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The dense Cr/GLC multilayer coatings were fabricated by high power impulse magnetron sputtering (HiPIMS)
with various duty cycles. HiPIMS-deposited GLC coatings with high density displayed the lower corrosion current
density by five times than DC- deposited GLC, due to the higher C' ionization rate and larger incident ions
energy. Noted that, after 425 h immersion with 15 MPa, though a laminar-like spallation occurred in the Cr/GLC
interfaces instead of the coating/substrate interfaces, the lower galvanic corrosion current density was partic-

ularly achieved at 2.04 x 10~ A-cm™2 for the HiPIMS-coatings with reduced porosity, emulating an excellent
tolerance of long-term corrosion resistance for deep-sea.

1. Introduction

With the marine exploration becoming increasingly intensive, more
and more key mechanical components used in deep-sea instruments and
station platforms are apt to be worn due to the heavy hydraulic friction
with severe seawater corrosion [1,2]. Particularly, when the structured
materials made of steels or other metallic alloys are exposed to the
aggressive chloride constituents, the corrosion will be accelerated
rapidly, which is very fatal to the durability and safety of marine systems
[3]. One of the popular solutions is to promote the formation of passive
films generated over metallic surface and tailor their properties by ad-
ditive chemical compositions, such as doping Cr, Ni and C to steels, etc.
[4-6]. Taking concerns for the required superior tribo-corrosion per-
formance with long-lasting lifetime, furthermore, surface coating tech-
nology is alternatively considered as the most promising strategy to
inhibit the corrosive deterioration and premature failure of metallic
components in natural seawater [7,8]. Specifically, amorphous carbon
(a-C) coatings, a class of metastable carbon materials composed of
hybrid C-sp® and C-sp? atomic bonds, have drawn much attention as the
intelligent and protective candidates due to their combinational prop-
erties of high hardness, low friction coefficient and wear rate, as well as
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good chemical inertness [9,10]. Moreover, the wide variety of a-C
coatings favors the facile synthesis to meet the different demands, where
the empirical synonyms of a-C coatings are classified with the terms of
hydrogenated amorphous carbon (a-C:H), graphite-like carbon (GLC),
tetrahedral amorphous carbon (ta-C) and diamond-like carbon (DLC)
base on the ratio of sp%/sp° content and hydrogen additives in a-C matrix
[9].

Among the family of a-C coatings, many studies have reported that
GLC presents the most interesting characteristics to suppress both
tribological damage and severe corrosion induced by Cl” solutions [11].
For example, an observation was that the coefficient of friction (COF) for
GLC coatings was less than 0.1 whatever the changes in friction pairs, in
which the best capability for tribo-corrosion resistance was gained in
sliding against SigN4 and SiC [12]. The reason could be that the densely
amorphous GLC coating significantly inhibited the penetration of cor-
rosive medium to substrate. However, GLC coatings prepared by various
physical vapor deposition (PVD) techniques [13] generally possess the
various intrinsic defects in structure, such as pinholes, nodular particles,
and penetrating cracks. These defects in turn easily stimulate the
tribological and corrosive failure under highly hydrostatic pressure. By
introducing the multilayered Cr/GLC structure, Li et al. [14] found the
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open pinholes for media penetration were dramatically reduced, and the
COF during corrosive-friction test reached a very low value of 0.046,
replying the excellent tribo-corrosion resistance of Cr/GLC coating. In
addition, to restrain the crater-like failure originated from the
macro-particle defects during coating growth, Liu et al. [15] conducted
the extra cleaning process to improve the density of GLC, in which the
coating porosity was significantly decreased from 5.2% to 2.54% and the
corrosion resistance was improved as expectation.

Different with the traditional magnetron sputtering and cathodic arc
evaporation for GLC synthesis, high power impulse magnetron sputter-
ing (HiPIMS) has drawn much attention as a new sputtering PVD tech-
nique very recently. Especially, HiPIMS performs the combined both
advantages of magnetron sputtering and arc evaporation, but without
their respective disadvantages [16,17]. Thereafter, HiPIMS can ideally
emulate the high ionization rate of targets and high incident ion energy
as those of cathodic arc deposition, and simultaneously offers the
smooth surface and dense deposition as those of sputtering. Qureshi
et al. [18] prepared CrAlC coating by DC magnetron sputtering (DCMS)
and HiPIMS for comparison. They found that the DCMS-deposited
coating displayed an obviously coarse columnar structure with size of
250-500 nm, while a dense and columnar-free smooth coating with
enhanced mechanical properties was observed in HiPIMS deposition
process. The even more observation was that, due to the highly ionized
plasma with high kinetic energy bombardment, HiPIMS promoted the
formation of nanocrystalline TiAl, compounds, which further led to the
dense and smooth Ti3AlC; coating at 700 °C, while Ti»AlC coating was
only obtained by DCMS technique [19]. Similarly, the improvement of
structural density and mechanical properties was also observed in
WC-DLC films. As state above, it is very likely that introducing HiPIMS
deposition can facilitate the growth of GLC coatings with highly dense
and smooth defect-free structure, which is of great importance for the
long-lasting tribo-corrosion durability under deep sea conditions [20,
21].

In this work, we specially fabricated a series of dense Cr/GLC
multilayer coatings by a home-made hybrid HiPIMS technique
composed of multi-target sputtering sources. The dependence of coating
growth was investigated by the in-situ plasma characteristics during
HiPIMS process with various duty cycles. The electrochemical behavior
and structural evolution of deposited Cr/GLC coatings were studied
from atmosphere to high hydrostatic pressure condition under different
immersion times, emulating the harsh deep-sea environments. The
corrosion failure was discussed in terms of the densification and inter-
facial galvanic corrosion in the multilayer Cr/GLC coatings. In order to
address the effect of coating porosity on corrosion resistance, the DCMS
procedure was also conducted for the GLC deposition with the same
sputtering power and coating thickness for comparison.
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2. Experimental section
2.1. Coating deposition

The Cr/GLC multilayered coatings were prepared by a home-made
hybrid magnetron sputtering system, which composed of the rectan-
gular DCMS source, HiPIMS source and linear ion source (Fig. 1(a)). The
dimension for both chromium target (purity: 99.999%) and graphite
target (purity: 99.99%) was about 380 mm x 100 mm x 7 mm. The
mirror polished 17-4 PH stainless steel (®17 mm x 3 mm) couples and
P-type (100) Si wafers were used as substrates. Before deposition, the
substrates were ultrasonic cleaned in acetone for 20 min and then in
anhydrous ethanol for 15 min. When the chamber was evacuated to
below 4 x 107> Torr, all the loaded substrates were etched by Ar™ ions
discharged by a linear ion beam source for 40 min under a DC pulsed
bias of — 200 V, in order to remove the contaminants or impurities
adsorbed on the substrate surface [22]. After etching, a gradient Cr and
Cr«N layer with total thickness of 180 + 20 nm was specifically depos-
ited by HiPIMS source with a duty cycle of 10% and a pulse width of 200
ps [23]. During this process, the sputtering power was controlled at 1.7
kW and a negative bias of — 100 V was applied to substrate. Subse-
quently, the GLC layers with a thickness of 100 + 20 nm were synthe-
sized using HiPIMS and DCMS modes with the same power of 2 kW for
comparison. The pulse widths for carbon discharge was changed at 150
ps, 200 ps, and 250 ps, corresponding to the duty cycles of 7.5%, 10%,
and 12.5%, respectively. For easy description, the Cr/GLC multilayer
coating was following named by HiPIMS deposited S7.5, S10, S12.5 and
the comparative DC coated samples. During all the processes of coating
deposition, the Ar gas with flow rate of 55 sccm was introduced to
chamber and the working pressure was maintained at 2.0 x 107> Torr.
The outmost thickness of Cr/GLC layer was optimized at 220 nm + 20
nm to achieve more stronger durability of tribocorrosion resistance[14,
22,24].

Furthermore, in order to clarify the difference of plasma discharge
between DCMS and HiPIMS process for carbon ionization, the ion en-
ergy distribution functions (IEDFs) were particularly in-situ measured
by a quadrupole mass spectrometer with an energy filter (HIDEN EQP
300). In the experimental process, the first stage of IEDFs was used to
measure the chamber with base pressure of 4 x 10~ Torr, which aimed
to remove the effect of the background vacuum (RGA mode). During
target discharges, the EQP probe started working, where the second step
was operated with setting parameters (SIMS mode), e.g. magnification,
energy etc. Based on this procedure, the distributed ionization, relevant
to ion energy, could be elucidated during plasma discharges (SIMS: Mass
and energy of ions generated in the plasmas; RGA: Mass and energy
analysis of neutrals and radicals). Tests of the IEDFs for C* ion were used
in the energy steps of 0.05 eV in time averaged mode. The dwell time
was set as 1000 ms. The ion flux was calculated by integrating over the
measured IEDFs. Fig. 1(b) shows the representative discharge curves of
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Fig. 1. (a) Schematic diagram of the hybrid deposition system for coatings. (b) Representative in-situ discharge curves of target voltage and discharge current during

various magnetron sputtering processes.
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sputtered-C for DC mode and HiPIMS mode, where the distinct square
pulsed peaks occurred in all the HiPIMS curves with various duty cycles.
Noted that increasing the duty cycle from 7.5% to 12.5% led to the
decrease of discharge current from 84 A to 37.6 A during the HiPIMS
processes, and the discharge voltage of 780 V~748 V in HiPIMS mode
was much higher than that of DC mode at 655 V. This observation could
be assigned to the typical pulsed highest discharge voltage together with
highest discharge current during HiPIMS technique, which was quite
different with the high discharge voltage with lower current during DC
sputtering.

2.2. Electrochemical and in-situ immersion tests

All electrochemical measurements were carried out in the simulated
3.5wt% NaCl solution. An  electrochemical Reference
600 + workstation (Gamry, USA) using a three-electrode system (vs Ag/
AgCl) was employed to characterize the open circuit potential (OCP),
electrochemical impedance spectra (EIS), polarization curves, and
galvanic corrosion current density. Particularly, the EIS measurements
were conducted at potentiostatic mode with a perturbation voltage of
10 mV. The frequency was tailored from 100 kHz to 0.01 Hz. The fitting
and analysis of simulated circuits in EIS using Zview software. Poten-
tiodynamic polarization was tested with a speed of 1 mV-s~!, where the
data analysis was performed using the software in workstation. To
address the electrochemical behavior of coating under high hydraulic
condition, the autoclave corrosion test system (CORTEST Inc. USA) was
used for in-situ high pressure coupled with immersion test. Namely, the
coatings were immersed in 3.5 wt.% NaCl solution and pressurized
under 15 MPa to simulate the deep seawater of 1500 m, in which the
other parameters of high hydrostatic pressure test were the same to
those of the atmospheric test.

2.3. Characterization of coatings

The surface and cross-section morphology of deposited coatings were
observed by scanning electron microscopy (SEM, FEI, Quanta 250 FEG,
USA) at voltage of 10 kV. The Raman (Renishaw inVia-reflex, UK) with
laser wavelength of 532 nm was conducted to elucidate the atomic
carbon bond in the Cr/GLC coatings. The evolution of chemical com-
positions for various elements were analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCALAB 250) with a mono-
chromatic Al X-ray source. Before XPS test, the Ar' ions with energy of
2 keV were introduced to etch the surface for 30 s to eliminate the
possible pollution and adsorbed oxygen. The hardness and elastic
modulus were analyzed by nano-indentation with a continuous stiffness
measurement mode (MTS-G 200). The indentation depth was 200 nm,
and the average value of mechanical properties was selected in the
stabilized loading region of 150-170 nm to avoid the contribution from
substrate.

The density of the coatings was measured by X-ray reflection (XRR)
using a Cu target Ka (A = 1. 5418 nm) radiation source with a mea-
surement angle range of 0-1.3°. The simulation was performed by a
three-layer structure model of Si/SiC/GLC. Noted that a silicon carbide
interface layer was added between the substrate and GLC, considering
the heavy bombardment of HiPIMS-discharged C' ions favored the
generation of SiC transitional layer on the Si substrate. By fitting the
critical angle (6.) in the curve, the average density (p) could then be
calculated according to the following formula [25-27].

76c* | [M¢
_ -« 1
o= [yecal 7] ®
Where p was the density of coating, 6. was the critical angle, Ny was the
Avogadro constant (6.022 ><1023), r. was the electron-classical-radius

with 2.818 x 107° m, 1 was corresponded to the wavelength of X-ray
at 1.5418 nm, M, was the molar mass of the carbon atom, while Z, was
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the atomic number of the carbon atoms.
3. Result and discussion
3.1. Microstructural characteristics of Cr/GLC coatings

Fig. 2 shows the surface topographies and cross-sectional morphol-
ogies of deposited Cr/GLC coatings with different duty cycles. Although
there were tiny nodular defects in the coating surfaces, the coatings were
distinctly smooth and dense regardless of the changes in duty cycles. The
R, of the DC, S7.5, S10, S12.5 were 19.2 nm, 11.4 nm, 14.5 nm, and
12.7 nm, respectively. Meantime, no crack or spallation emerged at the
coating surfaces and interfaces, implying the strong interfacial bonding
within coatings and substrate. Based on the evolutions of cross-sectional
morphology, the typical periodic structure with alternated C layer and
Cr layer was successfully fabricated in both DC and HiPIMS technique.
However, it was worthy to note that DC-sputtered Cr/GLC multilayer
coatings was about 200 nm thicker than those of HiPIMS-deposited
coating samples, probably due to the re-sputtering arisen from the
highly ionized ions with high kinetic energy in case of HiPIMS [16].

Raman spectroscopy is well known as an important non-destructive
method to characterize the chemical bond state of amorphous carbon
coatings [28]. Fig. 3(a) shows the Raman spectra of the Cr/GLC multi-
layered coatings with a wavelength range of 800-2000 cm™! under
different duty cycles. A distinct broad peak was visible as a sign of
typical amorphous carbon regardless of increasing duty cycles. Since the
carbon Raman spectroscopy could be deconvoluted into D-band peak at
1359 cm™! and G-band peak at 1591 cm ™!, the intensity ratio of D peak
to G peak (Ip/Ig) was closely related to the cluster size of sp® bonds. In
addition, the position of G peak and the full width at half maximum of G
peak (G-FWHM) could be used to observe the structural variations in a-C
films. In current works, increasing the duty cycle from DC to the Hil-
PIMS-12.5% caused the slight changes in Ip/I with range of 3.6-3.75,
together with a very small variation for both G-peak position. The
G-FWHM raised slightly indicated the occurrence of structural disorder
in the DLC, as well as the increase of internal stress (Fig. 3(b)) [29,30].
Therefore, the Raman analysis proposed that the atomic bond structure
of carbon network in Cr/GLC coatings was not changed by the applied
duty cycles during both DC and HiPIMS sputtering processes. Further
evolution of chemical composition of GLC layer was conducted by XPS
test as a function of the used duty cycles. As shown in Fig. 3(c), all the
core XPS spectra of C 1S were subsequently deconvoluted to three
peaks, namely the sp2 carbon(C=C) at 284.3 & 0.2 eV, sp3 carbon(C-C)
at 285.2 + 0.2 eV, and C-O/C—=0 at 286.5 + 0.3 eV, respectively. When
the duty cycle was increased from DC to HiPIMS pulsed 12.5%, both the
C-sp? bonds and the C-sp> displayed a very small composition changes
with a range of 7.4%-75.4% and 32.6-24.6%, respectively (Fig. 3d).
This phenomenon implied that the weak dependence of carbon spand
sp? atomic bonds upon the introduced duty cycles during various sput-
tering depositions.

Considering the key effect of incident ions with kinetic energy during
sputtering, XRR test was further undertaken to address the structure
density beyond of the above-mentioned variation of carbon atomic
bonds [31-33]. Fig. 4(a) shows the XRR curves for the GLC layers
deposited under various duty cycles, where the oscillation patterns of
experimental results were distinct. After fitting the patterns, all the
HiPIMS deposited GLC coating rendered the higher density in a range of
2.62-2.49 g/cm? than that of DC coating at 2.46 g/cm®. Most impor-
tantly, increasing the duty cycle from 7.5% to 12.5% led to a small
decrease in coating density under the HiPIMS mode. The detailed
implication of the used key parameters to conduct the data fitting was
given in Table S1. Noted that the smaller x? in the Table S1 generally
reflected the better accuracy during result fitting.

Since it was known that the plasma discharge involving the ioniza-
tion rate and kinetic energy could play key role in the coating deposition
and thereafter the growth defects as well as the structural density, the
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Fig. 2. Surface topographies and cross-sectional morphologies of the Cr/GLC coatings with different duty cycles.
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composition of carbon bonds in Cr/GLC coatings with different duty cycles.

mass spectrometer with an energy filter was specially conducted to
elucidate the plasma characteristics and the IEDFs for the representative
carbon ion species. As shown in Fig. 4(b), the distinct charged peaks
with Ar' ions at molar mass of 40 g/mol and C" ions at 12 g/mol were
identified as the dominant ions for both DC and HiPIMS modes. Mean-
while, even the intensity of Ar" ions were similar for both DC and
HiPIMS cases, the intensity of C* ions in HiPIMS process was more
distinct larger than that of DC state, demonstrating a higher ionization
rate of carbon favored by HiPIMS technique. Fig. 4(c) shows the time
averaged IEDFs of representative carbon ions with the various duty
cycles for comparison. The IEDFs consisted of a lower peak at about 3 eV
and a high energy tail traced up to 100 eV. By comparing the IEDFs
curves, it was indeed that there was a distinct observation around the
peak position at 3 eV. In general, direct electron impact ionization was
the main mechanism for the generation of ions in plasmas. Taking the
concept of plasma diagnostics in magnetron sputtering, the distinct peak

around 3 eV could be originated from the suddenly temporary increase
in ion energy when the thermalized ions were accelerated and trans-
ferred from the plasma sheath region to the substrate nearby for coating
deposition. The energy distribution of ions generated by direct electron
impact ionization was coincident to a Maxwell distribution under the
thermal equilibrium or local thermal equilibrium conditions. This
observation was quite common for the plasma discharges in most
magnetron sputtering techniques [34]. Compared with the intensity
variations, one observation was that all the absolute intensities of IEDFs
in HiPIMS were much larger than that of DCMS, implying the higher
ionization rate together with higher kinetic energy. Another attention
was that the there was a slight variation in IEDFs intensity with changing
duty cycles, where increasing duty cycle in range of 7.5%-12.5% led to a
tiny decrease in the IEDFs intensity. Combined with the characteristics
of plasma discharge, it could be concluded that HiPIMS technique
benefited a higher ionization rate of carbon target and a larger kinetic
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measured during sputtered graphite target by DCMS and HiPIMS.

energy of discharged C* ions than those in DCMS process. Such inten-
sively energetic bombardment arisen from C" ions in turn promoted the
achievement of compact structure with decreased growth defect like
pinholes and rough surface, as well as the expected improvement of
nanoindentation hardness in the HiPIMS-deposited carbon films [16].
Similar results were also obtained in our work, where the hardness and
elastic modulus of HiPIMS-deposited coatings varied in range of
11.12-13.53 GPa and 190.51~ 219.47 GPa, respectively, much higher
than those of DCMS-deposited coating at 10.43 GPa and 176.25 GPa
(Supporting information Fig. 1). Moreover, when the duty cycle in
HiPIMS was 7.5%, the value of H/E reached the maximum of 0.06,
indicating the strongest elastic exercise strain among all the coatings.
Taking the combinational results of XPS and XRR as well as the plasma
diagnostic investigation, the HiPIMS-deposited GLC coating presented
the higher structure density with lower porosity and superior mechan-
ical properties than those of DCMS-deposited ones, while the atomic
bond structure was maintained at similar in both DCMS and HiPIMS
discharge processes.

3.2. Electrochemical performance of Cr/GLC coatings

3.2.1. Polarization tests in atmospheric pressure

Fig. 5(a) shows the potentiodynamic polarization curves of various
Cr/GLC coatings in 3.5 wt.% NaCl solutions. Different with the three-
state characteristics of activation, passivation and break-down in the
cathodic regions, all the samples showed the slanted lines with a small
slope in the anodic regions, corresponding to the simultaneous passiv-
ation and solubilization. If one kept mind of the intrinsic inertness in
amorphous carbon matrix, the passivation occurred in the anodic region
could be induced by the growth defects of pinholes during sputtering
GLC process, which in turn favored the possible anodic passivation in
next Cr layer or even in bottom stainless-steel substrate [15,22]. Noted

that increasing the duty cycle of HiPIMS, the corrosion potential of
coated samples moved forward to the higher value, particularly the
sample of S7.5 reached the highest potential. The Barnartt’ s three-point
method was used to fit the potentiodynamic polarization curves ob-
tained from the Cr/GLC multilayer coatings based on the
low-polarization region in an anode domain. Table 1 illustrated the
fitting results involving the electrochemical properties. Comparing with
the DCMS sample with the lowest corrosion potential (E.,) at - 0.297 V
and the highest corrosion current density (icor) at 7.9 x 1077 A/cmz, all
the HiPIMS coated samples revealed the enhancement of corrosion
resistance in view of the increase of E., and decrease of i.,,. However,
noted that the corrosion resistance of coating was degraded with
increasing the duty cycle from 7.5% to 12.5%. When the duty cycle of
HiPIMS was 7.5%, the coating presented the best corrosion resistance
with the highest E.r at — 0.167 V and the lowest ic, at 1.59 x 1077
A/cm?, approximately five times smaller than those of $7.5 and S10.

The polarization resistance (R,) value of various coatings could be
further estimated according to Stern-Geary equation|[35,36]:

—Pab.

Ry = 33031 (B, P)A .

Here, f, and . were the slopes of the anode and the cathode, icor was
the corrosion current density, A was assigned to the coating exposure
area of 0.28 cm? in atmospheric polarization test. According to the
calculated Ry, the corrosion speed of corrosive system could thereafter
be elucidated comparatively. Furthermore, the coating porosity (P,) was
another important index to evaluate the corrosion resistance of coatings,
which was generally calculated by the following equation[35,36]:

R (substrate) (,M)
= (F—) 10 Ta
R

p(coating)

p, ®)
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Fig. 5. (a) Potentiodynamic polarization curves, and (b) The calculated protective efficiency and porosity of the Cr/GLC coatings with different duty cycles.
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Table 1
Fitted electrochemical parameters from potentiodynamic polarization tests for various Cr/GLC coatings under atmospheric pressure (AP) and hydrostatic pressure of
15 MPa.
Sample Ecorr/ V (S ag/agc) icorr /1077A/ cm?® Bao/ V-decade™? -f. /V-decade™?
AP 15 MPa AP 15 MPa AP 15 MPa AP 15 MPa
DC -0.297 -0.253 7.9 8.74 3.22 0.69 0.81 0.31
S7.5 -0.167 -0.223 1.59 5.24 2.36 1.22 0.28 0.35
S10 -0.258 -0.209 1.65 2.56 1.40 0.88 0.29 0.24
S12.5 -0.194 -0.235 6.03 6.64 1.13 1.20 0.48 0.40

substrate and coating, respectively. |AE| was the absolute value of the
self-corrosion potential difference between substrate and coating. While
Bqa was the Tafel slope of the anodic reaction during corrosion. According
to Egs. (2) and (3), the polarization resistance of R, and porosity of P,
could be used to address the corrosion evolution for coatings (Fig. 5(b)).
For the DCMS coating, R, and P, was 3.14 MQ-cm? and 2.5%, respec-
tively. Nevertheless, once the duct cycle of HiPIMS was applied with
7.5%, 10%, and 12.5% during GLC deposition, the polarization resis-
tance R, was increased to 5.03 MQ-cmz, 4.28 MQ~cm2, 6.03 MQ-cmz,
respectively, which was about 60.1%, 36.3% and 92.0% of the data of
DC sample. Meantime, the porosity of DCMS coated sample was reduced
almost two times from 2.5% to the lowest range of 1.1-1.3% in HiPIMS-
deposited samples.

3.2.2. In-situ EIS results of immersion tests

To gain insight into the corrosion evolution of Cr/GLC coatings in
deep-sea environments, we conducted the EIS tests under various im-
mersion periods in range of 0-425 h (Supporting information Fig. 2). For
visual definition, Fig. 6 shows the Nyquist plots of different coatings
with the representative four immersing times in simulated deep-sea
environment with pressure of 15 MPa (corresponding to depth of
1500 m under sea). The inset image in each figure was the enlarged
pattern from the marked yellow rectangle. As shown in Fig. 6, all
Nyquist plots were characterized by a remarkable capacitance loop and
a straight line in the whole frequency range, proposing a strong

6x10°
(28) o oh O 290 A 185k 425h

Fitting curve

5x10%F

Z' (Ohm)

6x10°

(€)oo on © 29n A 185h 4250

Fitting curve

5x10°F
_4x10°}

3x10°}

-Z"(Ohm

2x10°

1x10°

e Spar L0’ 1Se

Z'(Ohm)

-Z" (Ohm)

0 1x10® 2x10° 3x10° 4x10° 5x10° 6x10°

-Z"'(Ohm)

0 . 1 A
0 1x10° 2x10% 3x10° 4x10° 5x10° 6x10°

protective capability to suppress the hydrostatic corrosion. In general,
the larger the capacitive loop diameter was, the better corrosion resis-
tance was observed for the materials. It is found from each magnified
figure that the first capacitance loop increased for all three samples,
except for sample S7.5, when comparing 0 h and 29 h. Meanwhile, the
area of diffusion was weakened. This represents the fact that the GLC
layers of DC, S10, S12,5 are not dense enough to expose the Cr layer,
which caused the Cr layer to generate a passivation layer, resulting in
the Nyquist plots exhibiting a small enhancement. Nevertheless, it noted
that increasing the immersion time to 185 h and 425 h led to a gradual
decline trend of capacitive loops for each sample. The oblique line
demonstrated that there might be an obvious substance transfer process
with increase of the immersion for all Cr/GLC samples. It represents that
the solution exerted a penetration effect and affects the barrier property
of the coating. However, the capacitance arc of S7.5 decreased less
compared to the other three samples. Therefore, it could be said that the
HiPIMS-deposited coatings especially S7.5 performed the more excellent
anti-corrosion properties than that of DCMS coated samples.

The Bode plots shown in Fig. 7 displayed that, with the extension of
immersion time, all the phase angles in middle frequency (~10° Hz)
shifted upward before 29 h. After that, the phase angles were stabilized
with immersion time in range of 29-89 h. Beyond of 89 h, a reduction
were observed in the phase angles, which further fell lower than the
initial phase angle in 185 h. At intermediate frequency of 10° Hz, the
phase angles of DC, S7.5, S10 and S12.5 coatings were evolved from
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Fig. 6. In-situ Nyquist plot of (a) DC, (b) S7.5, (¢) S10, and (d) S12.5 by sample different deposition methods under hydrostatic pressure of 15 MPa.
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69.89°, 74.18°, 65.63° and 72.46°-60.56°, 72.01°, 56.33° and 68.98°, impedance value, |Z|, increased firstly at low frequency of 1072 Hz and

respectively. The decrease in phase angle represents a decrease in the then decreased with the extended immersion. In the overall frequency
capacitive properties of the coating, and the solution reached the metal region during EIS tests, the low-frequency capacitive region could be a
through the defects, causing localised corrosion [37]. The absolute sign to address the reaction occurred at the defective interface between
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Fig. 8. The fitted values of (a) Ry, (b) Rc;, () CPE, and (d) CPEgy; of Cr/GLC coatings deposited by different methods under 15 MPa hydrostatic pressures (the
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the electrolyte and substrate. As a result, the combined results of Nyquist
and Bode plots clarified that the HiPIMS-deposited coatings exhibited
the better corrosion resistance than the DCMS coating.

According to the Nyquist and Bode plots, all the Cr/GLC multilayer
coatings illustrated the three time-constants evolution, which could be
relatively fitted by the inserted equivalent circuits shown in Fig. 8(a).
From the equivalent circuit, the Ry is the solution resistance, R is the
charge transfer resistance at the substrate surface, R was the oxides
resistance of Cr layer, while Ry, is the coating pore resistance. In addi-
tion, the constant phase element (CPE) is used instead of the pure
capacitance, due to the “scattering effect” in coating system. For the
given equivalent circuit, CPEgjy is relevant to the electric double layer
capacitance between electrolyte and substrate, CPEyis the capacitance of
Cr layer while CPE, represents the capacitance of the coating surface
[22]. The Warburg impedance (Zgf) represents the diffusion of corro-
sive chloride medium into the coating through growth defects of
coating, where a corrosive reaction mainly occurred in the metallic
interlayer of Cr. Most importantly, the CryO3 passivation layer could
limit the mass transport of species, and the corresponding electro-
chemical reaction could be assigned to the Eq. (4) and (5).

Cr—3e —Crt @

2Cr +3H,0 — 6e” —=Cr,O3 +6H" 5)

Therefore, the Ryo, Ry, CPE. and CPEgy of the coatings could be
deduced from the electrochemical impedance spectra. The values of
fitted parameters and fitting accuracy were listed in Table S2-S5 for
better understanding. The values of the electric double layer capaci-
tance, CPEg, were calculated by Brug’s formula [38]. The values of the
CPE; and CPE; were calculated based on the work from Hsu’s and
Mansfeld’s studies [39]. Fig. 8 shows the fitted values of Rp,, R, CPE,
and CPEg for the various Cr/GLC coatings after immersion 425 h under
the hydrostatic pressure of 15 MPa. For both DCMS and HiPIMS coated
samples, all the Ry, was distinctly enhanced with immersion time up to
25 h, which might be attributed to the corrosive products filling the
coating pores or the passivation layer generated on the Cr layer. During
the immersion period of 25-65 h, it was found that all the R;,, decreased
to the initial value due to the passivation dissolved in the corrosive so-
lution. Beyond of the immersion 75 h, a relatively stabilized curve was
visible. Noted that as the duty cycle of HiPIMS increased, the coating Ry,
was reduced. Representatively, the averages Ry, of the S7.5 coatings
after stabilization were close to 2.05 x 10* Q-cmz, which were about
45% higher than that of DC coating. This was consistent well with the
porosity calculated from the potentiodynamic polarization curve in the
atmospheric environment.

Generally, R, indicated the charge transfer process across the
interface of electrode/electrolyte solution, the higher R reflected the
stronger corrosion resistance and the slower corrosion reaction of sys-
tem [40-42]. Fig. 8(b) displays the evolution of R, with the various
immersion periods under high hydrostatic pressure of 15 MPa. During
the early stage, a distinct fluctuation was observed in the curves, as an
evidence of presence of coating pores. As a consequence, the corrosive
medium could pass through the pores directly, which caused the easy
corrosion of the Cr layer or the substrate for the process of passivation
and re-passivation. After immersion for 100 h, the corrosion system was
gradually stabilized, but the value of R, was varied significantly.
Different with the smallest R of 2.32 x 10° Q~cm2, R, was decreased
with the increase of duty cycles in HiPIMS, where the largest R of
8.86 x 10° Q-cm? was obtained for the S7.5 sample. In other words, this
result demonstrated that the HiPIMS-deposited Cr/GLC coatings at duty
cycle of 7.5% performed the largest charge transfer resistance and a
stronger ability preventing the aggressive ions reaching the interface of
coating/substrate, which might be arisen from the high compactness
and the strong bonded interfacial bilayer. The thicker the interfacial
double layer was, the wider the depletion layer on the electrode surface
was, which induced to the response reduction of the electrode interface
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[43].

CPE. was well known related to the coating porosity. As shown in
Fig. 8(c), a slight increase of CPE, was illustrated from the start of im-
mersion to the end of 425 h for each coating. Based on the empirical
equations [22] , the higher value of CPE, indicated a fast corrosion
process during immersion, which could be closely related to the chem-
ical composition and microstructure of multilayer coating system. After
immersion for 425 h, the CPE, of DC-deposited coating changed in a
small range from 2.21 x 10" °F-cm 2 to 3.58 x 10~® F-cm 2. However,
the HiPIMS-GLC coated sample demonstrated the CPE, at 2.41 x 10~°
F-em™2, 2.24 x 107® F-cm™, 5.37 x 1077 F-cm™2 for $7.5, S10 and
S12.5, respectively. Since the CPE, here was strongly determined by the
exposed area of the active area and the coating porosity, the results
revealed that the active area with pores was intensively extended with
enhanced immersion under 15 MPa.

Considering the evolution of electric double layer capacitance CPEqy,
Fig. 8(d) revealed the corrosion reaction for the coated substrate under
immersion. Firstly, the CPEg; decreased slowly and followed by a slight
increase after 25 h immersion. Due to the conductive properties of the
pristine 17-4 PH stainless steel, CPEq4; could be the main consequence of
the exposed area occurred on the substrate, which could be subsequently
deduced from the related equation as well [22]. All the CPEq fluctuated
greatly with immersion time, but only a small variation was visible
among DC and HiPIMS coated substrates. Moreover, a slow decline
emerged on the evolution of CPEy; at the immersion beginning, and
followed by a fluctuation with a large amplitude after 25 h. However,
noted that the coating of S7.5 showed the smallest corrosion response
with range of immersion time at 250-425 h. According to equation, it
can be introduced that electric double layer and electric double layer
capacitance are mainly inversely proportional. A decrease in CPEgy
represents an increase in the thickness of the electric double layer. Hy-
drostatic pressure promoted the decrease in the thickness of the electric
double layer as well as the adsorption of chloride ions [44]. The greater
thickness of the electric double layer for HiPIMS sample as compared to
DC meant that the corrosive medium was less likely to penetrate.

Based the abovementioned analysis on the combined definitions of
Ry, R, and CPE,, the corrosion reaction of Cr/GLC multilayer coatings
was dominated by the intermediate Cr layer and the exposed substrate
originated from the coating pores. In particular, even the value of CPE,
of DC coating was bigger than that of §7.5, S10 and S12.5, the CPEy;
manifested the small difference of exposed area between substrates and
the entirely Cr/GLC multilayer coatings deposited by various tech-
niques, which indicated the corrosion reaction was more likely to form
in Cr the layer. Alternatively, it could be concluded that the durability of
corrosion resistance for all Cr/GLC coated substrates was highly stable.

3.2.3. Polarization tests under 15 MPa hydrostatic pressure

Fig. 9(a) shows the polarization curves of Cr/GLC coatings under
15 MPa hydrostatic pressure. In the anodic area, all curves demon-
strated a slow upward trend with increase of applied potential.
Considering the excellent chemical inertness of GLC coatings, such
phenomenon could be mainly assigned to the dissolution and re-
passivation from Cr layers. Specially, increasing the potential from
1.0 V to 1.3 V led to the firstly decrease and substantial increase in the
current density, identifying the rupture of the carbon layer and passiv-
ation of the metal in high hydrostatic pressure (enlarged view in Fig. 9
(a)). After fitting the potentiodynamic polarization curves by Barnartt’s
three-point method, the electrochemical parameters during corrosion
were clarified in Table 1 and Fig. 9(b). The related exposed areas have
been shown in the SI (Fig. 3). Obviously, all the HiPIMS-deposited
coatings exhibited the higher corrosion potentials and lower corrosion
current densities than that of DC-deposited coating with E.,, at
—0.253 V and icor at 8.74 x 1077 A/ cm? In particular, the minimum
icorr Of S10 sample was almost reduced four times comparing to that of
DC case, which indicated the quite lower corrosion rate and thereafter
the enhancement of corrosion resistance. However, noted that, unlike
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Fig. 9. Potentiodynamic polarization curves of the various Cr/GLC coatings under hydrostatic pressures.

the corrosion behavior under atmospheric pressure, the polarization
resistance, R,, was 1.86 MQ-cm? under 15 MPa hydrostatic pressure for
S10 sample, which was about 2.2, 1.7 and 1.8 times larger than that of
DC, S7.5 and S12.5, respectively. As for the coating porosity, S10 sample
illustrated the porosity of P, at 3.6%, being much smaller than that of
DC-7.6% and HiPIMS deposited samples of S7.5-6.5%, and §12.5-6.8%,
respectively.

3.2.4. Morphology after corrosion polarization

In order to explain the above phenomenon, by observing the surface
morphology of samples after polarization test in the deep sea. Fig. 10
shows the representatively corrosive morphology of coatings after the
polarization test under high hydrostatic pressure of 15 MPa for 425 h.
Except of the small amount of NaCl particles, no observation of corrosive
defects and coating spallation was visible for the DC coated sample.
However, the HiPIMS-deposited Cr/GLC coatings manifested the much
severer annular spallation and even delamination from the coatings,
which was in contrast to the better corrosion performance suggested by
EIS and polarization results. Furthermore, the delamination area

enlarged from the orange circle in Fig. 11(d) was mainly comprised of Cr
element. This identified the coatings were preferred peeling off from the
interface between Cr layer and GLC layers. Comparing to the difference
between DC and HiPIMS samples, as a result, the anti-corrosion degra-
dation and porosity increase in HiPIMS-deposited coatings could be
understood from two aspects. Firstly, under high hydrostatic pressure,
liquids are more likely to enter the interface of the coating, which in
parallel easily stimulated the formation of galvanic corrosion reaction at
interfaces. Secondly, different with the lower ionization rate and ion
energy in DC process, the discharge plasma was highly ionized and the
incident ion energy were much larger in HiPIMS approach, which
favored the heavier kinetic ion bombardment during GLC layer growth.
However, according to the combined simulations and experiments, the
high incident plasma energy yielded the highly dense structure of
coatings, but the heavy bombardment with high incident energy also
easily led to the strongly structural distortion and the consequence of
high compressive stress within interfaces in multilayered coating. This
resulted in the densely structure to suppress the anti-corrosion, while
accompanying with the higher residual compressive stress in coatings.

Fig. 10. Surface morphologies of (a) DC, (b) S7.5, (c) S10, (d) S12.5 after potentiodynamic under 15 MPa hydrostatic pressures.
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Fig. 11. (a) Galvanic corrosion current density between Cr and GLC, and (b) OCP of Cr and GLC coatings deposited by different methods.

Finally, the high residual cracks in coating were accelerated by the high
hydrostatic pressure of 15 MPa and large potential, stimulating the
critical corrosion damage in HiPIMS samples than that of DC case.

3.3. Discussion

Based on the results of the above experiments, we found that HiPIMS
maintained the lowest corrosion current density in both deep-sea envi-
ronments and at atmospheric pressure, and even exhibits high porosity
in deep-sea conditions. In order to reveal the reason for this phenome-
non we have investigated the galvanic corrosion of the coatings. Most
studies had reported that, once two metals with different corrosion
potentials were in direct contact, the metal with the lower corrosion
potential would dissolute rapidly as anode [45,46]. In current case, as
the corrosive solution contacted the interface between the multilayer
coating and substrate through the pore defects, the corrosion rate of the
Cr interlayer would be accelerated significantly, due to the lower
corrosion potential of Cr than that of GLC layer. Therefore, the corrosion
of the Cr interlayer within the Cr/GLC multilayer coating could be
alternatively the key factor to dominate the corrosion behavior.

Fig. 11(a) shows the galvanic corrosion current density between
metallic Cr interlayer and GLC carbon layer in 3.5 wt.% NaCl. Particu-
larly, the Cr coating acted as the reference electrode, while the GLC
coating behave the working electrode. The results indicated that there
was a negative corrosion current, identifying the appearance of Cr
corrosion. If the current difference between anodic and cathodic elec-
trodes was denoted as I, the value of I, for Cr/GLC (DC mode) galvanic
couple was stabilized at — 5.3 x 10~° A-cm ™2, while it was enhanced to
the data of —2.04x10° Acm ™2 —278x10° A-cm 2 and
—~3.36 x 10° A-cm™? for the galvanic pair of Cr/GLC (S7.5), Cr/GLC
(S10) and Cr/GLC (S12.5), respectively. Considering with the same
characteristics of Cr layer during both DC and HiPIMS process, the
decrease of the galvanic corrosion current density in hybrid HiPIMS
technique were preliminary indications of the reduction of galvanic
corrosion between Cr/GLC layers. To elucidate the dependence of
galvanic corrosion upon the GLC feature, Fig. 11(b) shows the open
circuit potential (OCP) vs. time for the Cr/GLC coatings deposited by
various methods. It was clear that the self-corrosion potential of Cr layer
was about — 0.2 V, but it was increased to 0.125 V for GLC (DC) and
0.02V, 0.06 V, 0.045 V for GLC (S7.5), GLC (S10) as well GLC (512.5),
respectively. In general, the galvanic corrosion rate of contacted
galvanic pairs was closely related to the driving force, known as the
electromotive force, which was equal to the difference of self-corrosion
potentials for the galvanic pair. The larger the driving force was, the
higher corrosion rate could be reached [45]. Furthermore, if all the
exposed area of metal, the corrosive solution resistance and the resis-
tance of external circuit were maintained, the large electromotive force
proposed the stronger accelerated corrosion effect during corrosive
environment. In the present work, GLC (DC) presented the slight

10

damaged morphology but accompanying the highest potential and
larger galvanic corrosion current density. As for the case of
HiPIMS-deposited GLC coatings, the sample of S7.5 demonstrated
particularly the lower potential together with the weaker galvanic
corrosion, even following with the serious damage occurred in the in-
terfaces. This reveals the reason why the coating prepared by HiPIMS
maintained low current density despite the damage.

For more direct understanding, based on the combinational charac-
teristics of surface morphology and electrochemical corrosion results,
Fig. 12 summarized the failure mechanism and excellent corrosion
protection of Cr/GLC coatings prepared by DC and HiPIMS approaches
for comparison. Thanks to the higher plasma ionization and larger
incident ion energy for carbon species induced by high impulse power
supply, the HiPIMS-deposited coating exhibited the high density of
2.62 g/cm? than the DC coating at 2.46 g/cm?, indicating an increase of
structural compactness. Most important, noted that the carbon atomic
bonds in all Cr/GLC coatings was kept almost constant regardless of the
density variations. Under the hydrostatic pressure of 15 MPa with long
immersion time of 425 h in 3.5 wt.% NacCl solution, it was undeniable
that the heavy ion bombardment accompanying with large compressive
stress also led to the annular spallation in HiPIMS coatings [47]. This
coincides with the the G-FWHM in Fig. 3(b). But, the enhanced
compactness within HiPIMS-deposited multilayer coating significantly
suppressed the direct diffusion of corrosive chloride medium, in which
the icorr of S7.5 was about 1.59 x 10”7 A/cm?, being five times larger
than that of DC coatings at 7.9 x 10~ A/cm?. At the same time, the
galvanic corrosion between amorphous carbon layer and chromium
layer was distinctly decreased about 3 times in HiPIMS process (I,=
2.0 x107° A/cm?) comparing to the case of DC sample with I, at
6.0 x 1072 A/cm?. As state above, the Cr/GLC coatings prepared by
HiPIMS maintained good corrosion resistance even when damage
occurred, increasing the damage tolerance of the coatings during

HIPIMS coating
p=2.62 g-em?
1,=2.0x10” A-cm?
DC coating
p=2.46 g-em™

17-4 PH substrate

Leore =7.9%107 A-cm?

corr

Fig. 12. Schematic diagram of the corrosion protection mechanism of Cr/GLC
coatings prepared by HiPIMS and DC process for comparison.
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long-term service. Therefore, if one kept mind of the contribution from
coating density and porosity, the HiPIMS technique employing the high
pulsed and instantaneous peak power would be an alternatively prom-
ising strategy to optimize the coating microstructure without simulta-
neous deterioration of atomic carbon bonds, which could favor the
expected corrosion performance for advanced carbon coatings.

4. Conclusion

In this work, we fabricated a series of Cr/GLC multilayer coatings
with thickness around 1.7-1.9 um by DCMS and HiPIMS technology for
comparison. The results showed that, with the same applied sputtering
power, HiPIMS process significantly increased the ionization rate and
incident ion energy than those of DCMS case. As the consequence, all the
HiPIMS-deposited GLC coatings presented the larger density than the DC
sample at 2.46 g/cm®, where the HiPIMS-deposited S7.5 sample
particularly behaved the maximum density at 2.62 g/cm®. Thanks to the
distinct improvement of coating density and compact structure as
diffusion barrier for chloride medium, all the HiPIMS-deposited coatings
enhanced the corrosion resistance with minimum ico, at 2.56 x 1077 A/
cm? than that of DC sample at 8.74 x 10~7 A/cm? under the simulated
deep-sea condition with 15 MPa pressure. However, noted that the
various potentials between Cr/GLC layers with pore defects played the
key role in the galvanic corrosion under high pressure in 3.5 wt.% NaCl
solutions. In contrast to the DC sample, the galvanic corrosion current
density between Cr/GLC interface was reduced about 3 times by HiPIMS
technique due to the enhancement of coating density with less defects.
Beyond of the above merits of HiPIMS coatings, the reason behind of the
long-term corrosive degradation was predominately ascribed to the ex-
istence of high compressive stress within Cr/GLC coatings and facile
cracks originated from the heavy ion bombardment with highly ionized
C* ions species. In this viewpoint, it would be a critical challenge to both
improve the corrosion resistance with long life-time and the strong
durability over wide range of hydrostatic pressure for harsh marine
components in future.
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