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In this work, we fabricated the tetrahedral amorphous carbon (ta-C) ﬁlms with thicknesses of 20 nm,
40 nm and hydrogenated diamond-like carbon (DLC:H) ﬁlm with thickness of 1.1 mm on 316 stainless
steel substrate (316SS). The electrochemical corrosion performances of two typical amorphous carbon (aC) ﬁlms in 3.5 wt% NaCl solution were focused. Results revealed that both ultrathin ta-C ﬁlms exhibited
superior corrosion resistance than that of DLC:H ﬁlm, because the high content of sp3 bonded carbon and
low porosity in ta-C ﬁlms signiﬁcantly suppressed the diffusion of corrosion media. However, a thickness
threshold beyond 20 nm was proposed to obtain the superior corrosion resistance for ta-C ﬁlms due to
the emerged pitting of 316SS. For DLC:H ﬁlm, the deterioration of corrosion resistance could be attributed to the hydrogen-containing interface, the large sp2 clusters with high electron transport, and the
higher porosity density in carbon matrix.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
Amorphous carbon (a-C) ﬁlms stand out from various surface
protective coatings due to their excellent mechanical properties,
low friction coefﬁcient, high wear resistance and good chemical
inertness [1e3]. In addition to suffering from mechanical wear, a-C
ﬁlms are also invaded by corrosive media in practical applications,
such as body ﬂuids from the biomedical area, seawater from marine
environment, cutting ﬂuid from cutting ﬁeld, etc [4e9]. Under
complex working conditions, the existence of corrosive media may
accelerate mechanical wear and trigger fatal damage of protective
coatings or components, revealing the great signiﬁcance to study
the electrochemical corrosion properties [10,11].
Normally, a-C ﬁlms act as good physical barrier due to their
amorphous structure and excellent chemical inertness. The
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physical, chemical and electrochemical properties of a-C ﬁlms can
be readily tuned by the sp2/sp3 bonding ratio, the organization of
sp2 clusters, hydrogen content and element doping, which in return
depend on the deposition methods and the types of a-C ﬁlm [12,13].
Film thickness, atomic bonds and porosity of a-C ﬁlm have been
reported to be the main factors determining its electrochemical
corrosion performance. The thickness of a-C ﬁlm affects the
corrosion barrier effect. In general, an increase in thickness results
in an enhanced barrier effect [14]. Moreover, the sp2/sp3 ratio of a-C
ﬁlm could also determine its electrochemical properties [15,16].
The crosslinking structure with high sp3 bonded carbon content
contributes to the improved chemical stability and suppressed
electron transportation, which ﬁnally promotes the corrosion
resistance. More importantly, the penetrated defects in a-C ﬁlm
play a decisive role in triggering the occurrence of corrosion
[17e19].
As two typical a-C ﬁlms, hydrogen-containing diamond-like
carbon (DLC:H) and hydrogen-free tetrahedral amorphous carbon
(ta-C) ﬁlm have gained increasing attention as effective corrosion
protection coatings for metal substrate [20,21]. For DLC:H with
relative low sp3 content, they can exhibit good protective
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performance at a relative larger thickness. Y. UEMATSU et al. [14]
pointed out that DLC:H with thickness of 12 mm effectively
improved the corrosion fatigue strength of magnesium alloy in
demineralised water. Huang et al. [22] also veriﬁed the good
corrosion protection of steel substrate provided by 1.7 mm thick
DLC:H in various solutions. For ta-C ﬁlm, characterized by high sp3
content and ultra-smooth surface, is able to realize uniform
coverage at nanometer scale, showing great potential in the ﬁeld of
ultra-thin protective coatings. Zhong et al. [23] and Tan et al. [24]
found that ta-C ﬁlm with a thickness of ~2 nm was effective to
protect the magnetic storage medium against corrosion in deionized water and oxalic acid solution. Apparently, both the two
typical a-C ﬁlm could ﬁnd its use in diverse corrosive environments.
Although some works have reported the speciﬁc electrochemical
behavior for a certain type of a-C, the dependence of electrochemical properties upon different kinds of a-C is still not understood clearly. Meanwhile, the underlining corrosion mechanism of
a-C ﬁlm in terms of thickness, atomic bonds and porosity has been
little clariﬁed. Considering the typical characteristics for various a-C
ﬁlms, the superimposed effects of thickness, atomic bonds and
porosity on their electrochemical corrosion performance could
provide theoretical understanding for the application of a-C ﬁlms
used in harsh corrosion environment. Therefore, it is of great signiﬁcance to investigate the combined inﬂuences of thickness,
atomic bonds and porosity on the anti-corrosion behaviors of a-C
ﬁlms.
In the present work, DLC:H ﬁlm by ion beam deposition system
and ta-C ﬁlm by cathodic vacuum arc system were deposited on 316
stainless steel (316SS), the comparative study of their electrochemical corrosion performance was conducted in 3.5 wt% NaCl
aqueous solution. The effect of thickness, sp2/sp3 ratio and microporosity on corrosion properties of different types of a-C ﬁlms
was investigated, and corrosion mechanism of a-C ﬁlm was
discussed.
2. Experimental procedures
2.1. Deposition of the a-C ﬁlms
ta-C ﬁlms with thickness of about 20 nm and 40 nm, which
labeled as T-1 and T-2 ﬁlm, were deposited on P-type silicon (100)
wafers and 316SS using a self-built 45 double-bent ﬁltered
cathodic vacuum arc (FCVA) system [25]. To clean the substrate and
improve the adhesion strength, an arc plasma etching procedure
was undertaken ﬁrst. Subsequently, the ta-C ﬁlm deposition was
proceeded. The duct voltage was 20 V and the arc current was set as
60 A. Substrate bias voltage of 50 V was selected to acquire the
optimum sp3 content.
DLC:H ﬁlm was prepared by ion beam deposition system which
equipped with a linear anode-layer ion source (ALIS). More details
about this system have been described in Refs. [26]. During deposition, 38 sccm C2H2 gas was fed as carbon source, and the working
pressure was 2.6  103 Pa. Bias voltage of 100 V was applied to
the substrate. The typical current and power of the ALIS source
were 0.2 A and 260 W, respectively. The DLC:H ﬁlm with thickness
of about 1 mm was labeled as D-1 ﬁlm.
2.2. Characterization
The cross-sectional images were acquired by ﬁeld emission
scanning electron microscope (FE-SEM, Thermo scientiﬁc Verios G4
UC, US). The chemical structure was characterized by a confocal
micro-Raman spectrometer (Renishaw inVia-reﬂex, UK) with a
wavelength of 532 nm. X-ray photoelectron spectroscopy (XPS,
Axis ultradld, Japan) was utilized to characterize the chemical

composition and bonds of the ﬁlms using monochromatic Al Ka
irradiation. The binding energy was calibrated with C 1s peak at
284.6 eV. High-resolution transmission electron microscopy
(HRTEM) images were obtained by a Tecnai F20 with a point-topoint resolution of 0.24 nm. The Focused Ion Beam (FIB) (Carl
Zeiss, Auriga) was utilized to prepare the TEM specimens. Electron
energy loss spectroscopy (EELS) measurements were conducted on
a scanning transmission electron microscope (STEM, Tecnai F20,
US). The a-C ﬁlms and the highly oriented pyrolytic graphite for
EELS tests were also fabricated by FIB. A thin Pt layer was deposited
to protect the specimen surface prior to FIB processing. The C Kedge spectra and zero-loss peak were collected for 0.01 and 0.005 s,
respectively. The background of the C K-edge spectra was subtracted by the power-law model, followed by the removal of plural
scattering using the Fourier-ratio deconvolution with the corresponding low-loss spectra. The Gaussian ﬁtting was applied to the
p* peak and the energy window 290e305 eV was attributed to the
s* state. The sp2 fraction was obtained by calculating the area ratio
of p* state and s* state of the unknown sample and referenced to
the standard highly oriented pyrolytic graphite (HOPG, 100% sp2-C
bonds).
2.3. Electrochemical corrosion measurements
Electrochemical tests were carried out using a ModuLab
(Solartron Analytical) electrochemical workstation in 3.5 wt% NaCl
solution at room temperature. The bare 316SS substrate and those
coated with T-1, T-2 and D-1 ﬁlm were used as working electrodes.
A platinum mesh and a KCl saturated silver/silver chloride (Ag/
AgCl) electrode were employed as counter and reference electrode,
respectively. The exposed area of the working electrode was
controlled at 1.0 cm2 by an O-ring. The open circuit potential (OCP)
was continuously monitored for 1 h to get a steady potential.
Electrochemical impedance spectroscopy (EIS) was recorded at the
open circuit potential in the frequency range 100 kHz-10 MHz, with
a sinusoidal perturbation of 10 mV. The ZSimpWin software was
employed to ﬁt the EIS data. Potentiodynamic polarization was
conducted at a scanning rate of 0.5 mV/s, and the potential was
swept from 0.6 V to 1.5 V. The polarization curves were analyzed
by Modulab software to acquire the electrochemical parameters
using Tafel extrapolation method. The scanning vibrating electrode
technique (SVET) was used to distinguish the local electrochemical
reactivity of the T-1, T-2 and D-1 ﬁlm coated sample. The current
density distribution was acquired by a VersaSCAN micro scanning
electrochemical workstation (AMETEK, US). The vibration amplitude and frequency of the micro-electrode were 30 mm and 80 Hz,
respectively. The scanning was conducted on an area of
4 mm  4 mm with 21  21 points. For the SVET tests, the samples
were ﬁxed into an epoxy resin sleeve. Prior to test, the samples
were immersed in the 3.5 wt% NaCl solution for 6 h.
3. Results and discussion
3.1. Characteristic of the ﬁlms
The hydrogen content of the D-1 ﬁlm was 20.6 at.%, according to
our previous elastic recoil detection analysis (ERD), as described in
Ref. [27]. T-1 and T-2 ﬁlm deposited by FCVA were supposed to be
hydrogen free.
Fig. 1 shows the typical cross-sectional morphologies of the T-1,
T-2 and D-1 ﬁlm. The thickness of T-1, T-2, D-1 ﬁlm was about
22 nm, 43 nm, 1100 nm, respectively. The ultra-thin T-1 and T-2 ﬁlm
had a compact structure, and achieved effective coverage of the
substrate. The D-1 ﬁlm exhibited a less dense structure with relative coarse sectional morphology. For all the three samples,
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Fig. 1. Cross-sectional morphology of T-1, T-2, D-1 ﬁlm.

distinguishable interface between the ﬁlm and the silicon substrate
could be observed, and no crack or spalling was observed at the
interface, revealing good interfacial bonding.
Raman spectra were employed to characterize the carbon bond
structure, as shown in Fig. 2. The Raman spectra were featured by
the typical broad peak between 1000 and 1800 cm1, revealing the
typical feature of amorphous carbon. The peak located between
900 and 1000 cm1 was attributed to the second-order peak of
silicon substrate, which indicated the good transmittance of T-1
and T-2 ﬁlms. The spectrum could be ﬁtted with two Gaussian
peaks, namely D peak centered at around 1360 cm1 and the G peak

at around 1580 cm1. The integrated area ratios of D peak and G
peak of the T-1, T-2, D-1 ﬁlms, namely ID/IG ratios, were 0.58, 0.61,
1.16, respectively. The increased ID/IG value is a good indicator of the
enhanced sp2 bonds content and the enlarged sp2 clusters [28].
Therefore, it could be inferred that the D-1 ﬁlm possesses higher
content of sp2 bonded carbon than T-1 and T-2 ﬁlm.
The C1s core level spectra obtained from XPS tests are exhibited
in Fig. 3(a). In order to acquire the relative content of sp2-C and sp3C, the C1s spectra were decomposed to three Gaussian peaks at
284.4 eV, 285.2 eV and 286.6 eV that corresponding to sp2-C, sp3-C
and CeO, respectively [29]. Fig. 3(b) showed that the derived sp3-C

Fig. 2. (a) Raman spectra (Inset shows the ﬁtting details) and (b) ID/IG ratio of T-1, T-2, D-1 ﬁlm.

Fig. 3. (a) The XPS C1s core level spectra and (b) sp3 content of T-1, T-2, D-1 ﬁlm.
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contents of T-1, T-2, D-1 ﬁlm were 48.6%, 49.1% and 29.7%,
respectively, which matched well with the Raman results.
The HRTEM images of the T-1, T-2 and D-1 ﬁlm are illustrated in
Fig. 4. Typical amorphous feature and dense structure were
observed in all samples. A clear interface could be identiﬁed between the ﬁlm and Si substrate, based on which the accurate
thicknesses of ultra-thin T-1 and T-2 ﬁlm were conﬁrmed to be
19 nm and 44 nm, respectively.
The cross-sectional STEM images are presented in Fig. 5(a)-(c).
In addition to the thick D-1 ﬁlm, ultra-thin T-1 and T-2 ﬁlm were
capable to achieve the effective coverage of the substrate. Fig. 5(d)
shows the carbon K-edge spectra of the ﬁlms, which consists of a p*

peak located at about 285 eV stemmed from the sp2 bonded carbon
and a broad absorption edge of s* state at 290 eV due to the sp3
hybridized carbon. The acquired sp3 bonded carbon contents were
summarized in Fig. 5(e). T-1 ﬁlm had a similar sp3 bonding fraction
with T-2 ﬁlm (49.5% vs 51.5%), which was much higher than that of
D-1 ﬁlm (31.1%). This was consistent with the Raman and XPS
results.

3.2. Electrochemical behaviors
Electrochemical tests were conducted on 316SS substrate and aC coated 316SS substrate in 3.5 wt% NaCl solution. Fig. 6(a) shows

Fig. 4. HRTEM images of T-1, T-2, D-1 ﬁlm.

Fig. 5. STEM image of (a)T-1, (b)T-2, (c)D-1 ﬁlm, (d) EELS spectra and (e) derived sp3 content.
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Fig. 6. (a) Open circuit potentials, (b) potentiodynamic polarization curves of T-1, T-2, D-1 ﬁlm coated 316SS and bare 316SS in 3.5 wt% NaCl solution.

the evolution of open circuit potential (OCP) with test time.
Compared with the bare 316SS substrate, the signiﬁcant increase of
OCP values was observed for T-1, T-2, D-1 ﬁlms coated 316SS, which
indicated that the ta-C and DLC:H ﬁlm signiﬁcantly enhanced the
stability of the substrate. Fig. 6(b) shows the potentiodynamic polarization curves of the samples. Compared with 316SS, the positively shifted corrosion potentials and decreased corrosion current
densities of the a-C ﬁlm coated samples manifested their good
corrosion protection effect. It was found that the polarization curve
of D-1 ﬁlm coated 316SS exhibited similar feature as the bare 316SS
substrate, while a wide “passive” domain with low current density
was observed for D-1 ﬁlm coated 316SS. The cathodic branch and
anodic branch of T-1 ﬁlm nearly coincided with that of T-2 ﬁlm
except the pitting potential, indicating the same electrode reaction
occurred during the electrochemical test. In contrast to T-1 ﬁlm, T-2
and D-1 ﬁlms effectively retarded the occurrence of pitting.
Important parameters such as the anodic (ba) and cathodic (bb)
Tafel slopes, the corrosion current densities (icorr), the corrosion
potential (Ecorr) and the pitting potential (Epit) deduced from Tafel
extrapolation method are summarized in Table 1. It could be noted
that the ba of 316SS decreased after coated with a-C ﬁlms, indicating that the a-C ﬁlms partially blocked the anode reaction and,
thus, retarded the dissolution of 316SS. The observed icorr values
were 2.99  1010, 2.26  1010, 1.53  109, 7.35  109 A/cm2 for
T-1, T-2, D-1 ﬁlms coated 316SS and 316SS, respectively. T-1 and T-2
ﬁlm decreased the corrosion current density of the substrate by an
order of magnitude, while only four times reduction was provided
by D-1 ﬁlm. The Ecorr of T-1, T-2, D-1 ﬁlms coated sample shifted to
more positive value of 0.016, 0.013, 0.095 V vs. Ag/AgCl compared to
that of 0.200 V for 316SS, indicating the decreased corrosion
tendency. The pitting potential of 316SS substrate was about 0.36 V.
With the application of T-2 and D-1 ﬁlm, the pitting initiation of the
substrate was evidently delayed.
EIS tests were conducted to shed more light on the electrochemical corrosion performance and the protection efﬁciency
provided by different a-C ﬁlms. Fig. 7(a) shows the Bode diagrams.

Table 1
The electrochemical parameters of samples from the polarization curves.
Samples

T-1

T-2

D-1

316SS

ba (V/decade)
bc (V/decade)

0.086
0.021
2.99  1010
0.016
0.37

0.064
0.054
2.26  1010
0.013
1.08

0.024
0.029
1.53  109
0.095
1.10

0.153
0.066
7.35  109
0.200
0.36

icorr (A/cm2)
Ecorr (V, vs Ag/AgCl)
Epit (V, vs Ag/AgCl)

T-1 and T-2 ﬁlm coated sample exhibited a capacitive behavior in a
wide frequency range from 0.01 Hz to 1000 Hz with phase angle
values close to 80 and shifted to ohmic dominated behavior with
phase angle reaching 0 at high-frequency range (10e100 kHz). For
D-1 coated sample, the phase angle was around 75 in the midfrequency range (1e10 Hz) and decreased to about 5 at frequency of 1 kHz. Low frequency impedance (|Z|0.01Hz) serves as an
important index for evaluating corrosion resistance. |Z|0.01Hz of D-1
ﬁlm coated sample differed a little with the bare 316SS, while T-1
and T-2 ﬁlm offered 4 times improvement of |Z|0.01Hz value
compared to that of D-1 ﬁlm. The increment of impedance suggested the weakened penetration of aggressive solution into the
substrate. Fig. 7(b) shows the Nyquist plots of T-1, T-2, D-1 ﬁlms
coated 316SS and bare 316SS. T-2 ﬁlm coated sample obtained the
largest arc radius, followed by T-1 ﬁlm coated sample. A signiﬁcantly decreased arc radius was found for D-1 ﬁlm coated sample,
indicating the reduced corrosion resistance compared to T-1 and T2 ﬁlm.
The EIS data were simulated by the equivalent circuits (EC) to
understand the physical process occurred in the system. In order to
achieve a minimum chi-square value (c2) of ﬁtting, two different EC
models (Fig. 7(c) and d) were utilized for ﬁlm coated and uncoated
samples. Constant phase elements (CPEs) were used to replace the
capacitances in order to achieve accurate ﬁtting of the non-ideal
capacitance response. The equivalent circuit consists of the
following elements: Rs represents the solution resistance of the
electrolyte, and Qf is related to the capacitance of the ﬁlm. Rpore
corresponds to pore resistance originating from the micro-pores
defects in the coating. Qdl and Rct are the double layer capacitance and the charge transfer resistance of the interface between
substrate and coating. The circuit parameters obtained from the
ﬁtting circuits are listed in Table 2.
Regardless of the same test parameters, the different Rs values
were observed, which could be attributed to the altered interfacial
contact resistances between the electrode and the electrolyte
[30,31]. It could be noted that for T-1 and T-2 coated sample, the
high ndl values of 0.96 and 0.95 revealed strong capacitive response
at the ﬁlm/substrate interface. Moreover, high Rct value implied
that the electrochemical reaction at the interface proceeded at a
low speed, which could be attributed to the good insulating property of T-1 and T-2 ﬁlm. However, adding D-1 ﬁlm provided little
improvement of Rct value compared to that of 316SS substrate. The
polarization resistance Rp (Rp ¼ Rpore þ Rct) is an important
parameter for evaluating the corrosion resistance. The Rp values of
T-1, T-2 and D-1 ﬁlms coated sample were 2.06  1015, 8.09  1015
and 2.17  106 U cm2, respectively. Therefore, it was safe to
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Fig. 7. EIS (a) Bode and (b) Nyquist plots of T-1, T-2, D-1 ﬁlms coated 316SS and bare 316SS; equivalent circuits of (c) T-1, T-2, D-1 ﬁlms coated 316SS, (d) bare 316SS

Table 2
Fitted parameters obtained from EIS spectra using the equivalent circuits.
T-1
2

Rs (U cm )
Yf (U2 cm2 Sn)
nf
Rpore (U cm2)
Ydl (U2 cm2 Sn)
ndl
Rct (U cm2)

c2

23.01
7.82 
0.67
45.13
1.31 
0.96
2.06 
3.27 

T-2
107

10

6

1015
104

34.65
7.16 
0.72
35.17
1.84 
0.95
8.09 
1.58 

D-1
107

10

6

1015
104

40.06
2.80 
0.88
1.02 
3.31 
0.88
2.17 
5.61 

316SS
108
103
106
106
103

53.51
e
e
e
6.36  106
0.89
1.88  106
1.95  103

conclude that T-2 ﬁlm achieved the highest corrosion resistance,
followed by T-1 ﬁlm and D-1 ﬁlm.
The excellent chemical inertness and stability of a-C ﬁlm prevent its electrochemical reaction with electrolyte. However, a small
amount of through porosity existed in a-C ﬁlm allows for the
penetration of aggressive electrolyte, triggering the occurrence of
localized corrosion of the substrate. Quantitative analysis of
porosity is therefore of great importance for evaluating the corrosion resistance. Standard electrochemical tests have been
employed to evaluate the equivalent pore area of protective coating
on an active metal substrate [32e34]. Considering the intrinsic
poor conductivity and excellent chemical inertness of DLC:H and
ta-C ﬁlms, the electrochemical response was primarily ascribed to
the substrate. Therefore, the coating porosity could be quantitatively obtained from the comparison of the electrochemical parameters measured on the bare and coated samples [35]. In this
work, the electrochemical parameters deduced from the polarization curves (as shown in Table 2) were utilized to calculate the
porosity (P) of the ﬁlms using the empirical equation:

P¼

RLP 0
RLP

 10jDEcorr =ba j

between the corrosion potential of the substrate and the ﬁlm
coated substrate, and ba is the anodic Tafel slope of the substrate.
L
The polarization resistance (RL0
p and Rp) values are calculated from
the SterneGeary equation:

RP ¼

ba bc

2:303icorr ðba þ bc Þ

The protective efﬁciency (Pi) was determined using Eq. (3):

P ¼ 100ð1 

ic0rr
Þ
i0corr

(3)

i0corr and icorr are the corrosion current density of the substrate and
the ﬁlm coated substrate, respectively.
The obtained porosity (P) and the protective efﬁciency (Pi) are
showed in Fig. 8. T-1 and T-2 ﬁlm presented lower porosity values

(1)

L
where RL0
p and Rp are the polarization resistances of the substrate
and the ﬁlm coated substrate, DEcorr is the potential difference

(2)

Fig. 8. The porosity (P) and protective efﬁciency (Pi) of T-1, T-2, D-1 ﬁlm.
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in comparison to D-1 ﬁlm, which led to reduced exposure area of
substrate to aggressive solution and thus achieved higher protective efﬁciency. In general, ta-C ﬁlm prepared by FCVA system owns
high sp3 content and density due to the bombardment of high
energy ion. The compact microstructure guaranteed good sealing
effect. On the contrary, DLC:H ﬁlm was of low sp3 content and
supposed to be less dense. Moreover, it was reported that hydrogen
inclusion could result in porous structure [13]. Therefore, the
20 at.% hydrogen contained in DLC:H (D-1 ﬁlm) network and its low
sp3 content could account for the deteriorated corrosion resistance.
The SVET was utilized to elucidate the localized corrosion processes at a microscopic level. Fig. 9 shows the SVET current density
maps, in which the positive current density is related to the anodic
corrosion activity of the 316SS substrate. The average anodic current densities of T-1, T-2, D-1 ﬁlm coated 316SS were 1.53, 1.38,
2.15 mA/cm2, respectively. For T-1 ﬁlm coated 316SS (Fig. 9(a, d)),
high current density peaks were appeared in certain areas, and a
relative homogeneous distribution was observed over the scanned
region. From Fig. 9 (b, e), the region with a maximum current
density was diminished, revealing the attenuated electrochemical
activity after thickening the ta-C ﬁlm from 20 nm to 40 nm. However, several steep anode currents were emerged on the surface of
D-1 ﬁlm coated sample (Fig. 9(c, f)). Moreover, a rise of maximum
anodic current density was detected and the area with large anode
current was spread over a large area, which indicated the extended
corrosion of the substrate and the poor protection ability of the
DLC:H ﬁlm.
4. Discussion
The electrochemical corrosion results conﬁrmed that T-1, T-2
and D-1 ﬁlm offered effective corrosion protection for 316SS in
aggressive solution, and that T-2 ﬁlm exhibited the best protective
performance. Considering the same substrate and electrochemical
test conditions, the physicochemical properties and microstructure
of the a-C ﬁlm could determine the electrochemical performance.
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In principal, the corrosion resistance of a-C ﬁlm is affected by
thickness, atomic bonds and porosity [13]. The ﬁlm thickness affects the physical barrier of the corrosive media. Despite the same
ID/IG value and sp3 contents, T-2 ﬁlm signiﬁcantly enhanced the
pitting potential compared to that of T-1 ﬁlm due to the doubled
thickness. Increasing the thickness of ta-C ﬁlm from 20 to 40 nm
could promote the ﬁlm uniformity and the effective coverage of the
substrate surface, thus achieving better barrier effect. Moreover,
the electron transport through the ta-C ﬁlm was signiﬁcantly
attenuated by increasing the thickness, which helped to retard the
pitting corrosion [16]. However, the DLC:H (D-1) ﬁlm with thickness of 1.1 mm failed to provide effective corrosion protection,
which could be attributed to atomic bonds and porosity. On the one
hand, D-1 ﬁlm possessed higher sp2 content and larger sp2 clusters
in contrast to T-2 ﬁlm as depicted by higher ID/IG value (Fig. 2) and
sp3/sp2 ratio (Figs. 3 and 5). The enhanced graphitic phases in the
amorphous carbon network resulted in increased electrical conductivity, which promoted the electron transport and accelerated
the kinetics of the electrochemical reaction [16]. Moreover, a
hydrogen-containing interface was more prone to corrode
compared to a hydrogen-free interface, in which the H atoms was
readily to lose electrons and thus hindered the formation of the
passive layer [36]. Therefore, an unstable interface maybe existed
between the hydrogenated D-1 ﬁlm and the 316SS substrate,
leading to the hazard of undermining effect. On the other hand, the
porosity could play a decisive role. The lowest porosity of T-2 ﬁlm
was correlated to the highest protective efﬁciency, while the D-1
ﬁlm with higher porosity presented inferior protective efﬁciency
(Fig. 8). Moreover, the T-1 and T-2 ﬁlm effectively suppressed the
localized corrosion processes as compared to D-1 ﬁlm (Fig. 9). The
compact structure of ta-C ﬁlm reduced the exposure to aggressive
media and diminished the corrosion channel.
Based on above analysis, schematic diagram of corrosion
mechanism for T-1, T-2, D-1 ﬁlm coated 316SS is illustrated in
Fig. 10. For T-1 and T-2 ﬁlm, high sp3 content ensured poor electron
transportation and thus decelerated the electrochemical reaction

Fig. 9. SVET current density maps of (a,d) T-1, (b,e) T-2, (c,f) D-1 ﬁlm coated 316SS
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Fig. 10. Schematic diagram of corrosion mechanism for T-1, T-2, D-1 ﬁlm coated 316SS

occurred at the interface between ﬁlm and substrate. Meanwhile,
the denser structure and low porosity density of T-1 and T-2 ﬁlm
guaranteed the role of a good sealant for corrosion protection. In
comparison to T-1 ﬁlm, the thickened T-2 ﬁlm enhanced the
effective coverage of substrate and prolonged the diffusion channel
of corrosive media, which led to improved barrier performance and
delayed the occurrence of pitting corrosion. When the thick D-1
ﬁlm was applied on 316SS, large amount of sp2 clusters facilitated
the charge transfer, and pore defects accelerated the permeation of
electrolyte, which both led to deteriorated corrosion resistance.
Meanwhile, a hydrogen-containing interface could give rise to the
risk of undermining, in which hydrogen tended to lose electrons
and the active substrate material captured these electrons to
initiate corrosion.
The better corrosion protection achieved by 40 nm ta-C ﬁlm on
316SS, as compared to 1.1 mm DLC:H ﬁlm, appears highly beneﬁcial.
It is of great economic advantages to replace a thick DLC:H ﬁlm with
an ultra-thin ta-C ﬁlm on the basis of superior electrochemical
corrosion resistance, especially for the applications in the ﬁeld of
precise engineering components.
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