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a b s t r a c t

Hydrostatic pressure effects on cathodic deposits and long-term hydrogen permeation in 0.2mol/L
NaOH, 3.5% NaCl and artificial seawater were characterized by the high-pressure Devanathan cell
hydrogen permeation tests, electrochemical impedance spectroscopy, Raman spectroscopy, scanning
electron microscopy, coupled focused ion beam lithography and energy dispersive X-ray spectroscopy.
Hydrostatic pressure accelerates the hydrogen evolution reaction and causes hydrogen atoms to
permeate into steel. Furthermore, hydrostatic pressure increases the interfacial pH; changes deposits
from a mixture of brucite, aragonite, and calcite to brucite only; and inhibits hydrogen permeation into
steel in artificial seawater. These competitive effects control the mechanisms of hydrogen entry into steel
in deep seawater.

Published by Elsevier Ltd.
1. Introduction

Hydrogen-induced cracking (HIC) of super duplex stainless steel
hubs and fillet weld toes in the subsea environment have been
reported by several researchers [1,2]. Thus, the studies of the deep
sea hydrostatic pressure effects on the hydrogen permeation ki-
netics have been performed. Based on the double cell hydrogen
permeation tests, Nanis and DeLuccia [3], Woodward and Procter
[4] claimed that hydrostatic pressure increased the permeation
flux, whereas Blundy and Shreir [5], Smirnova and Johnsen [6]
found that the permeation flux was independent of the hydrostatic
pressure when stirring an electrolyte in a hydrogen charging cell
during permeation. Obviously, electrolyte stirring affects the
hydrogen evolution reaction (HER) on the hydrogen charging side
of specimens in permeation tests. These experimental results
indicate that the HER dominates the effects of pressure on the
interaction of hydrogenwith metal. The HER process of iron or steel
in an alkaline solution can be described by the Volmer reaction
[7e9]:
H2OþMþ e�����!k1 MHads þ OH� (1)

where M is the electrode, e.g., iron or steel and MHads is the
adsorbed hydrogen atom on the electrode surface. The second step
is the Heyrovsky reaction:

MHads þH2Oþ e�����!k2 H2 þ OH� þM (2)

The Heyrovsky reaction is coupled with the Tafel recombination:

MHads þMHads����!k3 H2 þ 2M (3)

In equations (1)e(3), k1, k2, and k3 are the corresponding kinetic
parameters of the Vollmer, Heyrovsky, and Tafel reactions. Some of
the adsorbed hydrogen atoms diffuse into the subsurface just below
the electrode surface and become absorbed hydrogen atoms:

MHads þMsubsurface4Msurface þMHabsðsubsurfaceÞ (4)

Then, the absorbed hydrogen atoms diffuse into metal:

MHabsðsubsurfaceÞ/MHabsðbulkÞ (5)

Zhang developed a mathematical model to describe the effects
of hydrogen adsorption and desorption on hydrogen permeation
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Fig. 1. Potentiodynamic polarization measurements under different hydrostatic pres-
sures in 0.2mol/L NaOH at 25 �C (scan rate: 0.33mV/s, scan range: �0.1 to �1.3 VSSE).
Dashed lines represent the potential region with abnormal phenomena [12,21].
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[10]. Based on this model, previous work found that hydrostatic
pressure increased the subsurface hydrogen concentration on the
A514 steel membrane [11]. Additionally, cathodic potentiostatic
hydrogen permeation tests of the A514 steel membrane specimens
were performed in 0.2mol/L NaOH under different hydrostatic
pressures [12]. Once hydrogen permeation reached steady state,
electrochemical impedance spectroscopy (EIS) analysis was con-
ducted on the specimens' hydrogen charging side under the same
cathodic potential. By fitting the EIS experimental data to the EIS
model, which established the relationships between the kinetic
parameters of HER and the impedance components in the equiva-
lent circuit, it was demonstrated that hydrostatic pressure
increased the kinetic parameter of the Volmer reaction, k1, and
decreased the kinetic parameter of the Tafel recombination, k3.
Both of these effects increased the amount of adsorbed hydrogen
atoms. Furthermore, pressure increased the kinetic parameter of
the Heyrovsky reaction, k2, thus decreasing the number of adsorbed
hydrogen atoms [12,13].

However, to prevent sample surface damage, the effect of
pressure on the hydrogen permeation kinetics was examined over a
relatively short experimental time. During long-term permeation in
an alkaline solution, Zakroczymski and Flis [14] noted for the first
time that the hydrogen atoms produced by cathodic polarization
reduced oxidation film formation and activated the iron sample in
0.1M NaOH. The permeation flux increased with time under these
conditions. The hydrogen atoms then disintegrated the superficial
metal layer. Metal particles from the metal surface became corro-
sion products (Fe(OH)2, magnetite and hydrated Fe(III) oxides) and
were deposited on the surface, inhibiting further entry of hydrogen
[14e16]. In acidic solutions, cathodic polarization continually acti-
vated the iron sample surface [17]. In artificial seawater, more
complex cathodic deposits were detected. In addition, the forma-
tion of calcareous deposits is related to the applied cathodic po-
tential and interfacial pH. The OH� groups produced in the Volmer
reaction (1) and the Heyrovsky reaction (2) react with magnesium
ions in seawater when the interfacial pH is higher than 9.3 [18]:

2OH� þMg2þ/MgðOHÞ2Y (6)

Additionally, these reactions lead to a change in the inorganic
carbonic equilibrium at the electrode surface:

OH� þHCO�
3/H2Oþ CO2�

3 (7)

Calcium ions react with CO2�
3 :

CO2�
3 þ Ca2þ/CaCO3Y (8)

Gao noted that the calcareous deposits on the 16Mn steel
inhibited HER [19], while Okstad reported that the calcareous de-
posits on carbon steel specimens catalyzed HER [20]. Even though
different opinions have been expressed regarding this problem, the
effects of hydrostatic pressure on the formation of calcareous de-
posits should be considered when describing the pressure effects
on hydrogen permeation in seawater.

Based on the Tafel plots at different hydrostatic pressures ob-
tained in an earlier work and shown in Fig. 1 [12,21], it was found
that hydrostatic pressure increased the corrosion potential of the
A514 steel in 0.2mol/L NaOH, which means that the applied over-
potential was more negative under the same cathodic potential and
higher hydrostatic pressure. Thus, hydrostatic pressure affects the
applied overpotential. On the other hand, Deslouis et al. [22] noted
that the interfacial pH depends on the applied potential because
more OH� groups were produced at a more negative cathodic po-
tential. The pH values at the surface of the gold electrode in
0.5MK2SO4 at applied potentials of �0.5 VSCE and �1.0 VSCE are
close to 9.3 and 9.6, respectively. Additionally, the cathodic deposits
on the metal surface, namely, the oxidation products in an alkaline
solution [14] and calcareous deposits in seawater [18,23,24], are
related to the interfacial pH during cathodic polarization. It is
obvious that hydrostatic pressure, cathodic potential, interfacial pH
and cathodic polarization are coupled factors that can affect the
hydrogen permeation kinetics.

The aim of this work is to determine the effects of pressure on
cathodic deposits and identify the coupling mechanisms of pres-
sure and deposits with hydrogen permeation. Long-term hydrogen
permeation experiments and EIS measurements on the hydrogen
entry side were performed to detect the influence of cathodic de-
posits on hydrogen permeation under different hydrostatic pres-
sures with different electrolytes. Scanning electron microscopy
(SEM) and Raman spectroscopy were used to characterize the
surface of the deposits. To observe the effects of pressure on the
chemical composition of a cross-section of deposits, coupled
focused ion beam lithography (FIB) and energy dispersive X-ray
spectroscopy (EDS) were used.
2. Experimental

2.1. Test materials

The A514 offshore structural steel was used in this research, and
its composition was as follows (wt%): 0.2 C, 0.78 Mn, 0.49 Cr, 0.20
Mo, 0.049 V, 0.0006 B, 0.0080 P, 0.006 S, and 0.020 Ti. The samples
had a circular shape with a diameter and thickness of 1.2 cm and
0.5mm, respectively, with 0.01mm measurement error. Both sides
of the specimens were polished, and one side of each specimenwas
coated with 100 nm of nickel via sputter deposition. This procedure
was conducted using a thin film sputtering system (LAD18, KJLC).
2.2. Hydrostatic pressure test equipment

The hydrostatic pressure test equipment consisted of a two-
compartment autoclave integrated with a hydraulic system and a
temperature control system, as described in the previous study
[11]. The temperature in the autoclave was controlled over the
0e40 �C range. The electrolyte in the autoclave can be pressurized
to the maximum hydrostatic pressure of 56MPa with a solution
supplied from an external tank.



Fig. 2. (a) Long-term hydrogen permeation curves in different hydrogen charging
electrolytes and under different hydrostatic pressures. (b) Steady-state current density
obtained from (a).
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2.3. Electrochemical characterization

Hydrogen permeation and EIS measurements were performed
using the hydrostatic pressure equipment and a three-electrode
system. The counter electrode was 10 mm � 30 mm platinum
sheet, while the reference electrode was Ag/AgCl electrode
(þ0.197 V with respect to the NHE and saturated with KCl). Test
pressures of 0.1 and 30 MPawere used, which are equivalent to the
hydrostatic pressure at the surface and a depth of 3000 m of the
ocean. In this work, we focused on the pressure effects on hydrogen
permeation and the formation of cathodic deposits. The tempera-
ture was kept at 25 �C. The temperature effects on hydrogen
permeation and cathodic deposits have been widely studied. For
example, for hydrogen permeation of iron, Addach et al. claimed
that the steady-state current density and apparent hydrogen
diffusivity in iron increased with temperature [25]. For the influ-
ence of temperature on the formation of calcareous deposits,
Barchiche et al. claimed that the effects of temperature depend on
the potential applied to the steel electrode. Temperature can favor
aragonite at moderate cathodic potentials (e.g. �1.0 V/SCE), where
the solubility of CaCO3 governs the phenomenon, while it can favor
brucite at more cathodic potentials (e.g. �1.2 V/SCE), where the
interfacial pH, i.e. hydrogen evolution, mainly controls the deposits
[26]. Thus, we didn't consider the influence of the temperature in
this work.

A constant cathodic potential of �1.2 V was applied to the
specimens in the hydrogen charging cell for the hydrogen perme-
ation tests. Hydrogen atoms were produced and adsorbed onto the
specimen surface, with some becoming absorbed and diffusing into
the material. In the other cell (oxidation cell), a positive over-
potential of þ300 mV was applied to the opposite surface of the
specimen. Hydrogen reaching the surface via diffusion through the
specimenwas immediately oxidized, and the hydrogen current was
measured. In the oxidation cell, the specimen was exposed to the
0.2 mol/L NaOH electrolyte solution. In the hydrogen charging cell,
0.2 mol/L NaOH, 3.5% NaCl and the artificial seawater electrolytes
described in the ASTM D1141-98 were used under different
experimental conditions [27]. The composition of the artificial
seawater is shown in Table 1. The pH of the artificial seawater was
adjusted to 8.2 using a 0.1M NaOH solution.

Once hydrogen permeation reached a steady state, the electro-
chemical workstation (Gamry Interface 1000) test mode of the
hydrogen charging entry side was changed from potentiostatic
polarization for hydrogen charging to EIS analysis. An AC signal
with an amplitude of 10mVwas applied at a DC potential of�1.2 V.
The frequency ranged from 105 to 0.1 Hz (from high to low). After
EIS analysis was finished, the test mode was changed back to
potentiostatic polarization for hydrogen charging, and hydrogen
permeation tests were continued.
2.4. Deposits characterization

The sample surface morphological analysis was performed us-
ing the Zeiss Auriga SEM instrument. FIB was used to study the
Table 1
The composition of the artificial sea water.

Composition, mol/L

NaCl 0.42
MgCl2 5.46� 10�2

Na2SO4 2.80� 10�2

CaCl2 1.05� 10�2

KCl 9.30� 10�3

NaHCO3 2.80� 10�2

Fig. 3. Electrochemical equivalent circuits used to fit the measured EIS data, where Rs

is the solution resistance; Rf and Qf are the resistance and a constant-phase element of
the cathodic deposits, respectively; and Rct and Qdl are the charge-transfer resistance
and a constant-phase element of the double-charge layer, respectively.
cross-section of the deposits. Semi-qualitative microanalysis of the
cross sections was performed using EDS. Raman spectroscopy was
used to identify the calcium carbonate allotropic and magnesium
forms on the surface of the deposits with LabRAM HR.
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3. Results

3.1. Long-term hydrogen permeation with cathodic deposits under
different hydrostatic pressures

Permeation curves are shown in Fig. 2a. Fluctuations in the
permeation curves were caused by the electrochemical worksta-
tion test mode changed from potentiostatic polarization to EIS
analysis, as mentioned in Section 2.3.
Fig. 4. The Nyquist diagrams and the Bode plots of the A514 steel specimen as a function
0.2mol/L NaOH at 30MPa, (e, f) in 3.5% NaCl at 0.1MPa, (g, h) in 3.5% NaCl at 30MPa, (i, j) in a
fitting results.
As observed, a 30MPa hydrostatic pressure induced a higher
current density in both 0.2mol/L NaOH and 3.5% NaCl electrolytes,
corresponding to previous research results [3,4,11,12]. However,
hydrostatic pressure decreased the current density in artificial
seawater. To confirm that this phenomenon was not an artifact,
permeation tests in artificial seawater were conducted twice under
each hydrostatic pressure.

To generate more clear permeation curves, the current density
data presented in Fig. 2b were obtained immediately before the EIS
of the test order under varied conditions (a, b) in 0.2mol/L NaOH at 0.1MPa, (c, d) in
rtificial seawater at 0.1MPa, (k, l) in artificial seawater at 30MPa. All of the lines are the



Fig. 4. (continued).
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analysis. The permeation curves in 0.2mol/L NaOH reached the
maximum values at approximately 10 h and then slowly decreased,
showing the same trend as the long-term permeation results ob-
tained by Zakroczymski and Flis [14]. However, the decay of the
current density with permeation time in 3.5% NaCl at 0.1MPa was
not obvious.
3.2. EIS analysis during permeation

EIS analysis was performed under each experimental condition
during the permeation tests at certain intervals. The Nyquist dia-
grams and the Bode plots for the specimens under each experi-
mental condition as a function of the testing time are shown in
Fig. 4. The fitting results, shown as solid lines in Fig. 4, were ob-
tained using the electric equivalent circuit (EEC) shown in Fig. 3.
After long-term hydrogen permeation in 0.2mol/L NaOH and 3.5%
NaCl, the hydrogen entry side of the specimens was covered with
brown cathodic deposits, as was also observed by Zakroczymski
and Flis [14e16]. Specifically, calcareous deposits were observed on
the hydrogen entry side after the hydrogen permeation tests,
meaning that HER on the hydrogen entry side of the specimens,
which is associated with charge transfer, occurs at the microscopic
gaps in the cathodic deposits. Thus, an electrical equivalent circuit
was designed, as shown in Fig. 3, where Rs, Rct, Rf, Qdl, and Qf are the
solution resistance, charge transfer resistance, cathodic deposit
resistance, constant phase element of the double layer and constant
phase element of the deposits or corrosion products, respectively.
The constant-phase element, Q, rather than capacitance, was used
to fit the impedance data due to the heterogeneity of the specimen
surface resulted from cathodic deposits. The fitting results are
shown in Table 2 and Fig. 5.

As seen in Fig. 4, the obtained Nyquist plots had flattened
capacitive loops. The size of the loops increased with time, the
cathodic deposits grew and the current density decreased. The
trend of the impedance increasing with the permeation time was
more significant in 0.2mol/L NaOH than in 3.5% NaCl. Additionally,
the size of the loop in 0.2mol/L NaOH decreased with hydrostatic
pressure, in agreement with previous work [12]. This phenomenon
was also found in the 3.5% NaCl solution. Nevertheless, in artificial
seawater, the size of the loop increased with hydrostatic pressure.
3.3. Deposits characterization

The morphology of the cathodic deposits in artificial seawater
at �1.2 V under 0.1 and 30MPa is shown in Fig. 6 (a) and 6(c),
respectively. The deposits that formed under 0.1MPa had more
convex parts than those formed under 30MPa. Both the convex
part (1) and flat part (2) were characterized by the Raman spec-
troscopy. The results under 0.1 and 30MPa are shown in Fig. 6(b)
and (d).

For the deposits that formed at 0.1MPa, the Raman spectra of
the convex area (1) and flat areas (2) of the deposits (Fig. 6 (a))
showed the characteristic peaks of aragonite and calcite (CaCO3,
152,155, 204, 702, 706 and 1085 cm�1 wavenumbers). Additionally,
brucite, Mg(OH)2, was identified according to the peaks at 444, 442
and 3650 cm�1, which are associated with OH� vibrations.
Barchiche et al. [24] and H�ela et al. [28] also reported that a mixture
of CaCO3 and Mg(OH)2 appeared in deposits formed under similar
conditions. Thus, it is observed that some calcite was covered with
aragonite and brucite and some calcite was exposed in the solution.

For the deposits formed under 30MPa pressure, the Raman
spectra at the convex area (1) showed the characteristic peaks of
brucite, aragonite, and calcite. However, only brucite was detected
in the flat section (2).

To observe the deposits in more detail, FIB was used to obtain
the deposits' cross-section. The morphology of the cross-section of
the deposits formed under 0.1 and 30MPa is shown in Fig. 7(a) and
(c). The deposits that formed under 0.1MPa pressure were
approximately 10 mm thick, while the deposits that formed under
30MPa pressure were approximately 20 mm thick. EDS line scans of
the deposits that formed under 0.1 and 30MPa are shown in
Fig. 7(b) and (d), respectively. Both Mg and Ca were detected in the



Table 2
Parameters of EIS under different hydrostatic pressure at 25 �C.

Experimental condition Test Order Rs

U cm2
Rf

U cm2
Qf Rct

U cm2
Qdl

Y0, S cm�2sn n Y0, S cm�2sn n

0.2mol/L NaOH 0.1MPa 1 13.89 16.12 1.34� 10�4 0.70 3390.45 1.12� 10�4 0.92
2 12.66 23.25 1.42� 10�4 0.70 8619.80 1.63� 10�5 0.93
3 12.4 29.36 1.24� 10�4 0.71 1.05� 104 1.34� 10�5 0.96
4 12.49 28.47 1.16� 10�4 0.72 1.19� 104 1.07� 10�5 0.94
5 12.36 35.20 1.13� 10�4 0.72 1.27� 104 1.04� 10�5 0.92
6 13.85 35.00 6.25� 10�5 0.76 1.34� 104 1.71� 10�5 0.92
7 13.93 46.00 6.60� 10�5 0.75 1.35� 104 1.11� 10�5 0.91
8 13.93 49.61 5.88� 10�5 0.76 1.42� 104 1.52� 10�5 0.85
9 13.88 49.49 6.84� 10�5 0.75 1.46� 104 7.11� 10�6 0.96
10 13.80 54.62 6.71� 10�5 0.75 1.53� 104 8.15� 10�6 0.95

0.2mol/L NaOH 30MPa 1 9.32 55.22 4.35� 10�5 0.79 838.52 2.58� 10�5 0.72
2 9.42 58.41 2.82� 10�5 0.82 1218.73 1.77� 10�5 0.75
3 9.61 69.97 2.58� 10�5 0.83 1681.29 1.18� 10�5 0.77
4 9.58 71.44 2.29� 10�5 0.84 2031.22 1.10� 10�5 0.79
5 9.68 75.14 2.27� 10�5 0.84 2558.70 9.21� 10�6 0.79
6 9.68 81.56 2.10� 10�5 0.85 3006.00 9.14� 10�6 0.80
7 9.95 74.14 2.11� 10�5 0.85 3630.10 9.26� 10�6 0.80
8 9.79 80.07 1.97� 10�5 0.85 3964.79 8.34� 10�6 0.81
9 9.85 81.72 1.90� 10�5 0.86 4559.48 8.29� 10�6 0.81
10 9.85 92.82 1.16� 10�5 0.90 5490.90 7.85� 10�6 0.76

3.5% NaCl 0.1MPa 1 12.57 12.50 1.21� 10�4 0.74 210.92 1.32� 10�5 0.85
2 12.20 10.73 1.05� 10�4 0.75 204.21 3.44� 10�5 0.81
3 12.23 9.13 1.08� 10�4 0.75 203.45 2.81� 10�5 0.85
4 11.44 9.15 1.05� 10�4 0.75 191.57 3.45� 10�5 0.83
5 11.42 8.26 1.03� 10�4 0.75 201.10 2.44� 10�5 0.87
6 11.37 7.16 1.01� 10�4 0.75 207.42 2.82� 10�5 0.85
7 11.50 6.27 1.08� 10�4 0.75 217.75 2.90� 10�5 0.85
8 11.04 5.09 8.92� 10�5 0.76 210.10 3.40� 10�5 0.82
9 11.38 5.60 7.33� 10�5 0.77 233.00 3.71� 10�5 0.79
10 11.40 4.52 1.24� 10�5 0.77 247.83 7.79� 10�5 0.78

3.5% NaCl 30MPa 1 9.42 6.00 3.72� 10�6 1 232.22 1.10� 10�4 0.73
2 8.70 6.79 4.61� 10�6 0.98 226.55 8.39� 10�5 0.72
3 8.11 9.02 6.56� 10�6 0.94 225.30 5.99� 10�5 0.72
4 7.89 10.95 7.82� 10�6 0.92 221.87 5.09� 10�5 0.74
5 8.02 12.28 1.13� 10�5 0.91 238.20 5.16� 10�5 0.75
6 7.93 12.83 1.02� 10�5 0.90 238.62 4.36� 10�5 0.74
7 8.03 13.52 1.08� 10�5 0.89 242.97 4.18� 10�5 0.74
8 8.17 13.95 1.04� 10�5 0.90 253.33 3.90� 10�5 0.75
9 8.32 16.43 1.25� 10�5 0.88 262.28 3.39� 10�5 0.76
10 8.41 19.82 1.51� 10�5 0.80 270.26 2.79� 10�5 0.77

Artificial sea water 0.1MPa 1 10.94 3.98 1.13� 10�5 0.88 101.18 1.70� 10�4 0.70
2 12.39 4.48 1.45� 10�5 0.84 175.23 1.55� 10�4 0.70
3 13.23 6.50 2.94� 10�5 0.76 213.53 1.20� 10�4 0.71
4 15.76 6.49 1.82� 10�5 0.76 269.70 1.25� 10�4 0.70
5 18.23 7.92 1.53� 10�5 0.74 305.12 1.30� 10�4 0.69
6 15.38 7.79 2.70� 10�5 0.74 323.00 1.13� 10�4 0.72
7 17.63 8.83 2.22� 10�5 0.72 368.69 1.19� 10�4 0.71
8 18.54 9.27 2.14� 10�5 0.72 384.67 1.27� 10�4 0.71
9 19.33 10.11 1.98� 10�5 0.71 419.73 1.22� 10�4 0.71
10 19.81 10.34 1.92� 10�5 0.71 431.39 1.28� 10�4 0.70

Artificial sea water 30MPa 1 7.15 8.85 3.59� 10�5 0.83 131.10 1.63� 10�4 0.70
2 8.44 9.65 2.73� 10�5 0.87 184.92 1.65� 10�4 0.69
3 9.08 11.85 2.37� 10�5 0.84 232.55 1.47� 10�4 0.69
4 9.21 13.77 2.86� 10�5 0.79 269.57 1.03� 10�4 0.70
5 9.59 14.07 1.22� 10�5 0.85 327.99 1.13� 10�4 0.70
6 9.62 14.49 3.50� 10�5 0.77 365.44 7.85� 10�5 0.71
7 9.77 16.04 3.63� 10�5 0.77 420.10 7.28� 10�5 0.71
8 9.51 18.30 3.81� 10�5 0.76 435.80 6.94� 10�5 0.72
9 10.10 19.81 3.39� 10�5 0.77 524.00 6.52� 10�5 0.72
10 10.28 19.98 3.21� 10�5 0.78 552.86 6.48� 10�5 0.73
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deposits that formed under 0.1MPa, while only Mg was detected in
the deposits that formed under 30MPa. Barchiche et al. [24] and
H�ela et al. [28] claimed that brucite deposits were obtained when
the cathodic potential was more negative than �1.3 VSCE and the
interfacial pH value was higher than 9.3 for steel in artificial
seawater. However, brucite was detected under �1.2 V and 30MPa
in this experiment.
4. Discussion

4.1. Hydrostatic pressure effects on hydrogen permeation with
cathodic deposits

The Tafel plots in Fig. 1 showed that the reaction on the
hydrogen entry side was mainly controlled by the HER (reactions
1e5) at �1.2 V potential. With cathodic deposits on the specimens'



Fig. 5. Test order dependence of the Rf and Rct values obtained by fitting the EIS data in Fig. 4 under various test conditions.
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surface, the value of Rct was related to HER, which occurs in the
microscopic gaps between the deposits. The Faradic current, if,
which is influenced by the HER, can be expressed as [7,12,29]:

if ¼ �Fðv1 þ v2Þ (9)

where F is the Faraday's constant and vi is the reaction rate of the
reaction (i), which can be represented as:
Fig. 6. SEM micrographs and the Raman spectra of the deposits formed at �1.2 V on the hyd
different hydrostatic pressures. (a) and (b) are SEM micrographs and the Raman spectra und
30MPa, respectively.
v1 ¼ k1ð1� qÞexp
��aFh

RT

�
(10)

v2 ¼ k2qexp
��aFh

RT

�
(11)

where ki are the kinetic parameters of the reaction (i). a is the
transfer coefficient, and h is the overpotential, while R and T are the
rogen entry side of A514 steel during hydrogen permeation in artificial seawater under
er 0.1MPa, respectively; (c) and (d) are SEM micrographs and the Raman spectra under
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gas constant and the absolute temperature, respectively. q is the
surface coverage of hydrogen atoms.

As mentioned in the introduction, hydrostatic pressure
increased k1 and k2. Additionally, hydrostatic pressure increased
the corrosion potential and caused h to be more negative. As found
in a previously study, q remained nearly constant under�1.2 V [12].
Thus, pressure increased the value of if and decreased the value of
Rct based on Eqs. (10) and (11). Additionally, pressure inhibited the
recombination of hydrogen atoms in reaction (3) [11,12], inducing
hydrogen permeation and increased permeation current density.
These pressure effects were denoted as “pressure effect I”.

On the other hand, as mentioned above, hydrostatic pressure
induced more hydrogen atoms to permeate into the specimens
[11,12]. Thus, it can be reasonably assumed that more iron particles
were disbanded from the specimens' surface and became iron ions
under a relatively high hydrostatic pressure. Moreover, under a
relatively high pressure, more OH� were produced because of the
increase of v1 and v2. Thus, hydrostatic pressure increased the
production of cathodic deposits (Fe(OH)2 or Fe(III) oxidation [14]).
This effect decreased the area of the microscopic gaps in the de-
posits. Thus, the values of if and Rct increased at higher hydrostatic
pressure. Additionally, hydrogen entry and the permeation current
density were inhibited by cathodic deposits. These pressure effects
were denoted as “pressure effect II”. Under artificial seawater
conditions, “pressure effect II” was more significant, since the
cathodic deposits were denser. In conclusion, the Rct value and
Fig. 7. Cross-sectional morphology and EDS line scan of deposits formed on the hydrogen en
hydrostatic pressures. (a) and (b) Morphology and EDS line scan of deposits formed under 0.1
30MPa, respectively.
permeation current density depend on both pressure effects I and
II.

4.2. Hydrostatic pressure effects in 0.2mol/L NaOH and 3.5% NaCl

According to Fig. 5, for the experiment in 0.2mol/L NaOH, both
Rf and Rct increase with time. For 0.1 and 30MPa, based on “pres-
sure effect II”, hydrostatic pressure increased Rf because the pro-
duction of the cathodic deposits increased. However, “pressure
effect I” still controlled the permeation process, and the deposits
did not obviously inhibit the hydrogen entry and HER. This
conclusion can also be drawn from an examination of Fig. 2, which
shows that the steady-state current density increased with pres-
sure. Thus, hydrostatic pressure increases the occurrence of HER
and decreases the Rct value.

For the experiments in the 3.5% NaCl solution, it is found that the
value of Rf decreased with time at 0.1MPa, as shown in Fig. 5(a).
Therefore, Cl� inhibited the formation of Fe(OH)2 or Fe(III) oxida-
tion, as was shown by Sato [30]. Thus, the surface conditions
remained nearly unchanged during the permeation. Additionally,
the decrease in the permeation current density with permeation
time was not as significant as in the 0.2mol/L NaOH solution.
However, this phenomenon was not observed at 30MPa. Based on
the “pressure effect II”, a 30MPa hydrostatic pressure can induce
denser cathodic deposits because more iron particles and OH�

groups are produced. It was found that the inhibition of Cl� was
try side of A514 steel during hydrogen permeation in artificial seawater under different
MPa, respectively; (c) and (d) Morphology and EDS line scan of deposits formed under
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more significant at 0.1MPa than at 30MPa.

4.3. Hydrostatic pressure effects in artificial seawater

As seen in Fig. 2, for the experiment in artificial seawater, the
permeation current density decreased with hydrostatic pressure.
Thus, the “pressure effect II” controlled the permeation process.
Based on the fitting results shown in Fig. 5, the values of Rf and Rct
increased with hydrostatic pressure. Because pressure induced the
generation of additional OH� groups, according to reactions (1, 2)
and Eqs. (10, 11), the interfacial pH increased with pressure. Once
the interfacial pH reached 9.3, the deposits changed from CaCO3 to
Mg(OH)2 [24], which explains why only Mg(OH)2 was observed
under �1.2 V at 30MPa. Based on Fig. 7, the cathodic deposits
formed at 30MPawere thicker than at 0.1MPa, decreasing the area
of the microscopic gaps in the deposits. Thus, the value of Rct
increased with hydrostatic pressure.

It can be concluded that hydrostatic pressure increased the
interfacial pH, which induced a change in the deposits from a
mixture of brucite, aragonite, and calcite to brucite only. Pressure
also increased the thickness of the deposits and inhibited hydrogen
permeation into the specimen.

5. Conclusions

Hydrostatic pressure increased the interfacial pH and changed
the deposits from a mixture of brucite, aragonite, and calcite to
brucite only at �1.2 V in artificial seawater. This pressure effect
controlled the permeation process (pressure effect II), thus
increasing the pressure inhibited hydrogen permeation into the
specimen.

However, since the deposits formed in 0.2mol/L NaOH and 3.5%
NaCl were very thin, hydrostatic pressure still induced the entry of
hydrogen atoms (pressure effect I). Thus, hydrostatic pressure ac-
celerates hydrogen permeation.
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