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Abstract: The present work investigated a thick amorphous multi-layer carbon
coating fabricated by the plane hollow cathode plasma-enhanced chemical vapor
deposition technique.. The thick amorphous multi-layer carbon coating included F-Si
doped multi-layer structure and a silicon interlayer, which was able to reduce internal
stress, improve the bonding and adhesion, and bridge the film and substrate. The work
mainly discussed the cause of variable corrosion behaviors of the coating. Corrosion
resistance was assessed by potentiodynamic polarization tests and electrochemical
impedance spectroscopy (EIS) in 3.5 wt.% NaCl solution. The results showed that the
mild electrochemical reactions and corrosion product film had a significant effect on
dominating the variable corrosion behavior of the coating.
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1. Introduction

In the last few years, although the TiN, CrN and polymer could improve
corrosion resistance of the substrate,[ 1-3] ultimately, they were prone to failure in the
corrosive environments. However, diamond-like carbon (DLC) coatings have been
extensively applied in electronic devices and vehicles due to their excellent corrosion
resistance in corrosive environments.[4-12] It was well known that the corrosion
resistance of DLC coatings was mainly determined by their chemical and physical
properties.[13,14] Significant ways have been selected to improve the corrosion
resistance of DLC coatings over the past years. For instance, incorporation of foreign
atoms was treated as an effective way to increase the intrinsic properties of host
materials. Thus, incorporation of foreign atoms into DLC coatings was potential
candidates for improving the corrosion resistance of DLC coatings.[15,16] However,
there were many aspects restricting the improvement of corrosion resistance of DLC
coatings in corrosive medium. The defects, such as nano-pores, were the direct paths
allowed the penetration of water, environmental oxygen and ions, corrosive media,
which would lead to the electrochemical dissolution of the substrate.[4,17]

In addition, the corrosion resistance of DLC coatings could be well improved
by increasing the thickness of the coatings.[10,18,19] Nevertheless there existed an
inevitable inadequacy to be taken into account: internal stress would increase in
in-situ deposition processes with increasing thickness of the coatings, which limited
the coating thickness to a range between 1 and 3 pm,[20] When the coating thickness

more than 3 pm would result in cracking of the coatings from the substrate. Therefore,
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reducing the nanopores and increasing the coating thickness were two keys to
improve the corrosion resistance of the DLC coatings.

A possible method to well solve these problems through fabricating the
multi-layer coating (MLCC) [21,22]. Since they could not only increase the thickness
of the coatings, but also reduce the intrinsic internal stress and the possibility of
through-coating defects.[20,23] Moreover, the MLCC containing the alternated
interlayers and little nano-pores not only exhibited good corrosion resistance in
corrosive solution due to its better possibilities of corrosion prevention,[24-26] but
also low internal stress and high adhesion as reported our previous studies.[27,28] As
we known, F or Si doped amorphous carbon coatings displayed the superior corrosion
resistance in corrosive environments as reported by the most of previous
studies.[29,30] Arguably, F and Si codoped amorphous carbon coatings should exhibit
good corrosion resistance in corrosive environments. Therefore, to exploit a simple
and durable MLCC would be desirable for improving the corrosion resistance of the
amorphous carbon coating.

Herein, the objective of the present work was to fabricate a novel MLCC using
the plane hollow cathode plasma-enhanced chemical vapor deposition technique,
which should have aimed at improving corrosion resistance of the thick MLCC.
Interestingly, the results of electrochemical tests showed that the coating exhibited
the variable corrosion behavior in NaCl solution. The detailed discussion revealed
that the variable corrosion behaviors were attributed to mild electrochemical

reactions and corrosion product film.
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2. Experimental procedure

Fig. la presents the schematic of the plane hollow cathode plasma-enhanced
chemical vapor deposition system. Two, 7.5cm apart and stainless steel-made, parallel
plates served as the electrode bodies, and the lower one also served as the substrate
holder. The substrates used for coating deposition were AISI 304 stainless steel plates
(30 mm x 30 mm X% 1 mm) that were polished to a mirror finish. The stainless steel
substrates were ultrasonically cleaned in acetone and alcohol for 30 min and dried by
N, gas blowing. Then they were placed in a vacuum chamber and the chamber was
pumped down to a pressure of 1.0 x 10 Pa using a composite molecular pump. The
deposition process of the MLCC covered with DLC top-layer is shown in Fig. 1b. To
grow these coatings, substrates were cleaned at a pressure of 1.5 Pa for 20 min with a
constant flow of argon gas in order to remove the oxides. Then, a Si interlayer of
about 0.2 £ 0.03 um was deposited with SiH4 gas of 50 sccm and Ar gas of 100 sccm
(-15.0 kV bias voltage obtained from a high voltage power (voltage range: 0 to 20 kV),
15 Pa and 30% duty ratio) in order to improve the adhesion of the final coatings to the
substrate. A multi-layer coating was deposited in a SiH4, CFs; C,H, and Ar
environment. The F,;-Si,;—DLC layers were deposited in SiHy (25 sccm), CF4 (25
sccm), CoHs (150 scem) and Ar (100 scecm) at 4.0 Pa. The F.»-Si,o—DLC layers were
deposited in SiH4 (25 sccm), CF4(25 scem), CoH; (100 sccm) and Ar (100 scem) at
2.8 Pa. Finally, pure DLC layer was deposited on the F-Si—-DLC layers surface. Pure
DLC layer was deposited from C,H, (150 sccm) and Ar (100 sccm) gases by the same

deposition system. The substrate bias voltage was maintained at —800 V derived from
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low voltage power (voltage range: 0 to 1.5 kV), a duty cycle of 30%, and a repetition
frequency at 1.5 kHz. No external heating of the substrate was employed, and the
maximum temperature during deposition was about 180 °C.

The surface and fracture cross-sectional microstructure of the coating was
obtained using a thermal field electron emission scanning electron microscope (JSM
6701F, FEI Quanta FEG 250). TEM images were examined in details by
high-resolution transmission electron microscopy (HRTEM; TF20). The chemical
composition of the coating was determined using time-of-flight elastic recoil detection
analysis (TOF-ERDA). The chemical compositions of original coating and 5 mins of
OCP test were examined using X-ray photoelectron spectroscopy (XPS : AXIS
ULTRA P').The residual stress was measured by stress-induced bending on an
interferometer surface profiler. The curvature radii of the substrate before and after
coating deposition was measured by the observation of Newton’s rings using an
optical interferometer system, and then the residual stress was calculated by the
Stoney equation. The adhesion of the sample was tested by a scratch tester (CSEM
Revetest) equipped with a diamond tip of radius 200 um. The normal load was
increased from 0 to 50 N at a loading rate of 50 N/min and a scratching speed of 10
mm/min. Electrochemical tests were carried out using a computer controlled
potentiostat/frequency response analyzer (Autolab PGSTAT302N) to evaluate the
corrosion behavior of bare and carbon coating coated AISI 304 stainless steel. A
typical three electrode cell, consisting of the working electrode (0.5 cm? exposed area),

saturated Ag/AgCl electrode (saturated with KCI) as reference electrode and platinum
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as the counter electrode, was used in the corrosion tests. The corrosive medium was
3.5 wt.% NaCl solution. All the solutions prepared from deionized water with pH of
around 6.8 = 0.2. Potentiodynamic polarization tests were carried out at scan rate of
0.5 mV/s from —160 mV with reference to open circuit potential (OCP) to a final
anodic current density of 0.1 mA/cm?® after an initial 30 min exposure to the test
electrolyte for achieving a stabilized OCP.[31-33] Measurements of electrochemical
impedance (EIS) were conducted at the open circuit potential with an AC amplitude
of 10 mV after immersion of a sample into solution for 30 min. The frequency ranged
from 0.01 Hz to 10° Hz.[34,35] The material used for this study was a commercial
AISI 304 stainless steel. The chemical composition of which is listed in Table. 1. The
data was reported by Dagbert.[36] The polarization resistance (Rp) values were then

calculated using the following formula[37]:

_ B.B.
P233i, (B, +5)

(M

where R, was in kQ cmz; fa and fc were in terms of mV/dec; and icor Was in mA
cm™.
Ahn described that the porosity of the protective coatings was an important factor for

effective corrosion protection.[38] And the porosity of the protective coatings could

be calculated according to Eq. (2).[39]

o= Rpm(substmte) x lof‘AEmr,. /ﬁa‘ (2)

p(coating —substrate)

A quantitative measurement of the effect of defects (pores or pinholes) on coating

density was the packing factor (P). According to the Ref. [37], the sum of the porosity
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and the packing factor was 1.

3. Results

3.1. Microstructure and composition

The cross-sectional and surface morphologies of MLCC are illustrated in Figs.
2a and 2b. The typical cross-sectional morphology (Fig. 2a) reveals the coating with a
total thickness of about 8 + 0.2 pum, including a 0.2 = 0.03 pm silicon interlayer, 0.2 +
0.02 pm F,;-Si,;-DLC layers, 0.5 £ 0.04 um F,»-Si,,—DLC layers, 0.5 £ 0.03 pm
DLC layer. The surface morphology presented in Fig. 2b exhibits no micro-pores and
cracks in the surfaces. In order to further investigate the microstructure of the coating,
the TEM technique was utilized. Fig. 3a shows the TEM cross-sectional interface
image of MLCC. It can be obviously observed that the compact multi-layer structure
are found in the coating. Fig. 3b shows HRTEM image of coating surface, which
exhibits an amorphous carbon network structure according to the SAED patterns.

The elemental depth profiling of the coating examined by TOF-ERDA is shown
in Fig. 4. Only the six top layers (total thickness of 2 um) of the cyclical coating are
detected due to the TOF-ERDA only getting a signal from the first 1 to 2 um beneath
the surface. The MLCC with top DLC layer consists of 7.95 at.% H, 0.11 at.% O, 1.46
at.% F, 0.78 at.% Si and the balance C. C is the major composition, indicating that it
is a typical carbon coating. In scratch method, as shown in the typical scratch curve,
the peeling-off value merely meant that the coating detached from the substrate,

which was obviously adhesion failure mode.[40] Fig. 5 shows the typical scratch
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curve of MLCC, the critical adhesion load is more than 20 N, indicating a good
adhesion between coating and substrate, which is attributed to the low internal stress
of the coating (about —0.5 GPa). The optical image (inset in Fig. 5) of the scratch trace
for MLCC shows that no chipping is observed at the border of inside the scratch of
MLCC until achieving the maximum load. The phenomenon suggests the exceptional
adhesion between the coating and substrate.
3.2. Corrosion behavior

Fig. 6 shows the potentiodynamic polarization curves of AISI 304 stainless steel
and simple DLC coating after 30 min exposures in 3.5 wt.% NaCl. Although the i¢or
of the simple DLC coating is lager than that of bare 304 stainless steel, the value of
E.or of simple DLC coating exhibits more negative compared to the bare 304 stainless
steel. Fig. 7 shows the SEM image of simple DLC coating after the potentiodynamic
polarization test. The coating peels off the substrate after the potentiodynamic
polarization test, which indicates the poor corrosion resistance of the simple DLC
coating. Thus, in this work, we main discuss the corrosive behaviors of the thick
multi-layer carbon coating. The open circuit potentials (Eoc) measured as a function
of immersion time for the bare steel and thick multi-layer carbon coating are
presented in Fig. 8. It is worth to note that the Eqc values for thick multi-layer coating
are lower than those for the bare steel at 5 min of immersion in the 3.5 wt.% NaCl
solution, then rapidly increase more positive than those for the bare steel. After 30
min of immersion, the Eoc values for thick multi-layer coating are more positive than

those for the bare steel. Potentiodynamic polarization curves of AISI 304 stainless
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steel and MLCC after 30 min exposures in 3.5 wt.% NaCl are presented in Fig. 9. The
corrosion potential (Ecoy) and the corrosion current density (icorr) Of the specimens
derived from polarization curves are listed in Table 2. It can be seen that the £, and
icorr Of 304 stainless steel is —0.149 V, 7.5 x 10° A cmfz, respectively. For the MLCC,
the E.or (—0.133 V) shifts to the positive direction about 0.016 V and icor (5.1 x 10° A
cm ) decreases by more than three orders of magnitude compared to the 304 stainless
steel. The anodic (fa) and cathodic (fc) Tafel slopes are determined at the same time.
Calculated polarization resistance (Rp) values are listed in Table 2. It is noted that the
polarization resistance of MLCC increases by more than three orders of magnitude
compared to the AISI 304 stainless steel. The large value of R, corresponded to
excellent corrosion resistance in potentiodynamic polarization test.[4] The
potentiodynamic polarization test is a clear indication that the MLCC with top DLC
layer displays superior corrosion resistance in 3.5 wt.% NaCl. In addition, the porosity
and packing factor of the coating is computed according to Eq. (2) and the values are
given in Table 2. The beneficial effects of greater packing factor acted on inhibiting
the passage of the corroding solution to the substrate and reducing localized corrosion

kinetics as declared by previous study.[37]

3.3. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is employed to investigate the
corrosion characteristics of AISI 304 stainless steel and MLCC in 3.5 wt.% NaCl

solution. The resulting EIS plots of bare steel and MLCC are shown Fig. 10. Based on
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the EIS plots, the appropriate equivalent circuits are proposed as shown in Fig. 11. Ry
accounts for the solution resistance, R; and R can be assigned respectively to the pore
resistance of the coating and the charge transfer resistance. CPE; and CPE,; are the
constant elements of the coating and electrical double layer (EDL), respectively.
Constant phase elements are utilized here instead of pure capacitances because of the
deviations from an ideal capacitive behavior. The CPE impedance may be calculated
by:

Zepp = A(jo)™ 3)
where A was a constant and n was defined as the formula: [41]

n=1-2x/180 4)
where y was the depression angle (in degrees) that evaluated the semicircle
deformation. In many cases, this impedance element was introduced formally only for
fitting impedance data. But the CPE behavior had sometimes been attributed to the
fractal nature of the electrode interface.[42] The factor n, defined as a CPE power,
was an adjustable parameter that always lied between 0.5 and 1. As n = 1, the CPE
described an ideal capacitor. For 0.5< n < 1, the CPE described a distribution of
dielectric relaxation times in frequency space, and when n = 0.5 the CPE represented
a Warburg impedance with diffusion character.[43] Figs. 10a and 10b show the
Nyquist diagrams for the MLCC and bare steel. It shows that the impedance values of
multi-layer carbon coating are much larger than those for the bare steel. For
multi-layer carbon coating, a high impedance modulus (10’ Q-cm?) and two time

constant is observed compared to the bare steel. Zhao et al reported that the semicircle

10
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at the high frequencies indicated that the coating could be treated as a barriers to
corrosive media.[44] Thus, the semicircle (Fig. 10a) at high frequencies revealed that
the MLCC could function as barriers that made interfacial charge transfer difficult,
Montemor et al[45] declared that the semicircle at high frequencies was characterized
by a capacitive response. The corresponding Bode diagrams for MLCC are shown in
Figs. 10c and 10d. In Fig. 10c, in the high frequency regions (103 to 10° Hz), the
relationship between impedance and frequency is almost linear with a slope close to
—1. This capacitive behavior is related to the EDL at the corrosive solution/coating
interface. The phase angle Bode plots in Fig. 10d show a capacitive response in the
high frequency domain, which could be linked to the barrier properties of the
multi-layer carbon coating.[46] There is a resistance response in the low frequency
range, which is a consequence of formation of conductive pathways through the
coating. Table 3 shows the impedance parameters of corresponding equivalent circuits
to fit the impedance data of 304 stainless steel and MLCC after being exposed in 3.5
wt.% NaCl. The larger values of R and R; had been conducive to improving the
resistance to corrosion and decrease the corrosion rate.[5,47] The consequences of
EIS tests are well consistence with that obtained results from potentiodynamic
polarization tests.

The corroded surface (0.5 cm” area) of MLCC after EIS tests in 3.5 wt. % NaCl
is shown in Fig. 12. The high magnification SEM image depicted in Fig. 12a shows
that no evident corrosion damages are found on MLCC surface, and the coating has

not been decomposed attributing to the strong adhesion between coating and substrate.
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The EDS analysis is carried out at the region in Fig. 12b and the results (Figs. 12c-12g)
show that the materials on the coating surface mainly consist of C, Na and CI,
indicating that the coating provides superior protection to the steel substrate in a short
term.
3.4. Long-term electrochemical impedance spectroscopy

Generally, the corrosion behavior of the coating obtained from short-term EIS
tests does not well illustrate that the coating is really good or bad corrosion resistance
in corrosive environments. Accordingly, the long-term EIS tests are supposed to
further understand the corrosion behavior of MLCC . EIS diagrams with the bare steel
and multi-layer carbon coating obtained at different times of immersion in 3.5 wt.%
NaCl are presented in Figs. 13 and 14. For the bare steel (Fig. 13), a low impedance
modulus (10° kQ-cm?) and only one time constant is observed throughout the plot,
which is attributed to the formation of passivating film. The increment of corrosion
resistance of the bare steel was ascribed to the passivating film.[48] For multi-layer
carbon coating (Fig. 14), the total impedance of the system is above 10* kQ-cm?,
being independent on the immersion time. In the low frequency regions (Figs. 14a and
14b), the linear part, due to control of the diffusion process, has a particularity for the
multi-layer carbon coating coated work electrode. At the initial 2.5 h of immersion,
the plot reveals a capacitive response in the high frequency domain, which could be
related to the barrier properties of the multi-layer carbon coating.[49] In the low
frequency regions, there is a resistance response, which is a consequence of formation

of conductive pathways through the coating. Fe is detected on the coating surface,

12
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indicating the occurrence of mild corrosion reactions between corrosive solution and
substrate, as shown in Fig. 15. It suggests that the corrosion processes occur in the
amorphous carbon coating coated steel substrate. As the immersion time elapsed, after
32.5 h of immersion, all the spectra present similar behavior, showing that the
impedance values are almost constant.

For multi-layer carbon coating, although the overall process is expected to be
dynamic, a single circuit can be used as the EIS response depends upon the presence
of immersion time. For the equivalent circuits depicted in Fig. 16, Ry is the solution
resistance, Ry represents the passivating film resistance, R; is suggested to represent
the pore resistance, and Ry is the corrosion products film resistance. CPE,, CPE; and
CPE; are the constant elements of the passivating film, multi-layer carbon coating and
corrosion products film, respectively. W, is a Warburg element, producing a Warburg
impedance, R,,. Warburg element W, represented the linear diffusion to the reduced
electrode surface.[49,50] The circuit elements calculated from the fitting results of the
bare steel and MLCC are summarized in Table 4 and 5, respectively. Interestingly,
from Table 5, in the range from 2.5 to 12.5 h of immersion, the decrease of the R;of
the multi-layer carbon coating resulted from the increase of immersion time due to the
formation and growth of new pores.[51] While beyond 12.5 h of immersion, the R;
increases to a maximum value of 49.7 kQ-cm? and the Ry still remains a high value in
Table 5, which was attributed to the compact structure allowing the corrosion
products to plug the micro-corrosion holes more efficiently,[52] as can be seen in Fig.

15. Importantly, the coating is closely adhesive to the steel substrate, as shown in Fig.

13
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17.

4. Discussion
A multi-layer amorphous carbon coating is successfully fabricated using a simple
deposition technique. Generally, a muti-layer carbon coating could be expected to
improve the corrosion resistance due to: (a) increasing coating thickness, which
statistically reduces the possibility of through-coating defects such as pores; (b)
alternating interlayers leading to different electrical behavior, which could redirect the
current flow between coating and substrate, as reported by the most of previous
investigations.[23,24] In this paper, the thick multi-layer carbon coating exhibits the
variable corrosion behavior. The interesting corrosion behaviors are well discussed as
follows.
The OCP of the thick multi-layer carbon coating exhibits the variable behavior.
We analyze the chemical composition of the coating after 5 mins OCP test. Fig. 18
shows that the (a) XPS C 1s and (b) Si 2p spectra of original coating and 5 mins of
OCP test. Fig. 18a shows that the intensity of Cls spectra decreases after 5 mins of
OCP test, but the composition did not change. Fig. 18b exhibits that the intensity of Si
2p spectra changes from the low value to the large one after 5 mins of OCP test.
Moreover, the Si-O and Si-C bonds group sharply increase after 5 mins of OCP test.
Bunker et al [25] reported that the relative reactivities of strained and unstrained Si-O
bonds show that bond strain promoted bond rapture reactions that led to stress

corrosion cracking. Thus, the potential drop at ~5 mins of OCP test for thick

14
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multi-layer carbon coating should be attributed to this reason. In addition, Maguire
[26] reported that amorphous carbon film containing Si-C bonds could exhibit good
corrosion resistance. Thus, the increase in potential after 5 mins of OCP test could be
attributed to the effect of Si-C bonds.

The alternated interlayer structures are found in the multi-layer amorphous
carbon coating as shown in Figs. 2a and 3a. As reported in our previous
investigations,[27,28] this structure could improve adhesion load between coating and
substrate and reduce internal stress of the coating. Reducing internal stress and
increasing adhesion force was an effective approach to improve the resistance to
corrosion.[53-57] Based on these literatures survey, in this investigation, the
amorphous carbon coating containing F-Si—doped multi-layer structure and
possessing low internal stress (—0.5 GPa) and high critical load (>20 N) should exhibit
good corrosion resistance in 3.5 wt.% NaCl solution. However, Fig. 14 shows that
after immersion of 2.5 h, the corrosion resistance of the thick multi-layer carbon
coating tends to gradually decrease. As described in Fig. 15, Fe and small corrosion
products are detected on the coating surface, indicating that mild corrosion reactions
are observed in amorphous carbon coating coated steel immersion of 2.5 h in 3.5
wt.% NaCl solution. We can therefore conclude that the decrease of corrosion
resistance could be attributed to the mild corrosion reactions. It can also be seen from
Fig. 17 that the coating does not peel off from the substrate, indicating well adhesion
between coating and substrate. Thus, the mild corrosion reactions would be one of the

reasons that lead to the variable corrosion behaviors.
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In addition, corroding solution penetration generally took place through real
microscopic pores and virtual pores, which were regions of low cross-linking, and
therefore high transport. A highly dense cross-linked structure made the multi-layer
carbon coating less permeable to the corrosive medium leading to less delamination
along the coating/substrate interface, since the coating was less permeable, as reported
by Liu.[20] The multi-layer carbon coating possesses high value of packing factor
(Table 2), thus, in the absence of macroscopic pores or other easily accessible defects
for the corroding solution, the pore resistance R; originates from the actual ionic
conductivity of the multi-layer carbon coating. Papakonstantinou reported that the
high value of pore resistance R; of a DLC film reflected the large degree to which the
film formed a barrier that hinders electrolytic conduction.[5] In the range from 2.5 to
12.5 h, the decrease of R;indicated the formation and growth of new pores, as reported
by Zheludkevich.[51] However, in the range from 17.5 to 32.5 h, the decrease of R;
indicates that the ability of inhibiting the corroding solution becomes weak.
Nevertheless, the coating still displayed good corrosion resistance after the immersion
time beyond 12.5 h, which was attributed to the compact structure of the coating
allowing the corrosion rust to plug the micro-corrosion holes more efficiently,[52]
leading to high Ryrvalues (Table 5) that could still improve the corrosion resistance of
the coating. Thus, the above observation and discussion brings out clearly the fact that
the corrosion product film has a significant effect on the corrosion resistance of the
coating in 3.5 wt.% NaCl solution, which could be another reason for the variable

corrosion behaviors

16
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5. Conclusions

The simple DLC coating and thick multi-layer carbon coating is successfully
fabricated by a plane hollow cathode plasma-enhanced chemical vapor deposition
method. Compared to simple DLC coating, the thick multi-layer carbon coating
exhibits good corrosion resistance. Interestingly, the EIS results of thick multi-layer
carbon coating demonstrate that the thick multi-layer carbon coating exhibits the
variable corrosion behaviors in 3.5 wt.% NaCl solution. The variable corrosion
behaviors are discussed in details, which shows that the variable corrosion behaviors
are attributed to the effect of the mild electrochemical reactions and corrosion product

film.
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150:101.

Figure.l Schematic of (a) the PECVD deposition system and (b) deposition process
using hollow cathode effect.

Figure 2. (a) SEM cross-sectional image of thick multi-layer carbon coating. (b)
Surface morphology of thick multi-layer carbon coating.

Figure 3. (a) The TEM image of interface morphology of thick multi-layer carbon
coating. (b) High resolution TEM (HRTEM) image of the surface morphology of
thick multi-layer carbon coating (inset is SAED pattern).

Figure 4. Elemental depth profiling of thick multi-layer carbon coating examined by
TOF-ERDA.

Figure 5. The scratch curve of thick multi-layer carbon coating.

Figure 6. Open circuit potential vs. immersion time in 3.5 wt.% NaCl solution for bare
steel and thick multi-layer carbon coating.

Figure 7. Potentiodynamic polarization curves for 304 stainless steel and simple DLC
coating in 3.5 wt.% NaCL

Figure 8. The SEM image of simple DLC coating after the potentiodynamic
polarization test in 3.5 wt.% NaCl.

Figure 9. Potentiodynamic polarization curves for 304 stainless steel and thick
multi-layer carbon coating in 3.5 wt.% NacCl.

Figure 10. Experimental (a) and (b) Nyquist and (¢) and (d) Bode plots of 304
stainless steel and thick multi-layer carbon coating in 3.5 wt.% NaCl solution.

Figure 11. The equivalent circuits used to fit the impedance data of (a) the bare steel
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and (b) thick multi-layer carbon coating in 3.5 wt.% NaCl solution.

Figure 12. Surface appearances of thick multi-layer carbon coating in 3.5 wt.% NaCl
solution: (a) high magnification SEM morphology of thick multi-layer carbon coating;
(b) high magnification SEM image showing the localized corrosion of the thick
multi-layer carbon coating. The elemental EDS maps are taken from the whole areas
shown in Fig. 10b are shown for (¢) C K, (d) Si K, (e) F K, (f) C1K, (g) Na K.

Figure 13. EIS plots (experimental) and the fitting curves (solid lines) for bare steel (a)
Nyquist plots, (b) and (c) Bode plots at different times of immersion in 3.5 wt.%
NaClL

Figure 14. EIS plots (experimental) and the fitting curves (solid lines) for thick
multi-layer carbon coating (a) and (b) Nyquist plots, (b) and (c) Bode plots at
different times of immersion in 3.5 wt.% NaCl.

Figure 15. (a) Secondary electron (SEI) of the surface of the thick multi-layer carbon
coating for immersion 2.5 h in 3.5 wt.% NaCl. (b) high magnification SEM image
showing the localized corrosion of the thick multi-layer carbon coating. The elemental
EDS maps are taken from the whole areas shown in Fig. 13b are shown for (c) Cl K,
(d)CK, (e) SiK, (f) FK, (g) Fe K, (H) Na K.

Figure 16. The equivalent electrical circuits for the impedance plots fitting of (a) the
bare steel, (b) thick multiple-layer carbon coating immersion in 3.5 wt.% NaCl.
Figure 17. The SEM image between the coating and steel substrate after immersion of
32.5h.

Figure 18. The XPS (a) C 1s and (b) Si 2p spectra for original coating and 5 mins of
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OCP test.

Table 1 The chemical composition (% weight) of AISI 304 stainless steel.

Composition C Cr Ni Mn N S Fe

wt.% 0.047 18.27 8.66 1.19 0.078  0.0007 Balance

Table 2 Results of porosity and packing factor obtained from electrochemical experiments.

N R, Packing
Specimen Eeorr (V) fcorr (Acm ) Ba (V dec™) Be(V dec™) Porosity (a)
Q cm2) Factor (P)
Steel —0.149 7.5 x10° 0.418 0.354 1.1 % 10* - -
Thick multiple-layer
—0.133 5.1 x 107 0.128 3.6 1.1x 107 0.00078 0.99922

carbon coating

Table 3 Equivalent circuit data of the thick multi-layer carbon coating and 304 stainless steel in
3.5 wt.% NaCl solution. The respective fitting parameters obtained using ZView2.

CPE, -T R CPE,-T Ru
CPE/-P or n; CPE,-P or ny
(F-em?-s™D) (Q-em?) (F-em?-s®D) (Q-em?)
304 stainless steel - - - 0.84 2.4 %107 48 x10°
Thick multiple-layer carbon coating 0.68 7.1 x10® 3.4 10° 0.98 4.0 %107 3.1 % 108

Table 4 EIS parameters corresponding to the equivalent circuit for the bare steel in 3.5 wt.% NaCl
after different times of immersion at open circuit potential. The respective fitting parameters

obtained using ZView2.
CPEy-P CPEy-T R¢ CPE,-P CPE,-T Rt
Time of immersion, hours

or ny (F-em?-s™") (Q-cm?) or ny (F-cm?-s™") (Q-cm?)
25 0.85 5.9x10° 14x10* 0.54 6.1 x10° 3.7x10°
75 0.82 7.0 x 10°® 222x10° 0.71 7.7 x10° 14x10°
125 0.83 5.0x10° 3.83x10° 0.63 53x10° 52x107
175 0.83 53x10° 25x10° 0.73 55x10° 24x10°
225 0.84 5.1%10° 225x%10° 0.74 52x10° 23x10°
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275 0.88 29x10° 7.45 % 10* 0.54 3.0 x10° 52 %10

325 0.89 25x10° 5.0x10° 0.55 2.7 %10° 24x107

Table 5 EIS parameters corresponding to the equivalent circuit for thick multiple-layer carbon
coating in 3.5 wt.% NaCl after different times of immersion at open circuit potential. The
respective fitting parameters obtained using ZView?2.

CPE,-P CPE,-T R CPE;s-P CPEs-T Ry Rw
Time of immersion, hours

orn (F-em?-s™Y) (Q-cm?) or n3 (F-em?-s™Y) (Q-em?) (Q-cm?)
2.5 0.94 2.4 %107 2.02 x 10* 0.64 2.8 x10% 2.9 x 10° 6.6 x 10°
7.5 0.95 22 x10° 5.5x10° 0.63 9.8 x 10 3.8 x10° 55x10°
12.5 0.98 9.4 x 10" 1.4 x 10° 0.66 9.5x10* 2.9 x10° 1.9 x 10°
17.5 0.76 2.7 x10°% 497 x10* 0.63 9.7 x10% 3.1 x10° 1.8 x 10°
225 0.83 12x10°% 1.55x10* 0.64 1.5 x 107 2.4 x10° 7.0 x 10°
27.5 0.82 12x10% 1.27 x 10* 0.64 1.7 x 107 32x10° 3.9 x10°
32.5 0.89 4.8x107 3.0 x 10° 0.66 1.8 x 107 3.5x10° 74 %10
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Figure 6
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Figure 15

ZBkU ¥1.5E 18 kM

Figure 16




Page 39 of 39 RSC Advances

Figure 17

Figure 18

€Y (b) 2
Cls ~ 2 Si2 El
Orignal i} % v E
7 coating ; 2 %
= 2 g 5 mins._ Z
E 5 mins E E ™~ 96 98 100 102 104 106 10¢
s kS Binding energy (V)
: 280 282 284 286 288 290 292 2 >
= Binding energy (eV) £
2 2
15} 2
= =
280 282 284 286 288 290 202 9% 98 100 102 104 106 108

Binding energy (eV) Binding energy (eV)



