | 104829
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Fig. 1 The schematics of the (a) electrochemical and (b) tribocorro-
sion test setups.
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30 min at a bias of �5 kV in order to remove the surface
contaminants. The Si transition layer was obtained at a bias
voltage of �15 kV and pressure of 15 Pa by introducing silane
(SiH4) into the vacuum chamber for 15 min in order to improve
adhesion to substrate. Then, the multilayer DLC lm (Six-DLC/
Siy-DLC)n consisting of alternating Six-DLC (low-Si-doped DLC
layer) and Siy-DLC (high-Si-doped DLC layer) layers was depos-
ited at a bias voltage of �0.8 kV by introducing a mixture of
acetylene (C2H2) and silane (SiH4), n is the number of (Six-DLC/
Siy-DLC) layers (n ¼ 10). Finally, a DLC top layer was deposited
for 20 min as surface layer. The multilayer structure was aimed
at reducing the intrinsic stress and the possibility of pinholes
growing throughout the entire lm. The formation of Si–C bond
inDLC lms can also relieve stress in a longer-range order due to
the difference in the bond lengths between Si–C (1.89 Å) andC–C
(1.54 Å).18,24 In addition, the single layer DLC lm was prepared
by PECVDmethod for comparison. The cleaning process and the
deposition of Si transition layer were same with the preparation
of multilayer DLC lm. And the single layer DLC lm was
deposited at a bias voltage of �0.8 kV with acetylene (C2H2) as
precursor. The detailed parameters were listed in Table 1.
m

2.2 General characterization

The cross-sectional structure, morphology and surface rough-
ness of the DLC lms were measured with eld emission
scanning electron microscopy (FESEM, S-4800, HITACHI) and
atomic force microscopy (AFM, CSPM4000, Benyuan, China).
Energy dispersive spectroscopy (EDS) and Auger electron spec-
troscopy (AES, PHI-700, ULVAC) were used to obtain the
chemical depth prole of the lms. Crystal structure of the
samples was assessed by high-resolution transmission electron
microscopy (HRTEM, JEM-1200EX) and X-ray diffraction (XRD,
XPERT-PRO) using Cu-Ka radiation from 20� to 80�, respec-
tively. The chemical states of the elements were analyzed by
X-ray photoelectron spectroscope (XPS, PHI-5702) using K-alpha
irradiation as the excitation source. The binding energies of the
target elements were determined at a pass energy of 29.3 eV,
using the binding energy of contaminated carbon (C 1s: 284.8
eV) as the reference. A scratch tester (MFT-4000) was used to
evaluate the adhesion strength of the lms. The measurement
was performed at 5 mm min�1 and a load increasing rate of
30 N min�1. ww.sp
2.3 Electrochemical tests

The electrochemical measurements were conducted using an
Autolab potentiostat (PGSTAT302N) to assess the corrosion

w

Table 1 The detailed parameters for depositing the multilayer DLC film

Samples Layers Ar (sccm) Si

Multilayer DLC lm Six-DLC 100 50
Siy-DLC 100 50

Single layer DLC lm Top DLC layer 100 0
DLC layer 100 0

104830 | RSC Adv., 2015, 5, 104829–104840
behaviors of the samples. The schematic of the electrochemical
test setup was shown in Fig. 1a. A classic three-electrode elec-
trochemical system with a saturated calomel as reference elec-
trode, a platinum sheet as the counter electrode and the sample
under study (exposed surface area of 0.5 cm2) as a working
electrode was used. The sample was immersed in the corrosive
medium for 30 min to establish a steady open circuit potential
(OCP) before the measurements. Potentiodynamic polarization
test was performed at a constant weep rate of 10 mV s�1. The
corrosion potential (Ecorr) and the corrosion current density
(icorr) were obtained based on the Tafel extrapolation method.16

The porosity of the lm was estimated using an empirical
equation.9,11,25

Porosity ¼ RpðsubstrateÞ
RpðfilmÞ

� 10�DEcorr=ba (1)

where Rp(substrate) stands for the polarization resistance of the
substrate and Rp(lm) is the measured polarization resistance of
the lms. DEcorr is the potential difference between the corro-
sion potentials of the lm and bare substrate, and ba is the
anodic Tafel slope for the substrate.

Long-term electrochemical impedance spectroscopy (EIS)
tests were carried out at the open circuit potential over
a frequency range of 100 kHz to 10 mHz, with applied 10 mV
sinusoidal perturbations. ZView2 soware was used for
analyzing the EIS results.

.co
m.cn
2.4 Tribocorrosion tests

The tribocorrosion performance of the samples was studied in
NaCl solution by using a ball-on-disk tribometer connected with
a three electrode electrochemical cell (MFT-EC4000), which was
illustrated in Fig. 1b. For the working electrode (WE), the
reference electrode (RE) and the counter electrode (CE), the
and single layer DLC film

H4 (sccm) C2H2 (sccm) Time (min) Voltage (kV)

150 15 �0.8
50 10

150 20
150 120

This journal is © The Royal Society of Chemistry 2015
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samples, a saturated Ag/AgCl and a pure graphite were used,
respectively. Tribocorrosion test was carried out under a normal
load of 5 N, sliding frequency of 0.15 Hz and stroke length of
5 mm. An alumina ball (Al2O3, 6 mm in diameter) was employed
as the counterpart due to its chemical inertness under aggres-
sive environments.26 During the tribocorrosion test, the varia-
tion of OCP and the friction coefficient of the samples were
studied. The morphology and depth prole of the wear track
were analyzed by optical microscopy and surface prolometer
(D-100, KLL, Tencor), respectively.
m

3. Results and discussion
3.1 The characterization of the samples

Fig. 2 shows the cross-section microstructure of the lms and
the depth proles of the elements. The thickness of the multi-
layer DLC lm and single layer DLC lm is approximately
8.0 mm and 3.1 mm, respectively (Fig. 2a and c). EDS line scan
result of the single layer DLC lm indicates that the lm is only
composed of carbon (Fig. 2b). AES depth prole of the multi-
layer DLC lm is presented in Fig. 2d, in which a cyclical bilayer
composed of low-Si-doped layer (Six-DLC) and high-Si-doped
layer (Siy-DLC) can be recognized. This result veries the
multilayer structure of Six-DLC/Siy-DLC observed by SEM.
However, it can be observed from Fig. 2 that the single layer DLC
lm is much thinner than the multilayer DLC lm. The main
reason is that when DLC lms are deposited on the steel
substrates, high intrinsic stress and amismatch in the chemical
bonding between the lm and substrate oen cause for poor
adhesion, limiting the lm thickness to a range between 1 and
3 mm.18,27 For multilayer carbon lm, the tensile stress and
Fig. 2 The cross-sectionmicrostructure and the depth profiles of elemen

This journal is © The Royal Society of Chemistry 2015

www.sp
compressive stress in the lm can reach equilibrium by growing
lms a multilayer architecture, thus leading to good adhesion
between the lm and substrate and the increase in lm
thickness.

Fig. 3a and c display the SEM surface morphologies of the
DLC lms. In case of the single layer DLC lm, some droplets
are produced during the deposition process and the surface is
very coarse (Fig. 3a). However, it is evident that the surface
becomes smoother and the droplets on the surface decrease
dramatically for the multilayer DLC lm (Fig. 3c). Meanwhile,
AFM is employed to measure the surface roughness of the DLC
lms. The surface roughness of the single layer DLC lm and
multilayer DLC lm is 6.54 nm and 3.84 nm, respectively
(Fig. 3b and d). This clearly indicates that the incorporation of Si
can effectively decrease the surface aws.26

Fig. 4a shows the XRD patterns of the samples, which reveals
that all diffraction peaks of the DLC lms come from the
substrate, without the characteristic peaks of carbon
compounds.28 TEM image of the cross-section of the multilayer
DLC lm displays a periodic structure and distinct multilayer
interface (Fig. 4b). The relative dark layers represent the Six-DLC
layers while the bright ones are the Siy-DLC layers. More
detailed information of two different alternative layers is ob-
tained by HRTEM investigation, as shown in Fig. 4c. The diffuse
cloudy FFT patterns of the Six-DLC and Siy-DLC layers indicate
the absence of crystalline phase, which conrms that the DLC
lm is amorphous.28–30

Fig. 5 shows the curve-tted C 1s XPS of the DLC lms. Three
contributions can be taken into account for C 1s peaks. One
from the carbon atoms in the sp3 boned carbon and the other
from the carbon atoms in the sp2 conguration.31 The third

.co
m.cn
t for the (a and b) single layer DLC film and (c and d)multilayer DLC film.

RSC Adv., 2015, 5, 104829–104840 | 104831
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Fig. 3 The SEM and AFM surface morphologies of the (a and b) single layer DLC film and the (c and d) multilayer DLC film.

Fig. 4 (a) XRD patterns of the samples, (b and c) the TEM and HRTEM images of Six-DLC and Siy-DLC layers.

104832 | RSC Adv., 2015, 5, 104829–104840 This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Deconvoluted C 1s X-ray photoelectron spectra of the DLC films.
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m
m

n

peak can be recognized as C–O bonds, which are derived from
the surface contamination. The content of “diamond” sp3

carbon atom has an effect on the corrosion resistance of lms
according to the reported references,32,33 and it can be deter-
mined from the corresponding peak area.31,34 The results are
summarized in Table 2. It is clearly observed that the sp3 frac-
tion in two kinds of lms has no signicant difference.

Fig. 6 presents the scratch tracks of the DLC lms with
a length of 5 mm and a progressive load from 1 to 30 N.
Regarding the scratch track of the single layer DLC lm (Fig. 6a),
the delamination is observed already at the initial test, which
indicates the poor adhesion strength between the lm and
substrate. In contrast, the multilayer DLC lm presents
different behavior (Fig. 6b). The white arrow indicates the
starting point of the scratch. It is observed that the multilayer
DLC lm does not present cracking at the beginning of the test,
which indicates the highly elastic behavior of the lm. It isp
Fig. 6 Scratch tracks of the DLC films.

Table 2 Results of the deconvolution of C 1s XPS peaks

Samples
FWHM sp3

peak [eV]
FWHM sp2

peak [eV]
sp3

content [%]

Single layer DLC lm 1.0 1.1 50
Multilayer DLC lm 1.0 1.1 48

This journal is © The Royal Society of Chemistry 2015

www.s

believed that the lm failure is postponed due to the incorpo-
ration of Si and alternate layers in the multilayer DLC lm
which can reduce the residual stress and enhance the adhesion
strength between the lm and substrate, leading to increased
fatigue strength of the lm.25,35

.c

3.2 Electrochemical evaluation

Fig. 7 shows the potentiodynamic polarization curves of the
samples in 3.5 wt% NaCl solution. The corrosion potential
(Ecorr) and the corrosion current density (icorr) are listed in
Table 3. Generally, the corrosion resistance of the samples
depends on the corrosion current density.6 The lower the
corrosion current density is, the higher the corrosion resistance
is. It is clear that the multilayer DLC lm holds the lowest
corrosion current density, and a wide “passive-like” region with
a low anodic current density can be observed. These conrm the
high corrosion resistance of the multilayer DLC lm in 3.5 wt%
NaCl solution. Aer the potentiodynamic polarization test, the
surface morphology and corrosion features of the samples are
checked by SEM and the corresponding micrographs are shown
in Fig. 8. Pitting corrosion has occurred at the substrate surface

.co
Fig. 7 The potentiodynamic polarization curves of the samples in 3.5
wt% NaCl solution.

RSC Adv., 2015, 5, 104829–104840 | 104833
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Table 3 The corrosion potential (Ecorr) and corrosion current density
(icorr) obtained from potentiodynamic polarization curves

Samples Ecorr (V) icorr (A cm�2)

Substrate �0.093 1.08 � 10�7

Single layer DLC lm �0.29 1.10 � 10�7

Multilayer DLC lm �0.049 8.94 � 10�9
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m

(Fig. 8b) and some pores also present in the surface of the single
layer DLC lm (Fig. 8d), whereas no signicant damage is
observed in the surface of multilayer DLC lm (Fig. 8f). This
clearly indicates that the multilayer DLC lm has excellent
corrosion resistance.

Fig. 9 presents the EIS plots of the samples obtained aer 2,
5, 10, 20, 35 and 50 h of exposure. For the substrate, the total
impedance values of the system increase systematically from
3 � 105 to 2 � 106 U cm2 within 50 h of immersion. The phase
angle plots of the substrate reveal a broadened time constant,
which is attributed to the presence of the passive lm at the
substrate surface.

As for the coated substrates, totally different corrosive
behaviors are observed within 50 h immersion (Fig. 9c–f). In
case of the single layer DLC lm, the total impedance values
have no obvious change (4 � 107–6 � 107 U cm2) during 50 h of
immersion. At 2–35 h immersion times, two time constants are
observed. The rst time constant in the high and intermediate
frequencies is characteristic for the capacitive response of the
single layer DLC lm. The low-frequency time constant appears
to be a result of the diffusion process in the single layer DLC
lm through the micro- and nanopores. However, aer 50 h of
immersion, a new capacitive response emerges. This change is
mainly ascribed to the evolution of corrosion product layer
during the immersion, indicating that the electrolyte has
reached to the substrate. In regard to the multilayer DLC lm,sp
Fig. 8 The SEM surface morphology before and after potentiodynamic p
film, and (e and f) multilayer DLC film.

104834 | RSC Adv., 2015, 5, 104829–104840

www.
there also is no signicant difference between the impedance
values (5.4 � 107 U cm2) during 50 h of immersion. And three
incomplete time constants with different relaxation time occur
during 50 h of immersion. The one at high and middle
frequencies can be ascribed to the capacitive response of the
multilayer DLC lm, another at 0.1–1 Hz is related to the
formation of a double layer of charge at the multilayer DLC
lm–electrolyte interface, while at the low frequencies (0.01–0.1
Hz) the impedance behavior comes from the contribution of
a diffusion process.

To better understand the corrosion behaviors of the samples
in NaCl electrolyte, EIS results are tted using equivalent
circuits shown in Fig. 10. The equivalent circuits consist of the
following elements: the solution resistance Rs; the capacitance
of the passive lm formed at the substrate surface CPE1; the
resistance of the passive lm R1; Rf stands for the pore resis-
tance of the lms paralleled with constant phase element CPEf;
the double layer capacitance is represented as CPEdl1 due to the
formation of a double layer of charge at the substrate–electro-
lyte interface, and the corresponding polarization resistance is
Rp1; the double layer capacitance at DLC lm–electrolyte inter-
face Cdl2, the corresponding polarization resistance Rp2. W0 is
the Warburg impedance, which is attributed to the diffusion
process of the corrosive medium in the lm or from solution to
the electrode surface.36

Tables 4–6 summarize the corresponding circuit parameters
obtained from tting process. In case of the substrate (Table 4),
the increased resistances (R1) and decreased capacitances
(CPE1) are mainly due to the build-up of passive lm, which
serves as a protective barrier against the permeation of corrosive
medium to substrate.

Table 5 gives the tting results of the single layer DLC lm.
At 2–35 h immersion times, the values of Rf are relatively steady
while the values of W0 show a declining trend. At this stage, the
corrosion process is probably controlled by the diffusion

.co
m.cn
olarization scans on the (a and b) substrate, (c and d) single layer DLC

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 EIS bode plots of the samples obtained after 50 h electrochemical test in 3.5 wt% NaCl solution, (a and b) substrate, (c and d) single layer
DLC film, (e and f) multilayer DLC film.

Fig. 10 Equivalent circuits employed to fit EIS results. (a) Substrate, (b) single layer DLC film, (c) multilayer DLC film.
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process. The main reason is that the carbon layer in the single
layer DLC lm is chemically inert to NaCl solution and the
increase in porosity or pore size makes electrolyte easier to
diffuse within the lm, thus leading to the decrease of the W0.
This journal is © The Royal Society of Chemistry 2015
Aer 50 h of immersion, a new capacitive response emerges and
the value of Rf decreases abruptly. This indicates that electrolyte
has reached to the substrate and the lm has started to dete-
riorate.37 Combined with the polarization result, we can
RSC Adv., 2015, 5, 104829–104840 | 104835
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Table 4 The fitting results of the EIS plots of the substrate during 50 h
of immersion

CPE1 n R1 (U cm2)

2 h 1.2 � 10�5 0.89 3.9 � 105

5 h 1.0 � 10�5 0.89 7.0 � 105

10 h 8.1 � 10�6 0.91 1.8 � 106

20 h 7.1 � 10�6 0.92 5.5 � 106

35 h 6.1 � 10�6 0.92 1.0 � 107

50 h 5.8 � 10�6 0.93 1.2 � 107

Table 7 The variation in porosity of themultilayer DLC film during 50 h
of immersion

0.5 h 2 h 5 h 10 h 20 h 30 h 40 h 50 h

Porosity (10�2) 0.51 0.58 0.44 0.31 0.33 0.30 0.40 0.36
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m

conclude that the single layer DLC lm is not effective to
prevent the substrate from long-term corrosion attack.

In case of the multilayer DLC lm (Table 6), the values of Rf
have no obvious change during 50 h of immersion. However, it
can be seen from Table 6 that the polarization or charge transfer
resistance (Rp2) increases during the rst 20 h of immersion and
then decrease with the increase of immersion time. Similar
behavior of the Warburg impedance with exposure time is also
observed. We believe that the variation of porosity for the lm
during the immersion may account for this phenomenon. To
conrm our suspicion, the porosity of the multilayer DLC lm
during 50 h of immersion is summarized in Table 7 according
to the empirical eqn (1). Results showed that the porosity of the
multilayer DLC lm decreased with time at 0.5–30 h immersion
times, suggesting that corrosion product (insulting Si oxides)
was gradually formed on the lm surfaces and blocked the
pores within the lms.38,39 As a result, the diffusion of electrolyte
or the chloride ions becomes more difficult, evidenced by the
increase in Warburg impedance of the multilayer DLC lm,
thus resulting in the inhibition of corrosion.16 Therefore, at this
stage, the corrosion of the lm is mainly controlled by the
formation of Si oxides. With the increasing of immersion time,
porosity increases and Warburg impedance decreases,

p

Table 5 The fitting results of the EIS plots of the single layer DLC film d

CPEf n Rf (U cm2)

2 h 1.1 � 10�9 0.89 1.8 � 106

5 h 1.0 � 10�9 0.89 1.8 � 106

10 h 9.6 � 10�10 0.90 1.9 � 106

20 h 8.5 � 10�10 0.91 1.9 � 106

35 h 8.0 � 10�10 0.91 2.2 � 106

50 h 2.9 � 10�10 0.97 3.2 � 104

Table 6 The fitting results of the EIS plots of the multilayer DLC film du

CPEf n Rf (U cm2)

2 h 9.1 � 10�10 0.87 2.5 � 106

5 h 9.0 � 10�10 0.87 2.5 � 106

10 h 8.5 � 10�10 0.88 2.4 � 106

20 h 8.2 � 10�10 0.88 2.5 � 106

35 h 9.9 � 10�10 0.87 3.2 � 106

50 h 8.9 � 10�10 0.87 2.2 � 106
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indicating that the ion conductive path through the pores is
greatly enlarged and the diffusion of electrolyte or the chloride
ions becomes easier.40 Therefore, the corrosion process is
probably controlled by the diffusion of electrolyte at this stage.

Fig. 11 presents the variation in Si 2p XPS intensity of the
multilayer DLC lm as deposited and aer long-term EIS tests.
Only the variation of Si is analyzed, because the carbon and
oxygen signals in XPS may originate from contamination of the
sample surface and they are usually not reliable. Result shows
that the intensity of Si 2p peak increases dramatically aer long-
term EIS test, which is possibly caused by the etching of the top
DLC layer in the solution. The peaks for Si 2p can be resolved
into two contributions: the peak at 102.8 eV is consistent with
the Si–C bonds, and the peak at around 100.3 eV mostly rises
from Si bonded to O.18 The intensity of Si–O bond increases
obviously aer 50 h of immersion, suggesting the formation of
the insulting Si oxides, which is favorable to reduce the porosity
and improve lms' anticorrosion abilities.16,34

Meanwhile, SEM morphologies for corroded surfaces aer
long-term immersion were also checked. As shown in Fig. 12a,
some big and shallow pits distribute around the droplets for the
single layer DLC lm, which indicates that the corrosion initi-
ates from the droplets. In case of the multilayer DLC lm, the
images display no obvious damage of surface aer 20 h and 50 h
of immersion, which conrms that the multilayer DLC lm has
better corrosion performance in long-term corrosion attack.

It is worth noting that although the difference in the pore
resistance of the single layer DLC lm and the multilayer DLC

.co
m.cn
uring 50 h of immersion

CPEdl1 n Rp1 (U cm2) W0 (U cm2)

— — — 2.4 � 106

— — — 2.3 � 106

— — — 2.2 � 106

— — — 1.9 � 106

— — — 2.5 � 106

5.0 � 10�9 0.84 2.5 � 106 2.2 � 106

ring 50 h of immersion

Cdl2 Rp2 (U cm2) W0 (U cm2)

5.5 � 10�10 1.8 � 106 1.7 � 107

5.2 � 10�10 1.9 � 106 1.7 � 107

4.6 � 10�10 2.3 � 106 1.8 � 107

4.0 � 10�10 2.7 � 106 2.2 � 107

6.8 � 10�10 1.7 � 106 1.8 � 107

2.1 � 10�10 2.1 � 106 1.5 � 107

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 Si 2p XPS of the multilayer DLC film as deposited and after the
long-term EIS tests.

Fig. 13 Variation in OCP and friction coefficient curves during the
tribocorrosion test in 3.5 wt% NaCl solution.
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lm is not signicant during 50 h of immersion, the multilayer
DLC lm shows much larger Warburg impedance value than
that of the single layer DLC lm as can be seen from Tables 5
and 6. This is mainly because the multilayer structure enhances
barrier effect and prolongs the diffused paths of corrosive
medium.4,6,41 In addition, the formation of Si oxides can impede
the degradation of the lm in some extent,16,38 leading to the
excellent long-term corrosion resistance of the multilayer DLC
lm. As we know, other processes besides corrosion act simul-
taneously in a real situation.39 Thus, wear-corrosion test should
be performed to adequately evaluate the properties of the
samples.
3.3 Tribocorrosion evaluation

The OCP and friction coefficient curves of the samples during
the tribocorrosion test are shown in Fig. 13. For the substrate,
OCP stabilized aer 900 s, indicating a stable electrochemical

.sp
Fig. 12 SEM morphologies for corroded surfaces of the single layer DLC
shows a SEM image after 20 h of immersion).

This journal is © The Royal Society of Chemistry 2015
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condition on the surface.42 Rapid negative shi of the OCP was
observed when the load was applied. This was mainly attributed
to the damage of passive lm caused by sliding contact and
subsequent exposure of activated surface in NaCl solution.2,3

When the sliding ceased, the OCP rst steeply increased and
then progressively reached a steady state value, which was
proclaimed as a recovery of the damaged passive lm.2,3 The
uctuation of friction coefficient during sliding was obvious,
and the average friction coefficient was about 0.2. In the case of
the single layer DLC lm, a sudden drop of the OCP value was
observed at the initial sliding, which suggested that the lm was
locally removed. The OCP value was approximately�0.3 V. Aer
600 s sliding, there was a negative shi for OCP again. This
indicated that the single layer DLC lm had been worn out and
the substrate at local position was exposed in the NaCl solution.
The variation of friction coefficient for the single layer DLC lm
was consistent with that of the OCP. The possible reason is the
poor adhesion strength between the single layer DLC lm and
substrate. Whereas rubbing produced only a very slight effect on

.co
m.c
film and the multilayer DLC film after long-term immersion (the inset
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Table 8 The wear rate of the samples

Samples substrate
single layer
DLC lm

multilayer
DLC lm

Wear rate
(10�6 mm3 N�1 m�1)

30.8 Wear out 1.48
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the OCP for the multilayer DLC lm, which remained almost
constant throughout the entire test. During the rst few cycles,
the average friction coefficient was about 0.025. Subsequently, it
progressively decreased to reach 0.010.

Fig. 14 shows the optical microscopy images and prole of
wear tracks of the samples. It is clearly seen that numerous
ploughed grooves appear in the wear track of substrate and the
single layer DLC lm delaminates from the substrate, whereas
the surface of multilayer DLC lm has no obvious damage.
Moreover, the substrate and single layer DLC lm exhibit deep
grove with depths about 1500 nm and 2900 nm, respectively,
while the multilayer DLC lm displays shallow groves with
depth bellow 150 nm. The wear rate of the samples is listed in
Table 8. The wear rate of the multilayer DLC lm is the lowest
among the tested samples in corrosive medium. This accounts
Fig. 14 The optical microscopy images and profiles of wear tracks after th
d) single layer DLC film, (e and f) multilayer DLC film.

104838 | RSC Adv., 2015, 5, 104829–104840
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for why the OCP of the multilayer DLC lm remains almost
constant during the tribocorrosion test. Wu et al. found that
tribochemical reaction of the Si-DLC coating occurred in water
resulting in the formation of SiOx(OH)y gel, which could reduce
the friction in a water environment.43 And in our previous work,
the multilayer DLC lm exhibited superior wear and corrosion
e tribocorrosion test in 3.5 wt%NaCl solution (a and b) Substrate, (c and

This journal is © The Royal Society of Chemistry 2015
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resistance in HCl solution, we believed that the solid-like lm
and SiC nanocrystallines were responsible for the excellent wear
reduction in HCl solution.44 Thus, the tribocorrosion perfor-
mance of the DLC lms was assign to the variable mechanisms,
we would investigate the detailed tribocorrosion mechanism in
our next work.

4. Conclusions

In this study, multilayer DLC lms were prepared by the PECVD
method. Their corrosion and tribocorrosion properties were
systematically investigated in 3.5 wt% NaCl solution. The
conclusions can be summarized as follows:

(1) The multilayer DLC lm has a lower corrosion current
density as comparison with the substrate and single layer DLC
lm, leading to the excellent corrosion performance. Mean-
while, an extremely stable EIS behavior and high Warburg
impedance value of the multilayer DLC lm during 50 h of
immersion also conrm the superior barrier properties. This
can be attributed to the multilayer structure and the formation
of Si oxides providing better resistance to diffusion of corrosive
solution into the lms.

(2) Tribocorrosion resistance of the multilayer DLC lm is
signicantly improved compared to other samples. Moreover,
an extremely low wear rate under NaCl conditions is achieved
for the multilayer DLC lm.
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