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INVESTIGATION OF THE CORROSION BEHAVIOR OF COPPER-NICKEL ALLOY/CARBON STEEL COUPLE
UNDER ARTIFICIAL DEFECTS IN EPOXY COATINGS EXPOSED TO SULFIDE-CONTAMINATED SEAWATER

The corrosion behavior of copper-nickel alloy/carbon steel couple, subjected to a sulfide-containing simulated seawater
environment beneath an artificially defective epoxy coating, was systematically investigated using a combination of wire beam
electrode (WBE), electrochemical impedance spectroscopy, and microscopic characterization techniques. The results indicate that
the anodic reaction at the artificial defect during the early stages of immersion is the most intense. A broad spectrum of cathodic
currents is observed at the coating/metal interface. As immersion time progresses, the artificial defects are progressively protected
by the corrosion product iron sulfide, resulting in a gradual attenuation of the anodic reaction. A significant disparity in the degree
of cathodic delamination exists between coupled copper-nickel alloy and carbon steel beneath the epoxy coating. It can be attributed
to their different electrochemical activities and the specific location of the artificial defect on the WBE. Throughout the immersion
process, the copper-nickel alloy is less eroded. This phenomenon can be attributed to the protective effect of copper oxide and basic
copper chloride films and the microgalvanic effect. In the region of carbon steel, multiple anodes are positioned at the immersed
end. In addition, the reasons why individual carbon steel electrodes exhibit polarity reversal vary at different immersion stage.
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1. Introduction

B18 copper-nickel alloy is extensively utilized in seawater
cooling systems due to its exceptional thermal conductivity, robust
anti-pollution properties, and superior corrosion resistanc [1-3].
The corrosion resistance of B18 can be attributed to the presence
of'a double-layer corrosion product film on its surface. The inner
layer predominantly consists of a cuprous oxide film incorpora-
ting Ni?" and Fe?", while the outer layer is primarily composed of
a thick, porous film of Cu (II) hydroxide/oxide/hydroxychloride
[4,5]. In real-world operational conditions, offshore engineering
equipment inevitably comes into contact with dissimilar met-
als. Due to the mechanical performance and cost considerations
associated with offshore platform construction, A36 structural
steel is commonly employed as a support material [6]. The
complexity of the operational environment renders such contact
phenomena prone to induce galvanic corrosion of metals, thus
compromising the safety of marine engineering equipment [7].

The aggressive marine environment exerts a profound im-
pact on the corrosion behavior of metallic materials, primarily

governed by microbial contamination, environmental stress, and
various external factors [8,9]. Sulfide contamination in seawater
may arise from several sources, including bacterial reduction of
naturally occurring sulfates, decaying vegetation, and the dis-
charge of industrial waste [ 10]. In polluted harbors and estuaries,
fresh aerated seawater is typically introduced by tidal movements
twice daily. The concentration of inorganic sulfur in offshore
port waters surpasses that of natural seawater by several orders
of magnitude [11,12]. Consequently, the corrosion of copper-
nickel alloys and carbon steel in sulfide-contaminated seawater
is influenced. Habib et al. [ 13] examined the impact of tempera-
ture and sulfide concentration on the stress corrosion cracking
(SCC) susceptibility of 90/10 and 70/30 copper-nickel alloys
in natural seawater. Both alloys exhibit susceptibility to SCC
in seawater contaminated with sulfides at moderate temperatures.
With a gradual increase in sulfide concentration from 200 ppm
S? t0 3120 ppm S, the susceptibility of the 70/30 copper-nickel
alloy to SCC at 25°C becomes more pronounced. Li etal. [3] ex-
plained that the corrosion product film on the 70/30 copper-nickel
alloy in sulfide-containing seawater consists of a double-layer
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structure: a loose, porous sulfur-containing outer layer and
a dense inner layer. It has been proposed that sulfides inhibit the
formation of Cu,0, a protective oxide layer on the alloy surface.
Goldman et al. [14] demonstrated that low concentrations of
sulfide (107 M) facilitated the anodic dissolution of carbon steel
in a carbonate solution. The presence of sulfide destabilizes the
formation of Fe (III) oxide by competing for surface adsorption
sites on iron and chemically reducing Fe (III) oxide. Reactions
between Fe (IIT) and sulfides lead to the formation of elemental
sulfur, sulfates, and polysulfides. The presence of polysulfides
can promote the formation of pyrite (FeS,).

As an in-situ electrochemical technique, wire beam elec-
trode (WBE) enables real-time monitoring of current fluctuations
on metal surfaces during corrosion processes. It can be employed
to investigate the electrochemical distribution in complex sys-
tems and to analyze the phenomena and severity of corrosion,
thereby offering a robust tool for studying galvanic corrosion.
Numerous researchers have noted that WBE can effectively form
couples for experimental simulations of galvanic corrosion in
multi-metal complex coupling systems, which, though rarely
reported, are widely prevalent. Ju et al. [15] employed WBE
technology to examine the local electrochemical properties of
three coupled metals in seawater desalination systems. HA177-2
aluminum brass wire serves as the anode, undergoing corrosion
within the three-metal coupling system. TA2 titanium wire
functions as the cathode and is protected, while 316L stainless
steel wire serves as the secondary cathode. This observation
demonstrates that WBE technology can monitor the dynamic
progression of galvanic corrosion. Kou et al. [16] provided an
in-depth discussion on the advancements of WBE technology
in studying the evolution of corrosion processes and polarity
reversal in marine environments. Zhang et al. [17] employed
WBE to investigate the galvanic effects of deposited and bare
electrodes in CO,-containing formation water. The current map
generated by WBE revealed that severe localized corrosion oc-
curred on the electrode covered by the deposited layer.

Organic coatings function as a physical barrier between the
metal surface and corrosive media, thereby extending the service
life of metal components and widely employed to mitigate metal
corrosion [18-22]. However, limited studies have been conducted
on the galvanic corrosion behavior of dissimilar metals under
organic coatings in marine environments. Xie et al. [18,20]
employed WBE in conjunction with electrochemical impedance
spectroscopy (EIS) to investigate and found that the degree of
cathodic stratification of WBE in flowing seawater was higher
than in static seawater, primarily due to the cathodic reduction
reaction in flowing seawater. When artificial defects are present
on the surface of carbon steel, the degree of cathodic delamina-
tion of the coating in the carbon steel region is higher. Sykes et al.
[23,24] demonstrated that, during the onset of galvanic corrosion
of zinc/steel under an organic coating, the anode and cathode
are located at different positions. Throughout the wet-dry cycle,
interfacial current persists. The impedance of a coating exhibits
variable behavior depending on the metal substrate. To date,
limited research has been conducted on the failure behavior

and mechanisms of dissimilar metal-organic coatings in sulfide-
contaminated marine environments. Therefore, it is imperative
to investigate the corrosion behavior of dissimilar metals under
organic coatings in sulfide-containing environments.

In this paper, WBE, EIS and microscopic characterization
techniques were used to study the corrosion behavior of coupled
copper-nickel alloy and carbon steel under an organic coating
with artificial defects in sulfide-containing artificial simulated
seawater. The distribution of current density and the evolution
of EIS characteristics of dissimilar metals as a function of im-
mersion time were analyzed. The reasons for the difference in
the degree of cathodic delamination of the two metals under
the organic coating were discussed. The surface morphological
characteristics observed through WBE were analyzed, and the
polarity reversal of the single carbon steel/copper-nickel alloy
electrode was investigated. Furthermore, X-ray photoelectron
spectroscopy analysis was conducted to examine the corrosion
products. The failure mechanism of the coating/metal system in
the sulfide environment was further revealed.

2. Experimental procedures
2.1. Materials and test solutions

The WBE consists of 100 wires of B18 copper-nickel alloy
with a diameter of 1 mm and A36 carbon steel. The composition of
the two metals is shown in TABLE 1. The two wires each consti-
tute 50% of the total assembly. The assembly is sealed with black
epoxy resin in a 10x10 configuration. The electrodes are spaced
1 mm apart and are electrically insulated from one another. The
WBE was prepared as shown in Fig. 1(a). To remove the original
oxide layer from the surface of the WBE prior to coating, the
samples were pretreated with 400# and 800# SiC sandpaper, fol-
lowed by cleaning with deionized water and ethanol. The epoxy
coating applied in this experiment was sourced from Baijiatu Co.,
Ltd., and is specifically designed to provide strong adhesion to
the substrate. The primary raw materials for the coating consist
of epoxy resin and 740 hardener in a 4:1 volume ratio. Coating
defects were introduced by masking the surface of the No. 55
and 56 electrodes before coating, with a hole diameter of 1 mm.
To ensure uniform coating thickness across the WBE, the epoxy
resin was applied to the electrode surface in a single application.
After application, the WBE was air-dried at room temperature
(23 £3°C) for 24 h, followed by drying in a 70°C oven for 48 h.
The coating thickness after full curing was measured using the
NT-1 thickness gauge, with the dry film thickness found to be
100 + 10 um. The area measured in this study corresponds to the
area of a single WBE, with a value of 7.85 %107 cm?.

The solution employed in this study consisted of 3.5 wt.%
sodium chloride (NaCl) with sulfide. The addition of sodium
sulfide nonahydrate (Na,S - 9H,0) created a simulated sulfide-
bearing seawater environment. The survey revealed that
in environments subjected to contamination, the sulfide con-
centration typically spans from 0 to 20 mg/L [3,11]. The initial
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Fig. 1. Surface of the wire beam electrode prepared after coupling B18 copper-nickel alloy and A36 carbon steel: (a) the uncoated; (b) the epoxy-

coated with artificial defect

sulfide concentration employed in this study was approximately
10 mg/L. All experiments were conducted at room temperature
and standard atmospheric pressure.

TABLE 1

Chemical compositions of B18 copper-nickel alloy
and A36 carbon steel

Mate- Element (wt.%)
rials C Mn | Si P S Ni Zn | Cu | Fe
B18 /1082015 | / / 17.58 | 0.30 | Bal. | 1.17
A36 | 0.25]0.82|0.21 | 0.01 | 0.005 / / /| Bal.

2.2. Electrochemical measurements

The WBE scanner (CST 520, Wuhan Corrtest Instrument
Co., Ltd.) comprises a 10 x10 array of scanning circuits (Auto

switch), a high-impedance conversion module, an automatic
measurement system, a data storage unit, and a data output/
display unit. The entire measurement process is controlled by
amicrocontroller, and 100 low-power relays facilitate the auto-
matic cyclic potential/current scanning of 100 electrodes. The
built-in electronic switch enables automatic switching of the
potential/current range for the WBE. The test data are automati-
cally calculated and transmitted to the host computer. The use
of a disturbance-free current scanning mode allows the WBE
scanning technology to accurately reflect the local corrosion
state of the metal beneath the coating. The instrument employs
a zero-resistance current mode for current measurements. The
test principles are illustrated in Fig. 2. The input impedance
is 1x10'2 Q, and the maximum measurable current range
is £20 mA. The working electrode consists of 100 wires, with
the saturated calomel electrode (SCE) serving as the reference
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Fig. 2. Working principle schematic diagram of wire beam electrode (WBE)
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electrode. All wires are interconnected prior to current measure-
ment. Once the current distribution measurement begins, a sin-
gle electrode is disconnected from the others, and the current
between the electrode and the remaining electrodes is recorded.
The testing process is then repeated. A total of 100 seconds is
required to complete a current sweep of the WBE. The current
density distribution was plotted using Origin 2024 software.

The EIS tests were conducted on two distinct materials
under the coating using an electrochemical testing system
(CS 350, Wuhan Corrtest Instrument Co., Ltd.). All tests were
conducted at open circuit potential (OCP). The electrochemical
cell employs a three-electrode system. The WBE serves as the
working electrode, with a platinum sheet as the counter electrode
and the SCE as the reference electrode. The test frequency range
spans from 10 kHz to 10 mHz, with a sinusoidal excitation signal
featuring a 20 mV. For EIS measurements in the carbon steel
region under organic coatings, 48 carbon steel electrodes were
coupled, excluding electrodes No. 55 and 56. After completing
the EIS measurements for the two materials, all electrodes in
the WBE are re-coupled. The EIS data were analyzed using
ZsimpWin 3.6 software. All tests in this study were conducted
in triplicate to ensure data reliability.

2.3. Surface morphology and component analysis

To assess the tightness of the epoxy coating, a water absorp-
tion test was conducted prior to WBE measurements. Initially,
the coating sample was weighed to determine its baseline mass
(W, =14.27 g), after which it was immersed in deionized water
for 24 hours. The temperature is controlled at 23+2°C. Following
immersion, the sample was carefully wiped to remove surface
moisture and reweighed (W, = 14.39 g). The water absorption
rate was then calculated using the equation:

W, W

x100% = 0.84% (1)
1

The test is repeated at least three times, leaving off values
that exceed 10% of the average. According to the relevant

industry standards, such as JC/T 2663-2022 (Test method for
water absorption of building water proofing membrane), HG/T
4758-2014 (Water-based acrylic resin coatings), water absorption
rate below 2% indicates satisfactory coating tightness [25,26].
Furthermore, the coating exhibits a uniform appearance with no
visible particulate defects, further verifying its sealing effective-
ness, as illustrated in the Fig. 3.

A digital camera was employed to monitor the macroscopic
morphology of the WBE surface as it was immersed in a sulfide-
containing NaCl solution over time. The chemistry of the cor-
rosion products was analyzed using an X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific K-Alpha, USA).

3. Results and discussion
3.1. Current density distributions of the WBE

The current density distribution of the WBE at various im-
mersion times is presented in Fig. 4. Due to inaccuracies in the
measurement time of the current density distribution, data were
collected for WBE immersion times of 0.5 h, 24 h, 72 h, 144 h,
216 h, 288 h, 360 h, and 432 h. Upon exposure of the WBE to
sulfide-containing NaCl solution for 0.5 h, distinct anode cur-
rent peaks were observed at electrodes No. 55 and 56, with peak
values reaching 796 pA/cm? and 320 pA/cm?, respectively. This
phenomenon is primarily attributed to the rapid reaction of Fe?*
on the metal surface with HS/H?S, the details of which are dis-
cussed in Section 3.3. Excluding the electrode at the artificial
defect, the anode current range in the WBE was confined to
a few microamperes. This suggests that, apart from electrodes
No. 55 and 56, the remaining electrodes in the WBE were not
corroded, owing to the protective effect of the epoxy coating.
Cathodic currents exhibit a range from a few microamperes to
several tens of microamperes. It is evident that the cathodic
current density on the surface of B18 is markedly higher, which
may be attributed to the galvanic coupling effect between carbon
steel and copper-nickel alloy, favoring the promotion of B18 as
the cathode. The current density of individual WBE electrodes
differs significantly from that of the other electrodes, indicating

before immersion

Fig. 3. Optical images captured before and after immersion

after immersion



121
Current (pA/cm?) Current (pA/cm?)
S o 300

B ] 300 ' [ M 250
7001 ] IS (- | [y R S |
| s | B — 250 L I H 200
|+ —1 | . 200 - — |
- | - | —| 150
L1 —| \ 150 L]
| L T | —T 2 | o 100
: | ‘ 100 - : ] :
= | | & T w T | 50
; : | 50 : > o - - g
[ - ! ] s 0 >3 e S == = 0
. :ﬁf.; ,- e -50 P _ oy ’:_".,, -

60"

Ly

T

0
-]
-
2
2
z
4
E!
-~

-100 -100

Current (uA/cm?)

Current (uA/cm?)

300 T T T 300
140 c) | . | M 250 140 d) | [ 250
' || 7 200 st . 200
T | 150 T Il TN 150
|+ [ r—1 100 L+ [ 100
P : S| 50 ™ - S 50

o, S~ 50 ~ 50

-100

-100

andy
—
=

B

and

\f“apﬁﬂ)‘“al

(\1“‘3 IV'“ UL

Current (pA/em?)

=
=

3

(qua[yil) Juauand)y

Current (pA/cm?)
300 T 300
— T 1 — T | [l | [ T]

90 e) — 250 £y I 250
0 | 1] — ! 200 T | 200
e | . .
= 60 ] |
g [ 150 ‘ 150
= - — |- —
¥ T 100 o T 100
Z 30 _ ; 30 ‘ g |

. 50 A 50
-~ » - | - | | e o ||
& . . - e ‘| |
P e el N === e Z
= 100 '

=100
Current (pA/cm?)

Current (pA/cm?)
T 300 T 300
ol ‘ - 250 Yy T 250
90 g) 90 h) _
| — I [ 200 Tl | — ‘ 200
|_H | [ 150 | [ | 150
o ™ 100 o ™ 100
; 4l |
D, > | - - - _
L = . 50 L3 . 50
P e 0 "= SIG L 0
. -50 = -~ -50

=

\-L““’IV“‘ RN
=

&1““ RALRL SRR ]

-100 =

-100
Fig. 4. Current density distributions of wire beam electrode under different immersion time: (a) 0.5 h; (b) 24 h; (c) 72 h; (d) 144 h; (e) 216 h;
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the electrochemical inhomogeneity between the carbon steel
and copper-nickel alloys beneath the coating during galvanic
corrosion [18,20].

The peak anode currents at electrodes No. 55 and 56 on the
WBE surface decreased after 24 h of immersion, as shown in
Fig. 4(b). This decrease is primarily attributed to the formation
of a protective iron sulfide (FeS) film on the surface [27,28]. The
cathode current density at the coating/metal interface decreased.
The anode current on the A36 surface is slightly increased, which
may be due to the degradation of the coating. After 72 h and 144 h
of immersion, the anode current of electrode No. 55 remained
stable at approximately 140 pA/cm?. The current density at the
No. 56 anode decreased to approximately 50 pA/cm?. This reduc-
tion can be attributed to the compactness of the corrosion products.

The anodic current of electrodes No. 55 and 56 progres-
sively decreased with increasing immersing time, while cathodic
current peaks emerged and dissipated at various electrode sur-
faces over different soaking periods. It is noteworthy that the
cathodic current density observed on the A36 surface remains
consistently low. Following the soaking of the terminal, multiple
significant anodic currents were observed in the carbon steel
region beneath the coating. Individual electrodes (e.g., No. 59,
60, 90) transition from cathodic to anodic behavior, resulting in
areversal of polarity. The degradation of the organic coating can
be effectively reflected by the shift in the position of the primary
cathode. The variation in the position of the primary cathode with
soaking time is illustrated in Fig. 5. The cathode centers on the
surface of the WBE are widely distributed, with the number of
cathode centers in the carbon steel region being significantly
higher than that in the copper-nickel alloy region [18,20]. This
phenomenon is primarily associated with the electrochemical
behavior of the metal, as well as the spatial location of the coat-
ing defect on the WBE.

3.2. EIS characteristics of the WBE

The resistance of the corrosion products reflects their ability
to protect the metal matrix. EIS serves as a nondestructive tech-
nique for assessing surface resistance by analyzing the electro-
chemical system’s response to an alternating current perturbation.
The EIS curves of WBE immersed in sulfide-containing NaCl
solution for varying durations are shown in Fig. 6. The Nyquist
plot of B18 at various immersion times, both at high and low
frequencies, displays capacitive arcs, as shown in Fig. 6(a).
Generally, a larger capacitive arc diameter and higher impedance
correspond to better protective effects on the substrate [29]. With
increasing immersion time, the diameter of the initial capaci-
tive arc resistance at high frequency exhibited a trend of first
decreasing, then increasing. However, the observed differences
are minimal, suggesting that the epoxy coating provides effec-
tive protection to the substrate. The low-frequency capacitive
arc shifts to the high-frequency range with increasing immer-
sion time. Similarly, the phase angle in the Bode plot increases
progressively at low frequencies. Notably, the Nyquist plot
after 0.5 h of immersion exhibits a low-frequency diffusion tail.
It is well known that the Warburg diffusion impedance appears
as a 45c¢ tail in the Nyquist plot and as a —45° slope of |Z| in the
low-frequency region in the Bode plot [30]. The presence of War-
burg suggests that the diffusion process is a crucial control step
in the electrode reaction. The results indicate that the corrosion
mechanism is governed by both the charge transfer and diffusion
processes. The EIS curve of B18 was fitted with an appropriate
equivalent circuit, as shown in Fig. 7. In the equivalent circuit,
R, represents the solution resistance, Q,. is an epoxy coating
constant phase angle element, R,. denotes the epoxy coating
impedance, O, corresponds to the double layer capacitance, and
R, is the charge transfer resistance; ¥ represents the Warburg
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impedance. Constant phase elements (CPE), calculated according
to Eq. (2), were employed to describe non-ideal capacitance and
to mitigate the “dispersion effect” caused by surface inhomoge-
neity of the epoxy coatings [31].

0=[1Gor]" @

where Q denote the magnitude of CPE, Y|, represents the admit-
tance modulus (s"-Q '-cm™?), j represents the imaginary unit
(> =—1), w the angular frequency, n is a constant with a value
between 0 and 1. Notably, the fitted » value of the CPE after
immersion for 24 h to 432 h in the low-frequency region ap-
proaches 0.5, indicative of the inhomogeneity of charge transfer
at the coating/metal interface [32-34]. The EIS fitting results for
different metals at varying immersion times under the epoxy
coating system are presented in TABLE 2. The R, on the surface
of B18 initially decreases and then increases with prolonged im-
mersing time. However, the changes are minimal, suggesting that
the protective properties of the coating remain effective. In the
later stages of immersion, the R, increases by more than a dozen
orders of magnitude, with no Warburg diffusion phenomenon
observed. The results indicate that the cathodic reaction under
the epoxy coating is primarily governed by the charge transfer
step, with minimal production. Overall, the B18 matrix remains
well-protected throughout the immersion process.
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The EIS curves for A36 (excluding electrodes No. 55
and 56) immersed in sulfide-containing NaCl solution for vary-
ing durations are shown in Fig. 6(c)-(d). The Nyquist curves at
all immersion stages exhibit capacitance arcs at high frequencies
and sloping lines at low frequencies. The circuit model of the
coating at each immersion stage in the sulfide-containing solu-
tion incorporates Warburg elements, indicating that the chemi-
cal reaction at the coating/metal interface promotes diffusion
by facilitating the removal of the binder phase in the coating.
The electrochemical reaction area at the coating/metal interface
is minimal, complicating the separation of the temporal relaxa-
tion of the physical impedance of the coating from that of the
electrochemical reaction impedance at the coating/metal interface
[20,35]. Consequently, in the Nyquist plot, the second capacitance
loop is small and may not be observable. The EIS results for
A36 were fitted to an appropriate equivalent circuit, as shown
in Fig. 7(b). The presence of three time constants at each im-
mersion stage indicates that the coating degrades as the cathodic
reduction reaction on the carbon steel surface persists, leading
to distinct and separate time constants that characterize the cor-
rosion reaction at both the coating and coating/metal interface.
The Nyquist diagram reveals that the capacitive arc diameter at
high frequency progressively decreases with increased immersion
time, suggesting that the protective effect of the coating on the
substrate weakens. The |Z| film value in Bode diagram is also
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Fig. 6. Electrochemical impedance spectroscopy data under different immersion time in epoxy coating system: (a, b) copper-nickel alloy;
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(a) B18 Cu-Ni alloy (time > 24 h)

Simulated
solution

(b) A36 carbon steel/ B18 Cu-Ni alloy (time

Simulated
solution

Fig. 7. Equivalent circuits used to fit the obtained electrochemical impedance spectroscopy

getting smaller and smaller. This is consistent with the observa-
tion that a significant anode current appears on the surface of
A36 during the later stages of immersion in WBE, excluding
artificial defects. The fitted EIS results are presented in TABLE 2.
As the immersing time increased, the impedance in the carbon
steel region beneath the epoxy coating progressively decreased.
Under identical immersing conditions, the impedance value of
the carbon steel region was substantially lower than that of the
copper-nickel alloy region, suggesting a higher degradation rate
of the epoxy coating in the carbon steel region. This provides
compelling evidence supporting the notion that the galvanic cou-
pling effect between the carbon steel region and the copper-nickel
alloy region accelerates the corrosion of the carbon steel surface.

3.3. Corrosion mechanism induced by artificial defects

In the initial stage of immersion, the rapid dissolution of
carbon steel leads to the production of a substantial amount of
Fe?* on the metal surface. The resulting chemical reaction is as
follows [36,37]:

Fe — Fe2/, + 2¢

)

In a NaCl solution containing sulfide, the action of sodium
sulfide (Na,S) may lead to the formation of hydrogen sulfide
(H»S). The potential chemical reactions are as follows [12,28]:

2Na" + S*” — Na,S 4)
S* + H,0 —» HS + OH™ 5)
HS™ + H,0 — H,S + OH~ (6)

Under specific conditions, the presence of H,S can mitigate
the corrosion of iron. One proposed mechanism for the dissolu-
tion of iron in aqueous solutions containing H,S involves the
formation of FeS. The potential reactions that may occur are as
follows [17,28,38]:

Fe*' + HS — FeS + H'
Fe?" + H,S — FeS + 2H"

(7
®)

The Fe?" ions on the metal surface undergo a rapid reaction
with HS/H,S in the surrounding solution, leading to a substan-
tial acceleration of the corrosion rate, which ultimately culmi-
nates in the formation of insoluble FeS. The formation of FeS
predominantly occurs as a result of its role as a reduction site,
thereby enhancing the rate of the anodic reaction [8,14]. The
FeS scale formed during corrosion can serve as a barrier, effec-
tively retarding further corrosion and influencing the subsequent
mass transfer processes [28,38]. This phenomenon explains the
relatively high anodic current density observed at the artificial
defects (electrodes No. 55 and No. 56) after an immersion period
of 0.5 h. In contrast, the remaining A36 electrodes, which are
covered by the coating, predominantly exhibit cathodic currents.
This behavior may be attributed to the production of OH™ ions

TABLE 2
The fitting results of the electrochemical impedance spectroscopy of B18 copper-nickel alloy and A36 steel in chloride
solutions containing sulfide
Time | ol R,x10? Q,.x107 " R,.x10° Q<107 " R,*x10% wx107
(h) (Q-cm?) Q@' em2-s") a (Q-cm?) Q" em™2-s") a Q@-em?) | (@' em 25"
05 BI8 7.10 8.07x107° 1 3.49 0.14 0.70 1.12x10° 0.25
' A36 6.10 1.08x1073 1 4.67 3.16 0.30 5.18 4.13
" BI8 2.06 1.53 0.58 1.04 1.54 0.59 1.10x10"2 /
A36 1.92 2.38x107 1 1.30 0.39 0.12 5.04 3.54
7 BI8 2.92 1.55 0.62 0.93 1.56 0.53 4.83x10"? /
A36 1.23 2.40x107 1 0.96 9.71 0.28 427 2.92
16 BI8 1.83 1.88 0.82 0.86 1.80 0.53 7.41x10"3 /
A36 1.07 2.47%x107° 1 0.92 8.68 0.95 2.16 2.12
43 B18 1.96 1.80 0.73 1.25 1.81 0.58 7.64x10"3 /
A36 0.97 4.92x107° 0.93 0.69 5.33 0.31 1.67 1.19




via oxygen reduction and S>~ hydrolysis within the epoxy coat-
ing in the sulfide-containing NaCl solution, which leads to the
successful passivation of the carbon steel matrix and limits the
mass transfer processes of metal ions [3,22]. The corresponding
oxygen reduction reaction is illustrated below [39]:

0, +2H,0 + 4¢” — 40H" 9)

Additionally, the Fe?" ions generated by anodic dissolution
can react with CI” ions to form ferric chloride (FeCls)/ferrous
chloride (FeCl,). Given the minimal impact of this reaction on
the overall corrosion process, the role of Cl” ions at the surface
of the A36 electrode is not addressed in this study. When the
concentration product of Fe?" and OH™ exceeds the solubility
limit of ferrous hydroxide (K, = [Fe*"]x[OH %), the formation
and deposition of Fe(OH), crystals occur on the metal surface,
indicating that the saturation level (S) of Fe(OH), exceeds unity
[37,39]:

Fe?" + 20H™ — Fe(OH) (10)

A 2e XA

_ _Fe OH” (11)

S
FeOm I<sp,Fe(OH)2

Consequently, due to the rapid formation of FeS during
the initial immersion period and the subsequent influence of
Fe(OH),, the diffusion of dissolved oxygen, which is integral
to the cathodic reaction, faced increasing impediments. This
resulted in the attenuation of the oxygen reduction reaction on
the electrode surface beneath the epoxy coating after 24 h of
immersion. This ultimately led to a decrease in the cathodic
current density at the coating/metal interface, which in some
instances, reversed into anodic current. Simultaneously, owing
to the protective role of the coating, the anode current density
remained within the microampere range. XPS analysis of the
corrosion products at the artificial defects was performed, with
the fitting results displayed in Fig. 9(a). The XPS results indi-
cate that the fitted peaks of Fe 2ps,, at 710.3 eV and 713.2 eV
binding energy (BE) are both attributable to FeS [8,40]. The
Fe 2p,, satellite peak further confirms the presence of Fe** [41].
As demonstrated in the S 2p spectrum shown in Fig. 9(b), the
BE at 162.5 eV suggests that the predominant valence state of
sulfur in the film is S*" [8]. The SO; ™ peak (with a BE ranging
from 168 to 170 eV) is likely attributed to the deposition of
sulfate on the surface. The possible chemical reactions involved
are as follows [14]:

HS — S5 — S,07 — SO; (12)

As the immersion time extends (72 h and 144 h), the
[Fe?"]x[OH]? precipitate undergoes a reaction with oxygen
in the electrolyte, resulting in the formation of y-FeOOH. XPS
analyses were conducted on the surface corrosion products dur-
ing this immersion period. The fitting results are presented in
Fig. 9(c). The fitting peak of Fe 2p;/, at 711.5 eV is assigned to
y-FeOOH [40]. The potential chemical reactions involved are
outlined below [39]:
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(13)
(14)

The overall reaction network involved in the artificial de-
fects within 0-144 h of immersion is shown in Fig. 8.

4Fe(OH), + 2H,0 + O, — 4Fe(OH); |

Fe(OH); — y-FeOOH | + H,0

OH-
Fe?t mm—— Fe(OH),
0,
FeS Path A Path B y-FeOOH

Fig. 8. The reaction network of carbon steel dissolution in a NaCl solu-
tion containing sulfide

It is well known that y-FeOOH is a thermodynamically
unstable corrosion product [6,39]. The instability of the corro-
sion products facilitates the ingress of oxygen into the coating/
metal interface, promoting reduction reactions that generate OH",
which, in turn, enhances the cathodic area.

As the concentration of sodium sulfide diminishes, XPS
analyses were conducted on the corrosion products at the arti-
ficial defects during the later stages of immersion. In Fig. 9(e),
the Fe 2p;), peak at 712.5 eV is assigned to Fe,O;3 [41]. The
above XPS results indicate that the corrosion products at the
artificial defects are predominantly FeS. Potential reactions that
may occur when the terminal electrode surface is immersed are
outlined below [42, 43]:

FeS + 2H,0 — y-FeOOH + S* + 3H + ¢ (15)

(16)

The reversible reaction between FeS and H,O not only
facilitates the ingress of oxygen, leading to the formation of
y-FeOOH and the generation of cathodic current beneath the
epoxy coating, but also contributes to the formation of a protec-
tive FeS layer on the bare steel surface, thereby further mitigating
the corrosion of the exposed steel.

2FeS + 3H,0 — Fe,05 + 28* + 6H' + 2¢~

3.4. Corrosion characteristics of single electrode under
organic coating

The current density changes of No. 59 and 87 single
electrodes in WBE are shown in Fig. 10. The cathodic current
density of the No. 59 and 87 electrodes is higher during the
initial immersion phase. Following approximately 24 h of im-
mersion, the cathodic current density diminishes. This phenom-
enon can be attributed to the limitation of the oxygen reduction
reaction, induced by the presence of corrosion products in the
bare steel region. However, the formation of loose corrosion
products during the later stages of immersion accelerates the
involvement of oxygen in the cathodic reduction reaction,
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Fig. 9. High-resolution X-ray photoelectron spectroscopy plots of artificial defects in the wire beam electrode at different immersion stages:

(a, b) early; (c, d) mid-stage; (e, f) late

ultimately resulting in a gradual increase in cathodic current.
Notably, the absolute cathodic current density of the No. 59
electrode exceeded 1 pA/cm? after 108 h of immersion, and
polarity reversal occurred after 324 h. The macroscopic surface
morphology of the coating removed after immersion for 432 h
is shown in Fig. 11(b). The surface of the No. 59 electrode is

observed to be covered with yellow rust. The mechanism behind
the layering of the epoxy coating on the WBE surface can be
attributed to the prolonged influence of the cathodic current,
which generates OH ™ during the cathodic reaction. This leads
to significant alkalization at the coating/metal interface, sub-
sequently resulting in the delamination of the coated cathode



[18,22]. Electrolyte solutions can easily diffuse into the coating/
metal interface area, causing active dissolution and destroying
the protective effect of the coating. Yellow rust was also ob-
served on other A36 electrodes. These findings provide robust
support for the results obtained from the EIS characterization of
the carbon steel and copper-nickel alloy deposits. The surface
morphology of WBE without removing the coating is shown
in Fig. 11(a). Correspondingly, bubbling can be seen on the
surface of No. 59 electrode. It should be noted that blistering
phenomenon also exists on the surface of the No. 60 electrode.
For illustration, we focus on the No. 59 electrode. Upon removal
of the coating, the surface of the No. 87 electrode exhibited
black corrosion products. When the coating remains intact, mass
transfer can only occur through the openings of the artificial
defects. This process hinders the outward diffusion of Fe?” from
the coating. Consequently, the accumulation of surface corro-
sion products at the artificial defects ultimately results in the
reduction of the corrosion product y-FeOOH, driven by anodic
erosion. The presence of black corrosion products confirms that
y-FeOOH participates in the reduction reaction to form Fe;Oy,.
The possible reaction is shown below [22,44]. It should be noted
that the absence of polarity reversal at the electrode with the
artificial defect, despite the participation of the rust layer, may
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be due to the dominant active dissolution at the anode over the
cathodic reduction reaction.

87-FeOOH + Fe?* + 2¢~ — 3Fe;0, + 4H,0  (17)

The change of current density with immersing time of
No. 46 and 90 single electrodes in WBE is shown in Fig. 12. The
No. 90 electrode exhibits a cathodic current during the intermedi-
ate immersion phase, with the absolute current density exceeding
1 pA/em?. With increasing immersion time, the cathodic current
transitions into an anodic current. This phenomenon is attributed
to cathodic delamination, induced by localized alkalinization.
As shown in Fig. 11(a), bubbling is observed on the surface of
the No. 90 electrode. The No. 46 electrode exhibited anodic
current from 24 to 144 h, with current values ranging around
1 pA/ecm?. After removal of the coating, the surface remains
bright, as depicted in Fig. 11(b). This observation aligns with
the general phenomenon that, when A36 is coupled with B18
and immersed, the A36 surface undergoes preferential corrosion.
Additionally, the surfaces of other B18 electrodes, such as No. 23
and 29, exhibit a light green color. XPS analysis was conducted
on the surface composition of the B18 electrode, as illustrated in
Fig. 13. After immersion in a sulfide-containing NaCl solution
for 432 h, the surface is predominantly composed of Cu/Cu,O

(b) »

—
1

Current (pA/cm?)
[—]

|
|
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1

0 100 200 300 400

Immersion time (h)

Fig. 10. Changes in current density of No. 59 and 87 single electrodes in wire beam electrode with immersion time

2 0oc & (=]
874 -.;';..i"_g .

Fig. 11. Surface macroscopic morphology after wire beam electrode immersion for 432 h: (a) without coating removal, (b) after coating removal
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Fig. 13. High-resolution X-ray photoelectron spectroscopy plots on copper-nickel alloys at the final stage of immersion: (a) Cu 2p; (b) O 1s

(binding energy = 932.7 eV) and Cu,(OH);Cl (binding energy
=934.7 eV, 942.8 eV) [1]. In the corresponding O1s spectrum,
the binding energy of Cu,O is observed at 531.3 eV, while the
peak at 532.4 eV corresponds to organic oxygen [1]. Given that
the typical XPS analysis depth is 3-10 nm, and Ni is concen-
trated in the inner layers of the corrosion product film, no Ni 2p
signal is detected. Both the outer copper species, Cu,(OH);Cl,
and the inner-layer Cu,0O maintain the chemical equilibrium of
the corrosion product film, thereby verifying its protective ef-
fect on the substrate. The potential chemical reactions involved
in the formation of corrosion product films are outlined below
[9,31,45]. Among them, CuCl; acts as an intermediate substance
and is adsorbed on the electrode surface through the reaction:

Cu+2CI" — CuCl; + e~ (18)
2CuCl; + H,0O — Cu,O + 2H" + 4CI- (19)
Cu,0 + CI™ + 2H,0 + (1/5)0, — Cuy(OH);Cl + OH™ (20)

The schematic diagram of the WBE corrosion process
induced by artificial defects under epoxy coating is shown in
Fig. 14.

O]

2

(€))

“

4. Conclusions

Throughout the entire immersion period, the carbon steel
electrode at the artificial defect predominantly functions as
the anode. In the early stages of immersion, active dissolu-
tion occurs rapidly on the electrode surface. With increas-
ing immersion time, corrosion in the artificial defect area
becomes influenced by the corrosion product film, which
subsequently suppresses further corrosion.

The carbon steel and copper-nickel alloys under the coat-
ing exhibit electrochemical inhomogeneity during galvanic
corrosion in a NaCl solution containing sulfide.

During galvanic corrosion in a sulfide-containing NaCl
solution involving carbon steel and copper-nickel alloy,
the extent of cathodic delamination in the carbon steel re-
gion is greater than in the copper-nickel alloy region. This
phenomenon is primarily influenced by the electrochemical
activity of the metals and the location of coating defects.
During the later stages of immersion, polarity reversal from
cathode to anode is observed on multiple electrodes within
the carbon steel region. This phenomenon is primarily
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Fig. 14. Corrosion mechanism schematic diagram of galvanic couple in a NaCl solution containing sulfides

©)

attributed to cathodic stratification on the electrode surface,
which facilitates the erosion of corrosive ions. Another pos-
sible explanation lies in the microgalvanic effect between
the two metals, which exacerbates the anodic active dis-
solution of carbon steel beneath the epoxy coating. Certain
electrodes undergo polarity reversal from anode to cathode.
This behavior can be attributed to the involvement of the
corrosion product y-FeOOH in the cathodic reduction
reaction.

The copper-nickel alloy remains consistently protected
throughout the immersion period. This can be ascribed to
the protective role of the surface corrosion product film
(Cuy0 Cuy(OH);Cl) and the microgalvanic effect.
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