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Abstract: Marked changes in temperature, pH, dissolved oxygen (DO) content, and nutrient content
typically occur in marine thermoclines, which are key factors that affect the corrosion of metals.
Offshore platforms have required marine metals to be exposed to deep-sea environments and have
thus increased their penetration into the marine thermocline. This study investigates the galvanic
corrosion of E690 steel in a marine thermocline using a simulated marine thermocline (SMT).
Specifically, the corrosion of E690 steel was analyzed using the wire beam electrode (WBE)
technique, linear polarization (LP), corrosion morphology, and weight loss measurement. Results
indicated that the SMT had a stable multilayer structure, and the variations of temperature, DO, pH
and nutrient concentration in the SMT were similar to those in the natural marine thermocline.
Galvanic corrosion occurred after the intrusion of E690 steel into the marine thermocline. The driver
of galvanic corrosion was the of E690 steel at various depths of the marine thermocline. The Ecorr of
E690 steel was influenced by the temperature, pH and DO of seawater, and the order was DO >>T
> pH. The continuous reduction of Ecorr with depth contributed to the large-scale galvanic corrosion,
and the oscillation variation of Ecor with depth was the reason for small-scale galvanic corrosion.
The primary anodic regions of galvanic corrosion were located in the area with the fastest
temperature variation in the thermocline. The proportion of galvanic corrosion in the average
corrosion rate could increase up to approximately 80% in the stable anodic region. There were many
deep corrosion pits in the long-term and stable anodic region of galvanic corrosion.

Keywords: galvanic corrosion; simulated marine thermocline; E690; dissolved oxygen; exploitation
of ocean resource

1. Introduction

The basic three-layered structure (mixed layer, thermocline and abyssal layer) is typical of low-
and mid-latitude seawater [1]. The marine thermocline is located at a water depth of nearly 30-150 m
and exists all year in tropical and subtropical oceans [2]. The marine thermocline is described by
features of high hydrostatic pressure and dramatic changes in the concentrations of DO, hydrogen
ions (pH), and nutrients. The trend of marine resource development is to explore and extract
resources from deeper water [3,4]. Offshore platforms are the most important devices in
marine resource exploitation. E690 steel is a new type of high-strength-low-alloy bainite steel [5] that
has good comprehensive mechanical properties and high application potential in marine engineering
structures [6-8]. Many studies have been conducted on the corrosion fatigue and SCC
(stress corrosion cracking) of E690 in a simulated marine environment [9]. E690 steel has high SCC
susceptibility in marine environments due to the combined mechanism of AD (anodic dissolution)
and HE (hydrogen embrittlement) [10]. Ma et al. [11-13] reported that SO2 in the marine atmosphere
can facilitate the formation of a compact rust layer on the E690 steel surface, promoting the initiation
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of corrosion pits and reducing the toughness, and resulting in an increase in SCC susceptibility. Ma
et al.[14] showed that the SCC susceptibility of E690 steel in simulated seawater was the lowest at
approximately -850 mV/SCE and increased drastically when the potential was more negative than -
950 mV/SCE. Although many studies have been performed on the corrosion of E690 steel in marine
environments, most have focused on SCC and corrosion fatigue. Due to the influence of DO, water
temperature, salinity, pH and dissolved inorganic nitrogen [15-20], the corrosion process of E690 steel
is complex in marine environments. The corrosion of E690 steel is still not fully understood in
seawater, particularly in the marine thermocline.

With the development of marine resource development, offshore platforms were built in
“shallow water areas” for “deep water areas”. The steel piles of offshore platforms are more likely to
suffer longitudinal non-uniform corrosion in the thermocline. The factors effecting corrosion and the
corrosion mechanism of steel piles (E690 steel) are inconclusive, which might compromise the
security of offshore platforms. The non-uniform corrosion of E690 steel in the marine thermocline is
investigated in this study. A marine thermocline simulator (MTS) is designed and fabricated
according to the formation mechanism of the marine thermocline to investigating E690 steel corrosion
in the marine thermocline. Seawater taken from the South China Sea served as the electrolyte for the
creation of an SMT. A removable and chain-type wire beam electrode (RCWBE) was used to
understand the corrosion of the steel specimen. Electrochemical measurements (galvanic corrosion
measurement technology, linear polarization), corrosion morphology observations and weight loss
measurements were used to investigate the corrosion mechanism of E690 steel in SMT.

2. Experiment
2.1. Simulated marine thermocline

2.1.1. Marine thermocline simulator

Figure 1(a) shows a cross-section of the marine thermocline simulator (MTS). The MTS primarily
includes four parts: a heat preservation bucket, temperature control unit, temperature measurement
unit and sampling tube. The temperature control unit contains a water heater, cooling-water machine,
warm water tank and cool water tank. The warm water tank was fixed at the top of the MTS, which
was used to keep the upper part of the SMT at a relatively high temperature. The cool water tank was
fixed at the bottom of the MTS, which was used to keep the lower part of the SMT at a relatively low
temperature. The temperature measurement unit contains a multichannel thermometer and
temperature sensor array. Figure 1(b) shows a cross-section of the sampling tube, which was used to
take seawater samples for analysis.
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Figure 1. Cross-section image of the marine thermocline simulator.
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2.1.2. Measurement of marine thermocline parameters

Seawater taken from the South China Sea served as the electrolyte for the SMT. Seawater was
added to the heat preservation bucket before the MTS was operated.

A . Temperature measurement

The temperature measurement unit contains a multichannel thermometer and temperature
sensor array. The temperature sensors were numbered 1 to 12 from bottom to top. The temperature
data were collected every 10 minutes.

B. pH measurement

The SMT lasted for 66 days. On the 18th, 25th and 42nd days, seawater samples were taken
through the sampling tube. The seawater sample pH was measured immediately by a pH values-3C
pH meter with temperature compensation.

C.Measurement of DO and nutrient contents

The DO and nutrient (nitrate, phosphate and silicate) contents of seawater samples were
determined by a chemical method [21] on the 18t, 25% and 42~ days.

2.2. Material

The E690 steel used in this study was produced by China Baowu Steel Group Corporation
Limited, whose microstructure was lath-like bainite. The chemical compositions of E690 steel are
shown in Table 1. The E690 steel was cut into specimens, which were 4 mm thick and 39 mm diameter
discs. The specimens were gradually ground down to 1000 grid with SiC paper, degreased with
acetone and rinsed with deionized water.

Table 1. Chemical composition of E690 steel, wt.%.

C Si Mn P S Cr Ni Cu Mo \Y% Als Fe

0.15 0.20 1.00 0.0058 0.0014  0.99 145 0.0091 037 0.03 0.036 Bal.

A removable-and-chain-type wire beam electrode (RCWBE) [22] was used to understand the
corrosion of the steel specimen with the aid of the wire beam electrode (WBE) technique. The RCWBE
was used to simulate the long metal in the SMT and consisted of many individual electrodes with an
adjacent separation of 15 cm. The individual electrode was fabricated from an E690 steel specimen,
rubber ring, PVC screw, and wires. Figure 2(a) and (b) show the two types of RCWBE in response to
purpose, “A” used for electrochemical measurements and “B” for morphology observation and
corrosion weight loss rate measurements, respectively.
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Figure 2. Connection mode of RCWBE.

2.3. Corrosion research method

The RCWBEs were vertically placed in the SMT, where the bottom single electrodes were 10 cm
above the bottom section. The single electrode and corresponding temperature measurement point
and corresponding sampling point were located at the same cylindrical surface.

2.3.1. Marine thermocline simulator

In situ measurements of the galvanic currents were performed on the 1st, 7th, 14th, 20t, 27th, 44th
and 59 days. Galvanic currents of the RCWBEs were measured by the electrochemical noise (ECN)
method via a PGSTAT302N AUTOLAB potentiostat and NOVA1.11 software. Two work electrodes
(W1, W2) and one reference electrode, the saturated calomel electrode (SCE), were considered as the
ECN measurement. A single electrode of one column of RCWBE was connected with W1, while the
other electrodes of the same column were simultaneously connected with W2. The ECN of every
single electrode was measured for 30 s, and then, the electrodes connected with W1 and W2 were
replaced. Then, the ECN of the entire RCWBE was measured, and the galvanic current of each
electrode of the array was determined from the analyzed ECN data [22,23] .

2.3.2. Measurement of instantaneous Icorr and Ecorr

In situ measurements for linear polarization (LP) were performed on the 1st, 7th, 14th, 20th, 27,
44t and 59% days. The single electrodes were each subjected to LP on a three-electrode cell, which
comprised a single electrode as the working electrode, a 2 x 2 cm? Pt plate as the counter electrode,
and an SCE as the reference electrode. The LP curves were measured via potential scanning from -10
to +10 mV against open-circuit potentials at a rate of 0.00167 mV/s. Instantaneous values of each
electrode Icorr and Ecorr were obtained from the analysis of the LP data.

2.3.3. Corrosion morphology observation

The B-type RCWBEs were removed from the MTS on the 10th, 2314, 32nd, 41st, 51st and 66t days,
and then observed via a HITACHI TM4000 Plus SEM, three-dimensional microscope and camera.
After derusting and drying, each electrode was observed again.
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2.3.4. wt loss measurement

Pre-weighed E690 steel specimens were installed in the B-type RCWBEs and then immersed in
the simulated thermocline. After morphological observation of the specimens, they were cleaned
with acetone and reweighed. The wt loss data were calculated by the formula given in Eq. (1):

W, -W,
V =87600x —2—* 1)
PAL

Where V is the average corrosion rate, mm/y; WO is the initial weight of the E690 specimen, g;

W1 is the weight of the derusted E690 specimen, g; A is the exposure area of the E690 specimen, cm?;
t is the exposure time, hour; and g is the density of the metal, g/cm?.

3. Results and discussion

3.1. Characterization of the simulated marine thermocline

The temperature measurement points and sampling points were numbered 1 to 12 from bottom
to top, respectively. Seawater at room temperature was added to the heat preservation bucket before
the MTS was operated. The entire experiment lasted for 66 days, and the temperature data were
collected every 10 minutes. On the 18th, 25" and 42" days, seawater samples at different depths were
removed through the sampling pipe, and the pH, DO and nutrient content were measured.

3.1.1. Temperature variation in the simulated marine thermocline

Figure 3 shows the longitudinal temperature variation of the SMT. From the 0* to the 7* day,
the temperature at the bottom points changed markedly. A stable and strong temperature gradient
first appeared on the 7 day and lasted until the 66t day. After the 7t day, the multilayer structure
of seawater formed and remained stable. The temperature of the upper seawater layer was 32 °C, and
that of the lower seawater layer was 12 °C. The range of temperature variation in the SMT was similar
to that in the marine thermocline in the northern area of the South China Sea in summer.

T (°C)

- 30.00

- 25.00

- 20.00
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Figure 3. Longitudinal variation of temperature in simulated marine thermocline.

3.1.2. Components variation of simulated marine thermocline

Figure 4 shows the component variations of SMT. On the 18 day, the DO increased with
increasing seawater depth. The DO of the upper layer seawater decreased from 1.09 mg/L on the 18"
day to 0.42 mg/L on the 25" day. The DO of the bottom seawater decreased from 5.60 mg/L to 0.24
mg/L. The DO decreased with increasing seawater depth on the 25" and 424 days. The DO variation
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of SMT showed a stable multilayer structure formation. There is a small quantity of biodetritus in
natural seawater. As shown in reaction (1), the biodetritus slowly decomposed into inorganic
substances and simultaneously consumed DO. The decomposition reaction of biodetritus
is influenced by temperature. Before the 18% day, the DO consumption rate in the warm and upper
seawater was higher than that in the cool and bottom seawater. The Oz transmission is subject to the
stable multilayer structure of the thermocline:

(CH,0),,,(NH,),, H,PO, +1380, — 106CO, +16HNO, + H,PO, +122H,0 (1)
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Figure 4. Evolution of simulated marine thermocline structure: 18 day; B. 25 day; C. 42th day).

The seawater pH increased with increasing seawater depth and decreased with time. As in
reaction (1), COz2 and H* were produced in the biodetritus decomposition process. The decomposition
rate of biodetritus in the warm and upper seawater was higher than that in the cool and bottom
seawater:

(CH,0),0(NH,,),, H,PO, +84.8HNO, —>106CO, +42.4N, + 6NH, + H,PO, +148 4H,0 ()

Reaction 1 is the decomposition reaction of biodetritus in oxygen-enriched seawater, and
reaction 2 is that in oxygen-poor seawater. biodetritus decomposition caused the nitrate
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concentration in the initial and high DO stages of the thermocline to increase. With dwindling
DO levels, the nitrate concentration decreased for the biodetritus decomposition, as in reaction 2. The
concentration changes of phosphate and silicate were influenced by the biodetritus decomposition
and pH variation.

Considering all of these results, the SMT was a stable multilayer structure, and the
variation rules of temperature, DO, pH and nutrient concentration in the SMT were similar to those
in the natural marine thermocline.

3.2. Galvanic corrosion of E690 offshore platform steel in a simulated marine thermocline

Figure 5 shows the variation in the galvanic current (Ig) of WBEs in the SMT. The maximum Ig
increased with experimental time from the 7 day to the 44™ day, and then, the maximum Ig
decreased on the 59t day. From the longitudinal temperature variation of SMT, the primary anodic
regions were located in the fastest temperature variation area, and the position of the primary anodic
region rose with time. The anodic region was intermixed with the cathodic region on the 59" day and
in the lower part of the SMT.

400000 I N R O I (O I R

pon ;] G i
o ;L i e - e

Figure 5. Variation of galvanic current of RCWBE in the SMT.

3.3. Driver of E690 offshore platform steel galvanic corrosion in SMT

The Ecorr of single electrodes were measured by in situ linear polarization measurements. Figure
6(a) describes all Ecorr of E690 steel in the simulated thermocline. The Ecorr of a single electrode at a
depth of 75 cm changes with time, as shown in Figure 6(b). The Ecorr markedly decreased from -0.519
V vs. SCE on the 1%t day to -0.727 V on the 14" day and then gradually increased with time. The
electrochemical corrosion reaction of steel (see reactions 3-5) and the Nernst equation (see Equation
7) showed that the Ecorr of steel was influenced by the temperature, pH and DO of seawater.
Comparing the Ecorr variation and marine thermocline component variation, Ecor was most
affected by DO; this result was supported by the macrocorrosion morphology of rusted E690
specimens (see Table 2). Due to the high concentration of DO, the color of the E690 corrosion products
was yellowish on the 7 day (i.e., the principle in reaction 6). The color of the E690 corrosion products
changed from yellowish high-valence iron compounds to taupe low-valence iron compounds with
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time and depth. For the small variation in pH in the simulated thermocline, the Ecorr was marginally
affected by pH. The Ecorr of E690 steel was influenced by the temperature, pH and DO of seawater in
the simulated thermocline, and the order was DO >> T > pH.
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Figure 6. Variation of E690 steel Ecorr in the simulated thermocline.

Table 2. Macrocorrosion morphology of rusted E690 specimens in the simulated thermocline.

D epth Time

(cm)

7t day 20t day 27t day 44t day 59t day

15

45

75

105

135

165
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If a long piece of steel leads through the marine thermocline, the driver of galvanic corrosion of
steel is the of steel at various depths. As shown in Figure 6(c), the continuous reduction of Ecorr with
depth contributed to large-scale galvanic corrosion, and the oscillation variation of Ecorr with depth
was the reason for small-scale galvanic corrosion:

Negative electrode reaction:

2Fe —2Fe’ +4e” (©)
Positive electrode reaction:
0,+2H,0+4e” ->40H" 4)
Total reaction equation:
2Fe+0,+2H,0 —2Fe™ +40H "~ (5)

Oxygen-enriched seawater environment:
4Fe(OH), + 0, +2H,0 — 4Fe(OH ), (6)

According to the Nernst equation:

_ ® + R T n p 0, (7)
(Fe* [Fe) — (R 1Fe) 0 2. 0 \4
nk (CFez* /CFe2+ ) (COH’ /COH’ )
. 1 . © . : .
E e R real electrode potential; E FeIFe) standard electrode potential;

n : the number of transferred electrons in the reaction equation;
F : Faraday's constant (96485 C-mol"); R : gas constant (8.314 J-K-'mol") ;
T : temperature (K); PO2 : the partial pressure of Oz;

C.: the concentration of x (mol-L?);

Cf? : the concentration of x under normal conditions (mol-L-1)

3.3. Proportion of galvanic corrosion in E690 offshore platform steel corrosion

The average corrosion rates of E690 steel at the various depths of the SMT were measured via
weight loss measurement. The “mm/y” of the average corrosion rate unit was converted into
“uA/cm?”. Figure 7 shows a comparison of the galvanic current and average corrosion rate (weight
loss rate). There were two forms of E690 steel corrosion in the SMT: galvanic corrosion and see-
water corrosion. The see-water corrosion was the primary contributor of average corrosion. The see-
water corrosion of E690 steel was influenced by DO (i.e., the principle in reaction 3-6). This result was
supported by the average corrosion rate variation in Figure 7, the quantity variation of
corrosion product in Table 3 and the variation rules of DO in Figure 4. In the anodic region of galvanic
corrosion, the proportion of galvanic corrosion in the average corrosion rate first increased and
then decreased. The proportion of galvanic corrosion in the average corrosion rate could increase up
to approximately 80% in the anodic region. As shown in Table 4, there were many deep corrosion pits
in the long-term and stable anodic region of galvanic corrosion.
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Table 3. Microcorrosion morphology of rusted E690 specimens in the simulated thermocline(100X).

Depth Time

(cm) 7t day 20t day 27t day 44t day 59t day

15

45

75

105

135

165

180

Table 4. Microcorrosion morphology of derusted E690 specimens in the simulated thermocline
(200X).

Depth Time
(cm) 7thday 20" day 27t day 44" day 59t day

15

45

75

105
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Figure 7. the comparison of galvanic current and average corrosion rate.

4. Conclusions

Offshore platforms allow their seepage to develop in the deep sea, along with the penetration of
a growing number of steel piles through the thermocline. To determine the scientific and practical
value of galvanic corrosion in marine thermoclines, this study investigated the corrosion of E690 steel
using a simulated seawater thermocline that was designed and fabricated by a developed RCWBE.
The major findings of this first test study include the following:

(1) The SMT was a stable multilayer structure. The variations of temperature, DO, pH and nutrient
concentration in the SMT were similar to those in the natural marine thermocline.
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(2) Galvanic corrosion occurs after the intrusion of E690 steel into the marine thermocline. Primary
anodic regions were located in the area with the fastest temperature variation, and the anodic
region was intermixed with the cathodic region in the lower part of the stable marine
thermocline.

(3) The driver of galvanic corrosion of E690 steel in the marine thermocline was the AEcorr of
E690 steel at various depths. The continuous reduction of Ecorr with depth contributed to the
large-scale galvanic corrosion, and the oscillation variation of Ecorrwith depth was the reason for
small-scale galvanic corrosion.

(4) The Ecorr of E690 steel was influenced by the temperature, pH and DO in the marine thermocline,
and the order was DO >> T > pH.

(5) There were at least two forms of E690 steel corrosion in the marine thermocline: galvanic
corrosion and see-water corrosion. The proportion of galvanic corrosion in the average corrosion
rate could increase up to approximately 80% in the anodic region. There were many deep
corrosion pits in the long-term and stable anodic region of galvanic corrosion.
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