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In this work, the corrosion behavior of the multilayered Cr/GLC coating was evaluated in artificial seawater by
comparison at an atmospheric pressure (1 atm) and a higher hydrostatic pressure (300 atm). The results revealed
that the corrosion resistance of the coating was more favorable at 1 atm, but the hydrostatic pressure deterio-
rated coating protectiveness significantly by rapidly accelerating seawater diffusion through the growth defect
and promoting the exposure of the substrate. The localized corrosion induced by the penetrating defect became

more susceptible. This study is helpful to bring forward the significant guideline to fabricate the dense coating for

deep-sea applications.

1. Introduction

In recent years, more and more efforts have been devoted to the
deep-sea resource exploitation as it plays important roles in the sus-
tainable development of human society. But the effective exploration of
deep-sea resources is challenged by the unique and special conditions,
such as hydrostatic pressure, different concentrations of dissolved oxy-
gen, salts solution, suspended silt, and water velocity etc. [1]. Especially,
the hydrostatic pressure increases monotonically with the ocean depth,
playing a critical role in the change of the corrosion reaction. It can even
accelerate the corrosion process of the facilities operating in the
deep-sea environment [2].

Lots of researchers have investigated the effect of the hydrostatic
pressure on the corrosion behavior of the metals/alloys in laboratory
experiments. In the earlier stage, Beccaria et al. studied the corrosion
behavior of several alloys as a function of simulated hydrostatic pressure
in sea water environment [3,4]. They pointed out the hydrostatic pres-
sure enhanced the susceptibility to pitting corrosion of the pure
aluminum owing to the promoted breakdown of the oxidation layer [5].
But the pitting susceptibility to the 6061 T6 aluminum alloy have been

affected little due to the formation of the more protective Mg-Al oxide
layer [6]. The corrosion behavior of some low alloy steels and passive
alloys applied in deep-sea, such as X70 steel [7], Ni-Cr-Mo-V high
strength steel [8] and Fe-20Cr alloy [9], were also studied. It has been
proved that the hydrostatic pressure deteriorated the corrosion resis-
tance in the aspect of increased pitting generation rate. Obviously, the
bare metals/alloys easily suffer from an accelerated corrosion process in
deep-sea environment.

Surface protective coating technologies are highly effectual method
to avoid the premature corrosion failure of the components in deep-sea.
Organic coatings can strictly restrict the transport of corrosive media to
bare metal/alloy substrate and result in a long-term appreciable pro-
tection, which is one kind of the most widely studied protective coating
materials in deep-sea [10-13]. The sprayed amorphous coating with
high strength and appropriate corrosion resistance is another candidate
coating material for the harsh deep-sea environment [14]. However,
neither of them has comprehensive properties with the corrosion resis-
tance and the mechanical performance. When the service conditions of
the components involve severe frictions and corrosions in deep-sea
environment, such as plungers in water hydraulic pumps, water
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lubricated bearings and other friction pairs, the development of novel
protective coatings with superior tribocorrosion resistance are highly
desirable [15].

The graphite-like carbon (GLC) coating, with predominate sp-hy-
bridized carbon, has the comprehensive performances like high hard-
ness, low friction coefficient and good chemical inertness. These features
endow the GLC coating with excellent corrosion resistance in water
lubrication conditions and make it considered to be an ideal candidate of
the protective coating in deep-sea environment [16]. The corrosion
behavior or the failure mechanism of the GLC coating in corrosive
environment has been carried out under atmospheric pressure envi-
ronment. Manhabosco et al. [17] found that GLC films deposited on the
bare and nitride titanium alloy both presented significantly high
corrosion resistance at the initial time, but the film deposited on the
nitride alloy showed delamination and cracks after 16-day immersion
tests, which was interpreted as the existence of pores combined with the
weak film/substrate adhesion. Yan et al. [18] reported that the Cr-GLC
nanocomposite film improved the corrosion resistance of the substrate
with two orders of magnitude due to the chemical inertness of Cr-GLC
nanocomposite films. Noted that although the GLC coatings are usu-
ally electrochemical nobler than the substrates, they inevitably contain
some growth defects during deposition process. Growth defects provide
the channels for the transportation of corrosive species (e.g. Cl~ and O3)
and corrosion products, resulting in a sustainable corrosion reaction in
the deep-sea environment. Even worse, the interface electrochemical
reaction would occur through the growth defects and the adhesion
strength would be deteriorated simultaneously, which are unacceptable
for the long-term application [19,20]. Therefore, the compactness of
GLC is critical for the corrosion resistance.

Recently, the multilayered structure design [21]with buffer layer
[22] and atomic layer deposition (ALD) technology [23] were adopted
to heal the growth defects and optimize the performance of the a-C
coating. In comparison, the multilayered structure design is a funda-
mental approach to improve the integrated performance. Some in-
vestigations conducted at atmospheric pressure environment
demonstrated that the proper modulation ratio and optimized multi-
layer structure could significantly improve the corrosion resistance by
prolonging the diffusion path of corrosive species through the growth
defects [24,25]. While the complex interface structure induced by the
multilayered design may cause other problems such as galvanic corro-
sion [26]. Therefore, it is worthwhile to study the corrosion behavior,
especially the interface corrosion reaction of the multilayered GLC
coating in deep-sea environment. However, the research on the corro-
sion behavior of GLC coatings in deep-sea environment hasn’t been
undertaken yet.

In this work, the multilayered Cr/GLC coatings were fabricated with
the hybrid magnetron sputtering technique. The effect of the hydrostatic
pressure on the corrosion behavior of the coating was focused. Mean-
while the corrosion mechanism of the Cr/GLC multilayered coating was
comprehensively discussed in terms of growth defects and the micro-
structural evolution during electrochemical tests. The most significant
meaning of this study is that this is the first investigation of the
dependence of corrosion behavior upon the hydrostatic pressure for Cr/
GLC multilayered coating, which is not only helpful to understand the
corrosion mechanism of multilayered structure coating, but also pro-
vides a helpful guideline for the development of excellent anti-corrosion
performance GLC coating applied in the deep-sea environment.

2. Experimental details
2.1. Coating preparation and characteristics

The Cr/GLC multilayered coatings were deposited on P-type (100) Si
wafers and the polished 316 L stainless steels (18 mm x 18 mmx3 mm)

by an alternative deposition method. The coating deposition equipment
was configured with a pure chromium target (99.9 %), a pure graphite
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target (99.99 %) in size of 400 mm x 100 mm x5 mm, and a linear ion
source (LIS), as shown in Fig.S1 (Supporting Information). Prior to
deposition, the substrates were cleaned in acetone, ethanol in sequence
and dried with a dryer. The distance from the substrate to the target was
10 cm. The chamber vacuum was exhausted to a value of about 2.0 x
107° Torr, and then all the substrates were etched and precleaned with
Ar + ion source for 40 min with a negative bias of —100 V.

The deposition process contains the modulated pulsed power
magnetron sputtering (MPPMS) technique and the direct current
magnetron sputtering (DCMS) technique. Cr/GLC coating with certain
modulation periods was obtained by commutative deposition of
MPPMS-Cr layers and DCMS-GLC layers. During coating deposition, the
Argon flow rate was kept at 55 sccm. The multilayered structure depo-
sition processed as follows. First, a combination of (Cr + CryN) layer
using MPPMS was deposited and set as the buffer layer to enhance the
interfacial bond strength, while the rest of the buffer layers was
deposited with pure Cr only. The Cr buffer layer was deposited on the
substrate with a target current of 1.2A and a bias voltage of —100 V. The
deposition of CrxN layer adopts a nitrogen (N3) flow of 15 sccm. After-
wards, the graphite target was used to deposit the GLC layers by DCMS
with a target current 3.0 A and a bias voltage of —200 V. The deposition
procedures of Cr and GLC coating were set as one block. The block was
repeated 8 times to form Cr/GLC multilayered coating. The schematic
diagrams of the Cr/GLC multilayered coating shown in Fig. 1.

2.2. Simulation of deep-sea environment

The in-situ electrochemical tests and immersion tests under both
hydrostatic pressures were carried out by using the autoclave corrosion
test system (CORTEST Inc. USA), which was equipped with a plunger
pump, temperature control system, monitoring system and electro-
chemical work station. The schematic graph of the autoclave corrosion
test system was illustrated in Fig. S2. The artificial seawater was pre-
pared according to the standard of artificial seawater [27], as shown in
Table 1. To simulate the deep-sea environment correctly, the dissolved
oxygen concentration, pH value and temperature of the artificial
seawater were controlled in proper value correspondingly [28]. In the
present study, a high hydrostatic pressure (300 atm) and a low tem-
perature (6 °C) were set to simulate the 3000 m depth deep-sea envi-
ronment. As a contrast, an atmospheric pressure (1 atm) and a
temperature of 25 °C were equaled to the shallow sea environment. The
pH value of artificial seawater was controlled at 7.48. Before the elec-
trochemical tests the pure nitrogen gas was pumped into the artificial
seawater to control the dissolved oxygen concentration at an appro-
priate level (about 4.96 mL/L), which was corresponded to the simu-
lated deep-sea environment (300 atm, 6 °C).

2.3. In-situ electrochemical and immersion tests

Before electrochemical tests, the coating specimens were connected
to a copper cable and embedded in epoxy resin. The exposed area of the
Cr/GLC multilayered coating was 0.64 cm? All the electrochemical
experiments were performed on Reference 600+ (Gamry, USA) elec-
trochemical workstation equipped with a three-electrode cell configu-
ration. The Cr/GLC multilayered coating was set as the working
electrode and the platinum plate as the counter electrode. A high
pressure-resistant Ag/AgCl solid electrode was chosen as the reference
electrode under both hydrostatic pressure environments.

Various electrochemical tests were carried at 300 atm and 1 atm in
the artificial seawater to investigate the effect of the hydrostatic pres-
sure on the corrosion resistance of the Cr/GLC multilayered coating. The
cyclic polarization tests with a scanning rate of 0.2 mV s~ ! from —0.4 V
below the corrosion potential (Ecoy) to the anodic direction. The apex
current density of the cyclic polarization tests was set as 0.02 mA cm™2,
and the potential was reversed with the same scanning rate once the
corrosion current density reaching the apex value. The breakdown
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Fig. 1. The schematic view of the Cr/GLC multilayered coating.

Table 1

Chemical Composition of Artificial Seawater(g/L).
Constituent NaCl MgCl, Na,ySO4 CaCl, KCl NaHCO3 KBr HBO3; SrCl, NaF
Concentration 24.53 5.20 4.09 1.16 0.695 0.201 0.101 0.027 0.025 0.003

potential (Ep) was determined when the corrosion current density
reached 0.01 mA ¢cm? and the protection potential (Epro) was deter-
mined when the backward scan was intersected with the forward scan.
The difference (npp) between the Ep, and Epyo; was defined as the mea-
surement to evaluate the anti-localized corrosion. To stabilize the sur-
face of coatings, all the cyclic polarization tests were performed by using
an initial delay time at the equilibrium state for 1 h. In-situ EIS tests
during the immersion test were performed to record the change of
corrosion resistance under both hydrostatic pressures. The EIS tests were
conducted with perturbing AC amplitude of 10 mV at the scanning
frequency ranged from 10° Hz to 102 Hz. All the tests’ data were
analyzed and fitted with the electrical equivalent circuit models with the
ZSimpwin software. After the immersion tests, the potentiostatic po-
larization test conducted under the constant potential of 600 mVag/agcl
above the E¢q, for 1 h was carried out.

2.4. Characterization of the Cr/GLC multilayered coating

Surface morphologies of the Cr/GLC multilayered coating were
observed using a scanning electron microscope (SEM, FEI Quanta FEG
250)) equipped with an energy dispersive spectrometer (EDS). Trans-
mission electron microscopy (TEM, Talos F200x) observation in the
high-angle annular-dark-field (HADDF) mode was performed to

investigate the cross-sectional microstructure of the Cr/GLC multilay-
ered coating. The surface growth defects morphologies, before and after
immersed tests, were studied in a planar surface view and cross-
sectional view by using focus ion beam (FIB, Carl Zeiss Auriga) tech-
nique. Surface chemical compositions were characterized by the X-ray
spectroscopy (XPS, Thermo Scientific ESCALAB 250). Prior to XPS tests,
the Cr/GLC multilayered coatings’ surface was cleaned by Ar + etch
with 1 min. The C1 s peak (284.6 eV) was used to correct the binding
energies of electrons.

3. Results
3.1. Morphology and microstructure of the as-deposited coating

Fig. 2 shows the surface morphology and typical growth defects of
the as-deposited coating. Although the coating surface seems smooth at
low magnification (Fig. 2(a)), the inserted high-resolution image pre-
sents the undulating microstructure with lots of nanopores. Moreover,
several typical growth defects can be easily observed from the surface.
The corresponding enlarged draws combined with the EDS mapping
contrast from A and B positions have shown in Fig. 2(b-c), respectively.
Fig. 2(b) clearly indicates that this kind of defect belongs to the open-
type and is filled with a very thin coating on the bottom of the defect.

Fig. 2. Surface morphology of the as-deposited coating(a), detail image of penetrating defect (b) and nodular-like defect (c) and their corresponding EDS map-

ping results.
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Another kind of defect exhibits the characteristics with partial deletion
of coating and some globular particles distributes surrounded (Fig. 2(c)).
EDS results do not provide the image of substrate directly. Based on
these features, the two types growth defects are classified as the pene-
trating defect and nodular-like defect.

The cross-sectional TEM microstructure of the as-deposited Cr/GLC
multilayered coating is shown in Fig. 3. Notably, the coating displays a
periodic multilayered structure and the thickness is about 1 pm (Fig. 3
(a)). Due to the coarse columnar grains formed on the first buffer layer
(Fig. 3(b)), the following layers deposited on it alternatively presents a
wave feature. The first buffer layer’s SAED pattern exhibits typical
nanocrystalline characteristics of the CraN phases. Some inter-and intra-
columnar pores are visible in the high-magnification image of Fig. 3(d),
but the GLC layers deposited on the Cr buffer layer are much denser and
still present the amorphous nature. The characteristics of this multi-
layered coating indicate that the microdefects (pin-pores) existed in the
single Cr layer can be healed by the alternative deposition of GLC layers.

3.2. Electrochemical corrosion results

3.2.1. In-situ EIS results obtained from immersion tests

All the in-situ EIS results, which was conducted during 240 h im-
mersion both atl atm and 300 atm, are displayed as Nyquist plots and
Bode plots in Figs. 4 and 5, respectively. The EIS results collected under
both two environments prove that the corrosion resistance of the coat-
ings changed with increasing hydrostatic pressure. At the atmospheric
pressure, four moments were collected to evaluate the variation of
corrosion resistance at three stages: prophase (0.5 h and 2 h), metaphase
(120 h) and anaphase (240 h). The EIS plots obtained at 1 atm reveal
that the immersion test almost has little impacts on the corrosion
resistance of coatings. During the whole immersion test, there is one
capacitive loop and the phase angle remains high values (>80°) in a
large frequency range (10~2 Hz-10 Hz). This suggests that the Cr/GLC
multilayered coating could maintain a stable corrosion protective per-
formance under atmospheric pressure.

By contrast, the high hydrostatic pressure has a more significant
impact on the corrosion resistance of the coating during the immersion
test. The Nyquist plot (Fig. 5(a)) presents a gradual decline character-
istic of capacitive loops at the entire immersion period. The Bode plots
(Fig. 5(b)-(d) also show the significant change of phase and impendence
modules during the immersion. According to the number of time

SEAD of GLC

Cr

substrate
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constant exist at phase Bode-degree plot, the influence of hydrostatic
pressure on the corrosion resistance of the coating during immersion can
be divided into different stages. The impendence data at the initial stage
(0.5 h-2 h) reveal two time constants, which is similar with the results
under atmospheric pressure. After 2 h, the first time constant at high
frequency (~10° Hz) indicates a lower phase angle, reflecting a deteri-
orated coating protection performance. After about 9 h, phase angle at
high frequency does not change with immersion time, but decrease
obviously at low frequency (~10*2 Hz).

From these EIS results, it can be deduced that the hydrostatic pres-
sure deteriorates the protection performance of the coating, and
meanwhile the corrosion behavior of the Cr/GLC multilayered coating is
also changed.

3.2.2. Cyclic polarization tests and corrosion morphologies

Fig. 6 shows cyclic polarization curves and corresponding corroded
morphologies of the Cr/GLC multilayered coating under both environ-
ments after immersion 1 h. Obviously, the hydrostatic pressure has a
significant influence on the localized corrosion behavior of the coating.
The electrochemical parameters obtained from cyclic polarization
curves are listed in Table 2. The E., shifts negatively about 91.5 mV
with the increasing hydrostatic pressure from 1 atm to 300 atm, which
indicates that the coating is more susceptible to corrosion under higher
hydrostatic pressure condition. The curve of the coating at 1 atm shows a
not distinct hysteresis loop, but it displays a significant hysteresis loop at
300 atm. The appearance of current hysteresis loop proves that the
hydrostatic pressure promotes the localized corrosion reaction and a
delayed repassivation process. The larger the integral area of the hys-
teresis loop is, the more difficult it becomes to repassivate the localized
corrosion [29].

Typical corrosion morphologies after cyclic polarization tests are
shown in Fig. 6(b) and (c). The difference in the number and the size of
the corrosive site is remarkable. Some nodal-like defects and tiny
penetrating defects can be observed from the morphology at 1 atm
(Fig. 6(b)), which is similar with the as-deposited coating. This indistinct
change of coating surface features implies the slight corrosion reaction,
which is consistent with its complete disappeared breakdown phenom-
enon. However, more large-sized corrosion pits appear in the coating
(Fig. 6(c)) after the polarization test at 300 atm, indicating the more
seriously localized corrosion. Above-mentioned results manifest that the
hydrostatic pressure results in a deteriorated localized corrosion

Fig. 3. The cross-sectional TEM bright-field images taken (a) from the as-deposited Cr/GLC multilayered coating (a). (b) HRTEM image at the bottom buffer layer of
Cr + CroN and (c) is the corresponding SAED patterns. The enlarged draw taken from the marked A position and its corresponding EDS mapping results.
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protection performance of the Cr/GLC multilayered coating.

3.2.3. Potentiostatic polarization tests

Potentiostatic polarization tests were carried out at constant poten-
tial to evaluate the localized corrosion initiation under both environ-
ments. Fig. 7(a) shows quite different features both on the number of
current transient peaks and the stable current density. The curve ob-
tained at 1 atm shows a fairly smooth feature and extremely low current
density about 2.536 x 10~7 A cm™2. However, the curve obtained at 300
atm exhibits specific metastable localized corrosion and increased cur-
rent density of 2.109 x 105 A cm™2. Furthermore, in order to clarify the
origin of the current transients, the characteristic of metastable current
transients appeared at higher hydrostatic pressure are analyzed in Fig. 7

(b). Pit growth time (t1), repassivation time (t2) and life time (t3) are
used to character the current transient. It can be found from the shape of
enlarged current transient that the current first exhibits a gradual rise
(t1~2 s) but then quickly current drop (t2~1 s). The lift time (t3) of the
current transient is about 3 s, which reveals an agreement with the
pitting corrosion characteristics of the stainless steel substrate [30].
Consequently, it can be deuced that the current transient at 300 atm
originates from the dissolution of substates. The rise of current is mostly
due to the breakdown of the passive film on the exposed substrate at the
bottom of penetrating defects, while the quickly decay is corresponding
to the reformed passive film. The occurrence of transient peaks as well as
the relative higher current density at 300 atm indicates that the seawater
has reached to the bottom of the penetrating defects and the substrate
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Table 2
The electrochemical parameters of the cyclic polarization tests for Cr/GLC
multilayered coating under both hydrostatic pressures.

Hydrostatic pressure Ecorr (mVAg/ Ep (mV Ag/ Eprot (mV Ag/ n
(atm) Agcl) Agc) Agcl) pp(mV)
1 96.3 1507.2 \
300 1.2 979.5 62.7 1444.5

corrosion reaction has accrued.

3.3. XPS analysis

The XPS tests were conducted to provide the chemical composition
information on the Cr/GLC multilayered coating surface after 240 h
immersion under both environments. Fig. 8 shows the detailed XPS
spectra of O 1s, C 1s, Cr 2p3,, and Fe 2p3,5. The response peaks of O 1s
are fitted with three components for t 0?~, OH™ and H,0 both under two
environments, respectively, but the concentration of the three compo-
nents is totally different. The low- bonding energy response peaks of 02~
and OH- are attributed to the metal oxide and oxygen-deficient regions
(i.e., O vacancies) [31]. The high-bonding energy peak (H2O) is assigned
to the near-surface oxygen and the chemical adsorbed oxygen (i.e., O~
and OH ) [32]. After 240 h immersion at 300 atm, the appearance of the
H,0 peak indicates that the domain O species on the coating surface
clearly change from both 0?~ and OH™ to H,O and OH ™.

Fig. 8(b) presents the response peaks of C 1s. The C 1s peak at 1 atm is
only deconvoluted to three peaks corresponding to the sp? carbon (C =
Q), sp3 carbon (C-C) and C = O, respectively [33]. Differently, new peaks
appear at 287.02 eV (C-Cl) and 288.8 eV (CO%-). Therefore, it indicates
that the hydrostatic pressure enhances the absorption of Cl- in the
artificial seawater environment.

XPS spectra of Fe 2p3/, are presented in the Fig. 8(c). The response
peaks are fitted with three peaks for the Fe, Fe;O3 and FeOOH, respec-
tively. No any other peak presents at 300 atm, but the proration of the
Feo03 and FeOOH increased slightly. Compared with the other element,
the Cr 2ps,» spectra (shown in Fig. 8(d)) does not shows specie peaks
clearly. The envelope line of the Cr 2ps,5 shows an obvious jumping
characteristic compared with the O 1s and C 1s. According to the XPS
analysis of the different element after immersion at 300 atm, the surface
of the coating mainly contains Fe;O3, FeOOH and lots of adsorbed H5O,
indicating that the corrosion reaction mainly occurred on the substrate
and the corrosion products can diffuse from the bottom of penetrating
defect to the coating surface.

4. Discussion

According to the above-mentioned results and considering of the
amorphous carbon coating being inert enough in the artificial seawater,
it can be deduced that the electrochemical dissolution reaction primarily
takes place at the imperfects of those exposed substrate sites [16,17].
The surface morphology of the as-deposited Cr/GLC multilayered
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Fig. 7. Potentiostatic polarization curves of the Cr/GLC multilayered coating at the applied potential of 600 mVg/agc1 under both environment and the corre-
sponding final stable current density (a) and typical shape of enlarged current transient (b).
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Fig. 8. XPS spectra of (a) O 1s, (b) C 1s, (c) Cr 2p3,» and (d) Fe 2p3,» of for the Cr/GLC multilayered coating after the immersion tests 240 h under both

environments.

coating (shown in Fig. 2) presents the characteristic with different types
of growth defects. The cross-sectional morphology of the coating shown
in Fig. 3 proves that the periodic multilayered structure can prevent the
pinholes from the surface extending to the substrate, but the
nodular-like defect and penetrating defect cannot be sealed effectively
[34-37]. Therefore, the plausible failure mechanisms for the amorphous
carbon coating under hydrostatic pressure should be considered from
the relationship between the hydrostatic pressure promoted corrosion
process and the evolution of growth defects.

4.1. The influence of the hydrostatic pressure on the corrosion process

4.1.1. EIS analysis

In-situ EIS tests depicted in Figs. 4 and 5 provide an abundance of
information regarding the corrosion process taking place at the coating
surface and interface between substrate and coating. The experimental
data are fitted with corresponding equivalent electrical circuits to un-
derstand the corrosion process in detail. To create a better fitting ac-
curacy of the EIS data, the constant phase element (CPE) is applied to
present the non-ideal electrical behavior of the coating, which is, as it is
considered, caused by the non-homogeneous nature of the coating sur-
face [10]. Furthermore, the diffusion behavior of reactive species
through the defects is critical and always exists in the electrochemical
corrosion process taking place at the such coatings deposited by PVD
[17]. Thus, the Warburg impedance (W), the diffusion element usually
used to model the semi-infinite diffusion behavior at the low frequency
region, is introduced into the models shown in Fig. 9 to describe the
diffusion process of corrosive species through the growth defects [38].

For the EIS data collected at 1 atm (Fig. 4), the impedance spectra
show a perfect stable feature as a function of immersion time. Fig. 2(b)

(a)

Seawater .

Cr/GLC coating

Model A (b)

shows that the bottom of penetrating defects still fills with imperfect
coatings, but the defect which totally exposes the substrate cannot be
ignored. Because the 316 L stainless steel is a relative passivate sub-
strate, the dense and high dielectric constant passive film would form at
the substrate-exposed sites [39]. Therefore, the almost unchanged
impedance modulus (Fig. 4b) at 1 atm indicates that the Cr/GLC
multilayered coating still maintains a stable protective performance
with a relatively high corrosion resistance. The phase angle plot Fig. 4(b)
shows the presence of an asymmetry, which suggests the presence of
partially overlapped two time constants. For the Cr/GLC multilayered
coating, the time constant at high frequency region may be related to the
rapid charging/discharging process occurring at the coating/electrolyte
interface, while the time constant at low frequency region to the slower
process occurring at the substrate/coating interface [40]. Consequently,
such an EIS characteristic can be approximately described by the model
A (Fig. 9(a)). In the model A, Rs presents the solution resistance,
parallel-connected elements (CPE(..), Rp) are the total capacitance of
the substrate/coating system and the pore resistance, where the
subscript (c+o) stands for the Cr/GLC multilayered coating and the
substrate passive film forms in the bottom of the penetrating defects.
As for the EIS results obtained at 300 atm, a gradual decrease of
capacitive loop is clearly shown in Fig. 5(a), indicating a hydrostatic
pressure-promoted corrosion process. The phase angle plot (Fig. 5(b)-
(c)) clearly presents different stages with the increasing of the immer-
sion time. At the initial immersion stage (in the first 2 h), the phase angle
plot displays the same feature compared with that at 1 atm. That is, there
are still two time constants at this stage. Consequently, model A is still
rational to fit the EIS data at this initial stage. As immersion time in-
creases, the partially overlapped two time constants can be distin-
guished gradually, one at high frequency (about 10° Hz) and another at

Model B

Seawater

CPE,

Fig. 9. Equivalent electrical circuits for fitting the EIS data of the Cr/GLC multilayered coating under both hydrostatic pressures. (a) for the model A which presents
the coating at 1 atm and the initial stage of coating at 300 atm, (b) for the model B which present the coating at 300 atm in late stage of the immersion test.
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low frequency (about 10 Hz). The high frequency phase angle peak at a
lower phase angle region, reflecting the gradually enhanced non-ideal
capacitive behavior at the coating/electrolyte interface. The gradually
deviation from a near capacitive behavior of the double layer at the
interface may be ascribed to the improved surface adsorption phenom-
enon, which is consist with the results of XPS in Fig. 8. While the pres-
ence of the second time constant at low frequency region can be
explained with the permeation process of seawater through the growth
defects, indicating the corrosion reaction starts at this stage. Therefore,
model A is still suitable to fit the EIS data at this initial stage. As im-
mersion time increases to more than 12 h, the phase angle at low fre-
quency region decreases obviously and the position of the low frequency
time constant shifts toward higher frequency region. These features
indicate that the serious corrosion reaction has occurred at the growth
defects. Further, according to the multilayered structure of the Cr/GLC
coating, it should be noticed that the corrosion reaction does not only
relate to the exposed substrate in the bottom of defects, but also to the
exposed Cr buffer layers in the side wall of the penetrating defects.
Consequently, a new model B (Fig. 9(b)) is introduced to fit the EIS data
obtained after 12 h immersion test. In the model B, the CPE., CPE¢ and
CPEq) are the constant phase elements presenting the non-ideal capac-
itance of the coating, the oxide film of the Cr buffer layer and the sub-
strate double layer, respectively. The R;, Rox and R indicate the
seawater solution resistance, oxide layer resistance of Cr layers and
charge transfer resistance, respectively. Here, the diffusional impedance
W still exists during the EIS testing to describe the diffusion process of
corrosive products through the penetrating defects. The fitting result of
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EIS spectra under 1 atm and 300 atm are listed in Tables S1 and S2,
respectively.

4.1.2. The evolution of the coating corrosion resistance

The corresponding fitting results under both hydrostatic pressures
fitted with the above equivalent electrical circuits are plotted as a
function of immersion time in Fig. 10. Fig. 10(a) shows the corrosion
potential (Ecoy) curves. The curves present completely different ten-
dencies during the immersion tests. The Eqr at 1 atm gradually increase
and then attains a steady state about 0.2 V. Nevertheless, the E., at 300
atm shows typically two distinct regions with a dramatic potential
decrease down to the minimum value and then reach a stationary value
(about -0.7 Vag/agc))- The significant decrease of Ecorr values can be
explained as the degradation of the air-formed passive film and elec-
trochemical corrosion of Cr buffer layers in the penetrating defects. XPS
results confirm that absorption of anion, such as Cl~, occurred during
the immersion test, which is a critical factor to the E,,, and also reported
in the references [41-43]. Therefore, the rapid decrease of E.,; values at
the first about 30 h stage is caused by the dramatic diffusion of seawater
through the defects. And then the stable low-potential is caused by the
enhanced anode reaction process due to the increased metal dissolution
phenomenon. Generally, the protective properties of the coating can be
presupposed from the charge-transfer resistance (R.t), the higher value
of Re means the greater corrosion resistance and slower corrosion re-
action process [44-46]. The Rt under both hydrostatic pressures pre-
sents plotted in Fig. 10(b). The curves show the trend of rapid decline
firstly and then gradually decrease. But more significantly, the rapid
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Fig. 10. Fitting results of the experimental EIS results as a function of immersion time under both hydrostatic pressures. (a) the corrosion potential Ecor, (b) the
charge-transfer resistance R, (c) the coating capacitance CPE,, (d) the double layer capacitance CPEgj;.
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reduction is found initially at 4 h at 300 atm. After the immersion tests,
Rt dropped from 5.77 MQ em? to 0.34 MQ cm™ at 300 atm, while it
only decreased from 23.28 MQ cm™ to 8.62 MQ cm™2 at 1 atm. The sharp
drop of R indicates that high hydrostatic pressure significantly dete-
riorated the protection of the coating. The change of R reveals that the
drastic corrosion reaction immediately occurs when the seawater rea-
ches the substrate and then the persistent corrosion takes place with a
relative high corrosion rate.

Fig. 10(c) presents the change of coating capacitance CPE. during the
immersion under both hydrostatic pressures. The CPE. increases initially
and then seems to keep steady thereafter in the vicinity of 18 pF cm ™2
and 12 pF cm ™2 at 1 atm and 300 atm, respectively. The higher GPE,
indicates that the hydrostatic pressure accelerates the corrosion process
during the immersion test. The coating capacitance CPE, is determined
by the composition and microstructure of the coating materials [40,46],
according to

CPE.=yeoe(1-P)Ac/d, @

where vy is the surface roughness factor, € is the permittivity of free
space equal to 8.845 x 107'2F/m, ¢, is the dielectric constant of the
coating, P is the porosity of the coating, A, is the exposed coating area in
the test, d. is the coating thickness equal to 1 pm. Assuming the coating
is inert enough in the artificial seawater, it can be reasonably speculated
that the surface y and d. maintain constant in the test. Similarly, the €.
remains stable because the identical coating is adopted in the immersion
test. Consequently, the coating capacitance CPE, is determined by the
coating porosity P and the exposed coating area A.. Based on the analysis
results of cyclic poloarization and potentiostatic tests, it can be readily
interpreted that more and more growth defects are gradually revealed
due to the promoted penetration of seawater at 300 atm. Therefore, it is
reasonable to deduce that the coating porosity P increases under high
hydrostatic pressure. By far, indeed, the increased value of CPE. under
hydrostatic pressure is determined by the coating area A.. However, the
exposed coating area A. changes with the immersion time in two ways.
On the one hand, because more growth defects evolute into active
corrosion sites, A. decreases. On the other hand, A, also increases due to
the revealed walls at the growth defects. The higher value of CPE.
portends the larger exposed coating area A., indicating that the increase
in wall area is predominant under high hydrostatic pressure.

The double layer capacitance CPEqy, as an indirect measure for the
degree of substrate corrosion reaction, is plotted as a function of im-
mersion time in Fig. 10(d). Obviously, the CPEq; value at 300 atm is
higher than that at 1 atm. Because the stainless steel is the conductive,
the double layer capacitance is mainly determined by the capacitance of
passive film [47]. Here, the double layer capacitance CPEq; can be
defined according to the following:

CPEgi=yeoeanAsP/d, 2

where the gq) is the dielectric constant of the passive film on the sub-
strate, A is the exposed substrate area, d, is the thickness of the passive
film. Other parameters in Eq. (2) have the identical definition with Eq.
(1). Previous studies indicated that the hydrostatic pressure would cause
an inhomogeneity in thickness or even thickened passive film of the 316
L stainless steel substrate [48]. Therefore, the higher values of CPEqg)
imply the larger reaction area of substrate at 300 atm. That is, the sharp
drop of CPEq) can be attributed to the severe substrate corrosion at the
penetrating defects, as well as the more corrosion sites formed at 300
atm.

4.2. The evolution of growth defects under both hydrostatic pressures

Above EIS analysis has shown a quite different corrosion process
under both hydrostatic pressures. The fitted electrochemical parameters
at 300 atm change significantly at the initial stage and then reach a
steady state, suggesting that the hydrostatic pressure promoted
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corrosion process involves the process of fast diffusion of seawater and
persistence electrochemical reaction on the substrate. In order to clarify
the effect of hydrostatic pressure, the evolution of growth defects after
the immersion under both hydrostatic pressures is analyzed in detail by
means of SEM & FIB.

4.2.1. The evolution of the nodule-like defect

Fig. 11 is the surface and cross-sectional morphologies and corre-
sponding EDS mapping results of nodular-like defect after immersion at
300 atm. The surface morphology of this kind of defect is covered with
lots of ball-like particles (Fig. 11(a)) and looks uneven. But the corre-
sponding EDS mapping (Fig. 11(b)) results indicate that the structure of
Cr/GLC multilayered coating remains protective after the immersion
test. The cross-sectional morphologies (Fig. 11(c)) provide clear images,
where the Cr/GLC multilayered coating presents wave but still complete
with a periodic multilayer structure. The corresponding EDS mapping
(Fig. 11(d)) shows that the Cr/GLC multilayered coating is deposited on
the remained inclusions which probably is the oxides of aluminum.
Based on the above analysis, it can be identified that the nodular-like
defect forms on the metallurgical inclusions. Because it still has a
completed periodic multilayered structure, and possesses outstanding
corrosion protection performance at 300 atm. Thus, the nodule-like
defect is not the cause of the serious corrosion reaction under high hy-
drostatic pressure environment

4.2.2. The evolution of the penetrating defect

The corrosion morphology of penetrating defect after immersion at 1
atm is shown in Fig. 12. The formation mechanism can be illustrated as
the adsorption and drop of impurities on the substrate surface during the
deposition process [35]. Obviously, the fillers are still in the bottom of
the defect (Fig. 12(a)). The corresponding EDS mapping results prove
that the oxygen element mainly concentrates on the edge of the defect.
The cross-sectional morphology (Fig. 12(c)) presents the complete pro-
file of the substrate in the bottom of the defect. Detailed view in Fig. 12
(d) further proves a clear bulge on the substrate, which causes the
folding formation of Cr/GLC multilayered coating during the rotation
deposition process. Careful inspection shows that the edge of the defect
presents sloping, which leads to the alternative exposure of Cr buffer
layers and GLC layers. Evidently, the corrosion reaction mainly occurs
along the edge of the defect where the Cr buffer layer is exposed. These
findings indicate that the penetrating defect is still with the protec-
tiveness performance during the immersion test under the atmospheric
pressure and it is in a good agreement with the analysis results of EIS.

For a comparison, the structure of the penetrating defect after the
immersion at 300 atm changes seriously (Fig. 13). Incomplete fillers do
not exist on the bottom of the defect anymore (Fig. 13(a)). The stepped
edge exposes the Cr buffer and inner GLC layer alternately. EDS mapping
results (Fig. 13(b)) prove that the distribution of the chromium and
oxygen elements concentrate on the whole edge of the defect, which
indicates that the exposed Cr buffer layers are corroded seriously. The
XPS result also proves that the oxidation of the Cr is more severe at 300
atm. The widely exposed GLC layers at the edge of multilayered confirm
that the increased coating capacitance CPE, in Fig. 11(c) is caused by the
revealed side wall area on the edge of the penetrating defects. Because
the potential difference exists in the Cr layers and GLC layers, the Cr
buffer layers would corrode due to the galvanic corrosion [49]. The
oxidation of Cr at the edge of the defect proves that the corrosion re-
action occurs at the Cr buffer layers. Meanwhile, tensile stress around
the localized corrosion sites induced by the hydrostatic pressure gen-
erates a shearing force around the edge of penetrating defects, which
might destroy the structure of the defect as well [50]. The cross-sectional
morphology, shown in Fig. 13(d), directly exhibits that serious corrosion
reaction both occurred on the edge and bottom of the defect. Enlarged
drawing shows in clarity that the defect bottom profile is far below to the
substrate profile, and both at the Cr buffer layers and GLC layers spalls
slightly. It is clearly indicated that the corrosion reaction is significantly
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Fig. 11. The evolution of the nodule-like defect after the immersion test under high hydrostatic pressure. (a) surface morphology of the defect and (b) its corre-
sponding EDS mapping results. (c) The cross-sectional image of the defect and (d) its EDS mapping results detected in the selected area in (c).

profile of substrate fold
1 um

Fig. 12. The surface and cross-sectional morphologies of the through-thickness defect after immersion test 240 h under atmospheric pressure. (a) surface
morphology of the defect; (b) The corresponding EDS mapping results of the defect; (c) cross-sectional image of the defect and (d) its local enlarged drawing.

promoted and the defect’s structure is destroyed under the high hy- hydrostatic pressure has been demonstrated in Fig. 14, which has been
drostatic pressure. illustrated well from the results discussed above. Nodular-like defects
forms on the substrate inclusions and has a complete multilayered
structure. Penetrating defects belong to the open type which allow the
4.3. Failure mechanism corrosive media diffusion through them. Under the high hydrostatic
pressure, the corrosive media diffusion process through the penetrating

The failure behavior of the Cr/GLC multilayered coating under high

10
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Fig. 13. The surface and the cross-sectional morphologies of the through-thickness defect after the immersion test 240 h under high hydrostatic pressure. (a) surface
morphology of the defect and (b) its margin enlarged image; (c) corresponding EDS mapping results of the defect; (d) the cross-sectional image of the defect and (e)

its local enlarged drawing.

Fig. 14. Schematic cross-sections of failure process for the Cr/GLC multilayered coating under high hydrostatic pressure environment.

defect is greatly enhanced. As a result, lots of seawater reach the bottom
of the defects rapidly and the corrosion reaction starts. With the
extension of immersion time, the substrate at bottom of the penetrating
defect corroded seriously. The galvanic corrosion between the Cr and
GLC layers combined with the shearing force induced by the high hy-
drostatic pressure would also destroy the structure of the penetrating
defects. Thus, it is obvious that the severe localized corrosion induced by
the penetrating defects is responsible for the Cr/GLC multilayered
coating degradation under higher hydrostatic pressure.

5. Conclusions

This work systematically investigates the corrosion behavior and the
evolution of growth defects of the Cr/GLC multilayered coating at 1 atm
and 300 atm. The corrosion resistance of the coating is almost un-
changed after the immersion test at 1 atm, suggesting that the Cr/GLC
multilayered coating is promising for the application in atmospheric
pressure environment. However, the high hydrostatic pressure deterio-
rated the corrosion resistance of the coating severely. The

11

electrochemical tests and corrosion morphologies results prove that the
high hydrostatic pressure promotes the diffusion process of seawater
through the penetrating defects and accelerates the exposure of the
substrate. Persistent corrosion reaction occurs at the bottom of the de-
fects, as well as the destroyed structure of the penetrating defect during
the immersion. As a result, a poor localized corrosion resistance of the
Cr/GLC multilayered coating is presented under high hydrostatic pres-
sure. This study sheds light on the deep understanding of corrosion
process and growth defect evolution of the Cr/GLC multilayered coating
under both hydrostatic pressures, which will be helpful for providing a
basis upon which rational design of novel carbon-based coating can be
proceeded.
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