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corrosion behavior of carbon steel in static
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The corrosion behavior of carbon steel pretreated with a magnetic field before electrochemical testing was
investigated in static seawater using electrochemical methods in the absence of an external magnetic field.
The shift in corrosion potential was more significant with increasing pretreating magnetic field strength, and
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main reason for this inhibition is that the magnetic field affects the formation of intermediate products on

DOI: 10.1039/c9ra09079g the carbon steel surface by both charge transfer and magnetic ion adsorption. The magnetic field
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1 Introduction

Seawater is a complex natural equilibrium system with high
salinity, electrical conductivity, and biological activity.* As such,
seawater is a highly corrosive electrolyte solution with a high
concentration of CI™ (ref. 2) and microorganisms® that can
impact metal corrosion. Anti-corrosion coating**® and cathodic
protection’ are generally used to solve corrosion problems in
carbon steel. However, the environmental-pollution effects of
coal-tar in anti-corrosion coatings are inevitable,® and galvanic
anodes cannot economically deliver currents to provide
complete protection.”

Cleaner and more efficient methods are needed to solve
metal corrosion problems in marine applications. Magnetic
fields are promising in the field of anti-corrosion technologies
because they can modulate the activity of corrosive microor-
ganisms and are environmentally friendly.***

Carbon steel is widely used in engineering for its high cost
performance,*® but is still often corroded by seawater. There-
fore, the corrosion behavior of carbon steel in seawater has
attracted much attention in the marine resource development
process."** Concurrently, carbon steel is sensitive to magnetic
fields, and the formation of pitting corrosion will be
affected.”® Therefore, it is important to study the corrosion
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pretreatment will likely offer a new approach for marine anti-corrosion technology.

behavior of carbon steels affected by magnetic fields in static
seawater.

The electrochemical corrosion process of carbon steel under
magnetic fields can be controlled by the Lorentz force effect
during charge transfer.' This is consistent with magneto-
hydrodynamics (MHD). The diffusion time of ions and the
concentration polarization at the electrode surface decrease
with the movement of charged particles under the action of the
Lorentz force. This can enhance the transfer process in the
corrosion solution.?*** The MHD arises from the interaction of
the moving charged particles under a magnetic field. These
interactions obey eqn (1).>*¢

FMHDZjX E (1)

here, J (kg m~2 s7%) is the flux density of the moving charged
particles, and B (T) is the magnetic field. There is movement of
both electrons and ions in the charge transfer process. The
movement of electrons refers to the collision process between
positive/negative ions and neutral atoms: these are a chemical
change. The movement of ions (mass transfer) is driven by the
chemical potential difference that can occur between two
different phases or in multiple phases. It can even occur in
a single phase if there is a concentration difference, ie.,
a physical change. However, it remains controversial which
process is the most dominated by the magnetic field: charge or
mass.'*?”?® Therefore, it is very important to study the charge
transfer process in the electrochemical corrosion process of
carbon steel in seawater under magnetic fields.

In addition to the effect of Lorentz force, paramagnetic ions
(such as Fe**, Co*", and Ni**) are also affected by the magnetic
gradient force under nonuniform magnetic field. The nonuni-
form distribution of magnetic field can be caused by the external
magnetic field itself, magnetization of magnetic materials, or
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concentration gradients of paramagnetic ions.** The influence
of the gradient force on the corrosion behavior of carbon steel is
different from the Lorentz force and cannot be ignored.

While many papers have discussed the influence of magnetic
field on corrosion, most of them only discussed the real-time
effect of external magnetic fields on the electrochemical corro-
sion process in various chemical solutions. This limits conclu-
sions about the magnetic effect on the carbon steel corrosion
process in oceans. Here, we considered the seawater solution to
reflect the actual situation. The influence of the magnetic field
on the corrosion behavior of carbon steel was studied by
magnetic field pretreatment. This contributes to the application
of magnetic fields in the ocean. We further consider the influ-
ence of magnetic gradient forces caused by the magnetization of
carbon steel as a magnetic material. We further analyzed
whether the charge transfer (chemical change) or the mass
transfer (physical change) is more affected by the magnetic
field. The results help improve the impact of magnetic field on
the corrosion resistance of carbon steel.

2 Experimental

2.1 Preparation of samples

The A3-Q235 carbon steel (99.95% purity, Yangzhou Xiangwei
Machinery) was a standard corrosion test piece (70 x 10 x 2
mm). All test pieces were washed with deionized water and
ethanol after polishing with 2000 mesh sandpaper. The surface
of the carbon steel test piece (sample) was partially encapsu-
lated with 0.5 mm epoxy resin coating except for the effective
reaction window of 10 x 10 mm®. The epoxy resin coating is
a mixture of epoxy resin and polyamide resin (as a curing agent)
at a mass ratio of 1: 1.

Seawater for electrochemical corrosion experiments were
from salt from Huanyu Aquarium. This met the standard
requirements for artificial ocean water ASTMD 1141-98: 30 g L™"
at pH 8.2. An electromagnet device (East Changing Technolo-
gies, P90-60) was used to generate the magnetic field for the
sample pretreatment. Fig. 1 shows that the magnetic field was
applied in parallel to the effective reaction window plane with
strengths of 0 mT (Case-1), 20 mT (Case-2), and 40 mT (Case-3)
to pretreat three types of carbon steel. The three samples were
pretreated under different magnetic field conditions in
seawater for 1800 s before testing.

2.2 Electrochemical experiments

The potentiostatic polarization curve, potentiodynamic polari-
zation curve, and electrochemical impedance spectroscopy were
measured by using three-electrode Teflon cell method without
an external magnetic field.** The 30 x 30 x 0.3 mm?® platinum
electrode was used as a counter electrode, and as the reference
electrode was a saturated calomel electrode (SCE). The electro-
chemical analyzer (Shanghai Chenhua CHI760e) was used for
potential control and current measurement. In the quasi-steady
state measurement of the galvanostatic polarization and the
potentiostatic polarization, the current density was less than
0.05 A cm >, and the constant potential was —0.2 V (vs. SCE).
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These conditions were used to reduce the impact of electric field
on the pH value of electrolyte solution (seawater) during elec-
trochemical corrosion.

Potentiodynamic polarization curves were measured in the
range of —0.6 V to —0.8 V (vs. SCE) with a scan rate of 1 mV s~
based on an open circuit potential at 1800 s. The electrochemical
impedance spectroscopy (EIS) data were recorded from 10° Hz to
0.01 Hz with a 5 mV sinusoidal perturbing signal at the open
circuit potential. In addition, all experiments were repeated more
than three times to ensure the accuracy of the results.

2.3 Microstructure and composition characterization

Scanning electron microscopy (SEM, JEOL JSM-7500F, Japan)
was used to characterize the microstructure of the carbon steel
corrosion surface. To prepare a clean SEM sample, the corro-
sion surface of pretreated samples under three cases were
washed with alcohol and deionized water after soaking for
1800 s in seawater. The composition of the corrosion products
on the surface of the carbon steels was characterized by X-ray
powder diffraction (XRD, Rigaku Ultima IV, Japan) with
a conventional Cu-Ka radiation source. To determine the
intermediate composition of three-cases samples, two XRD
powder samples were prepared for the contrastive analysis. One
was washed with only alcohol and deionized water after sample
pretreatments and then naturally dried in air environment. The
other one was artificially dried two hours at 70 °C environment
temperature with an electro-thermostatic blast oven (CIMO
DHG-907385-111, China) after the sample was washed.

3 Results and discussion
3.1 Galvanostatic polarization measurement

To determine the effect of the magnetic field on the electro-
chemical corrosion potential (E) of carbon steel, the pulsed
magnetic field of 40 mT strength and the ~150 s pulse width
was used along the direction parallel to the surface of the
carbon steel (B L E) in galvanostatic polarization measurements
under different polarization current densities of 0.01 A cm ™2,
0.015 A cm ™2, 0.02 A cm ™2, and 0.025 A cm™? as shown in
Fig. 1(a). When the pulsed magnetic field was turned “ON”, the
corrosion potential of the carbon steel rapidly shifted cathodi-
cally. This means that the magnetic field may promote the
corrosion behavior of carbon steel in seawater: This is due to the
effect of the magnetic field on the mass-transfer behavior of
carbon steel corrosion processes.**?* The corrosion potential
returned to its original level after the magnetic field was turned
“OFF” though there was some deviation. The shifting value (AE)
of the corrosion potential of the carbon steel changed with
increasing polarization current density under the pulsed
magnetic field of 40 mT. The AE is most significant at 0.02 A
ecm > as shown in Fig. 1(b), which means that the higher
polarization current intensity of 0.025 A cm™ > may have trig-
gered other electrochemical reactions that affected the corro-
sion potential of carbon steel, although the pH of seawater did
not change significantly. During the magnetic field pretreat-
ment of carbon steel, the applied direction of magnetic field was
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(a) Galvanostatic polarization curves over time for carbon steel with changing the polarization current density under the pulsed magnetic

field of 40 mT strength and 150 s pulse width; (b) anodic shift AE under different polarization current density; (c) schematic diagram of
experiment; (d) without carbon steel and (e) with carbon steel between the two magnetic poles, distributions of magnetic flux density.

parallel to the effective corroded surface of carbon steel (namely
B E), and the carbon steel was located in the center position of
two magnetic poles (Fig. 1(c)).

To understand the effect of the magnetic field on carbon
steel pretreatment, the distribution of magnetic field between
the two magnetic poles was analyzed first. As a reference for
comparative analysis, the distribution of magnetic field along
a central axis between two magnetic poles is depicted without
the carbon steel by actual measurements and numerical finite
element analysis. Fig. 1(d) shows that the magnetic field
strength (~40 mT) is evenly distributed at the center between
the two magnetic poles where the carbon steel is to be placed.
Interestingly, the distribution of the magnetic field changes
greatly (Fig. 1(e)) after the carbon steel is placed in the center
position between the two magnetic poles.

Carbon steel is a magnetic material with high permeability
and magnetization, and it inevitably forms a large magnetic
gradient distribution near both edges of the carbon steel. This
has also been verified by actual measurements and numerical
finite element analysis (the data were collected from a center
axis 1 mm above the surface of carbon steel). The magnetic field
intensity at the both edges of the carbon steel could reach 50 mT
while those at the center surface of the carbon steel only
reached 20.2 mT from the experimental data. Therefore, the
enhancing effect of the Lorentz force on the mass-transport
processes will play an important role in the case of BLE

2062 | RSC Adv, 2020, 10, 2060-2066

during the magnetic field pretreatment of carbon steel.*
Meanwhile, the suppressing and adsorptive effects of the
magnetic gradient force affect convection of electrolyte solution
and the iron ions (Fe*" and Fe*"), respectively. This occurs on
the surface of the anodic carbon steel and cannot be
ignored.**** However, the accelerating effect of the Lorentz
forces play a bigger role.

However, the corrosion potential variation does not directly
prove the effect of magnetic field on the corrosion behavior of
the carbon steel. Therefore, the corrosion current density vari-
ation needs to be observed via potentiostatic polarization
measurements under different magnetic field conditions to
further confirm the effect of magnetic field on the corrosion
behavior of carbon steel.

3.2 Potentiostatic polarization measurement

Fig. 1 shows that corrosion products will inevitably be produced
on the surface of carbon steel after magnetic field pretreatment,
and this will affect the further corrosion of carbon steel in
seawater.*® Fig. 2 shows the corrosion current density variation
of three-cases’ samples over the time via the potentiostatic
polarization measurement without external magnetic field. In
all cases, the corrosion current densities (j) gradually decreased
over time (¢) from the beginning (0 s). These do not go into
a stable state until about 100 s later. Repeated experiments
showed that the corrosion current density linearly decreases

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Potentiostatic polarization curves over time for three-cases
samples, the inset shows electrochemical corrosion current densities
at 0 sand 300 s with changing the strength of the pretreating magnetic
field.

with increasing strength of the pretreating magnetic field, and
the descending slope of the corrosion current density in the
stable state at 300 s is larger than the initial state at 0 s (Fig. 2
inset). This result shows that the charge transfer (a secondary
mass transfer effect) in the carbon corrosion process should be
affected by magnetic field pretreatment.*

3.3 Potentiodynamic polarization measurements

To determine the effect of magnetic field pretreatment on the
electrochemical corrosion behavior of carbon steel in static
seawater, potentiodynamic polarization curves were measured
for pretreated samples under three cases (Fig. 3). Tafel extrap-
olation was used to create potentiodynamic polarization curves
for pretreated samples under the three cases; these curves were
then quantitatively analyzed. By comparing the slopes of the
cathode and the anode, we see that the oxidation reaction at the
anode (carbon steel) plays a dominant role in the electro-
chemical corrosion reaction.** With increasing strength of the
pretreating magnetic field (0 mT to 40 mT), the electrochemical
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Fig. 3 Potentiodynamic polarization curves for three-cases samples,
the inset shows electrochemical corrosion potentials and current
densities with changing the strength of the pretreating magnetic field.
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corrosion potential (Ug) gradually and linearly approaches the
positive value with a shift of about 10 mV. The electrochemical
corrosion current density (jg) gradually decreased by about
0.6 x 107> A ecm ™ as shown in the inset of Fig. 3. These results
show that the products of the surface reaction on carbon steel
surface in seawater are a major factor in inhibiting corrosion
that can be controlled by the magnetic field pretreatment.

3.4 Electrochemical impedance spectroscopy

The EIS for the three case samples was measured to confirm the
effect of surface reaction products on the corrosion behavior of
carbon steel in seawater. Based on an equivalent circuit model,
the individual sub-process of carbon steel corrosion can be
deduced by analyzing the EIS response data. The capacitive
effect results from surface film effects, charge transfer, and
mass transfer in the surface corrosion product layer.*

Fig. 4 shows the EIS of the samples pretreated with different
magnetic field intensities. The evolution of the Nyquist plots
shown in Fig. 4(a) indicate a capacitive semicircle (the first time
constant) in the high frequency region and an inductive loop
(the second time constant) in the low frequency range. These
are consistent with two kinds of time constants observed from
the Bode plots in Fig. 4(b). The generation of capacitive semi-
circle is due to charge transfer and double layer capacitance;*”
the inductive loop emerged as a relaxation process due to the
adsorption of FFOOH—this is an intermediate product on the
surface of electrode.’®* Thus, the equivalent circuit Ry(Qq(-
R.(RyL))) was proposed as depicted in the inset of Fig. 4(a),*
where R is the solution resistance, R is the charge transfer
resistance, Qg is the constant phase element (CPE), L is the
adsorption inductance, and Ry, is the adsorption resistance. In
addition, the capacitance of the double layer (Cq)) is calculated
from the following formula: Cq; = 1/(27tfiaxRer),where fiay is the
frequency value when the imaginary component of the imped-
ance is maximum. All of these data are listed in Table 1,
respectively. We found that Cy; decreases with increasing pre-
treating magnetic field strength due to the gradual adsorption
of FeOOH. Term Ry, can express the adsorption of FeOOH—it is
a physical process under gradient force because FeOOH is
a magnetic particle. The R, characterizes a chemical process
and increases from 549.1 Q cm” to 770.1 Q cm” as the magnetic
field strength increases (Fig. 4(c)). There have been more
obvious changes compared with an increase in Ry, from 170 Q
em” to 225.1 Q ecm?, which indicates that the thickening of oxide
layer on the surface caused by charge transfer plays a greater
role than the adsorption. In other words, the charge transfer
and adsorption processes can be affected by the magnetic field
even if the charge transfer is more obviously affected. Besides,
the overall resistance has been found to show an upward trend,
which can also explain the reduction in corrosion current
density in potentiostatic polarization measurements with
increasing pretreatment magnetic field (see Fig. 2). In summary,
the effect of the magnetic field on the formation of surface
reaction products of carbon steel in seawater can be explained
by the MHD effect** during the pretreatment process of
carbon steel samples.

RSC Adv, 2020, 10, 2060-2066 | 2063
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Fig.4 Evolutions of (a) Nyquist plots and (b) Bode plots for samples pretreated by different magnetic fields. The inset of (a) is equivalent circuit to
fit EIS data. (c) Changes of R, R, and R| with increasing the strength of pretreating magnetic field.

3.5 Microstructure and composition characterizations

We next evaluated the effects of surface reaction products on the
corrosion behavior of carbon steel in seawater. The microstruc-
ture of surface corrosion products in the effective corrosion
window of carbon steels after three magnetic field pretreatments
was characterized with SEM (Fig. 5(a)). Case-1 (0 mT) has a petal-
like structure with many holes as shown in the inset of Fig. 5(b).
Case-2 (20 mT) has a petal-like structure with many holes and
a worm-like structure on the surface of petal-like structures
(Fig. 5(c)). Case-3 (40 mT) has a petal-like structure that nearly
disappeared. There was only a worm-like structure on the surface
of corrosion products (Fig. 5(c)). According to Gu et al.,* petal-
like and the worm-like structures may be an intermediate
product of incomplete oxidation in the corrosion process.
Furthermore, the compactness of corrosion products on the
surface of the carbon steel was significantly enhanced by
increasing the pretreated magnetic field strength. This indicates
that the magnetic field can affect the formation of surface
corrosion products, which agrees with the EIS analysis.

Two kinds of samples were pretreated by magnetic field and
naturally dried in air at room temperature or in a 70 °C oven.
These were studied with XRD to determine the composition of
the corrosion products on the surface of the carbon steel.
Fig. 6(a) shows that the composition of the three cases is almost
the same and consists mainly of a-FeOOH, y-FeOOH, and NaCl

Table 1

(dried naturally in air at room temperature without any cleaning
process). Here, the peaks of NaCl are come from the seawater,
and the peaks of various FeOOH are from corrosion products of
the carbon steel.

To confirm this hypothesis, samples for the three cases were
artificially dried by the oven in air at 70 °C with the cleaning
process. Fig. 6(b) shows that the composition of the three cases
changed and mainly consists of a-FeOOH, y-FeOOH, and Fe,03;
Fe,0; is produced after the artificial drying due to the oxidation
of iron with oxygen in the air. The results show that the various
FeOOH species must be an intermediate product in the oxidation
of iron to Fe,O; and confirms that the environment contains
Cl™;* the specific chemical reaction process is as follows:*>*

Fe — Fe® + 2e, (2)

Fe’" — Fe** +e, (3)

Fe** + 30H™ — FeOOH + H,0, (4)
Fe’* + 8FeOOH + 2¢ — 3Fe;0, + 4H,0, (5)
3Fe;04 + 1/20, — 3Fe,0;. (6)

Magnetic field pretreatment can affect the corrosion behavior
of carbon steel in static seawater. This is because the magnetic
field affects the MHD effect and movement of ions in static

Impedance data for samples pretreated by different magnetic fields

Magnetic field

(mT) R, (Q cm?) Y (" Q' em™?) na Ret (Q cm?) Ry, (Q cm?) L (H) fimax (Hz) Cal (F cm™?)
0 5.766 0.0005376 0.7565 549.1 170 249.6 0.1 0.002898
20 5.971 0.0004441 0.7667 674.8 209.1 299.3 0.08254 0.002857
40 6.131 0.0003641 0.7808 770.1 225.1 382.4 0.08254 0.002504
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Fig. 5 (a) Microstructure characterizations of corrosion products on
the carbon steels surface in seawater for (b) Case-1 (c) Case-2, and (d)
Case-3 samples by SEM. Insets show the zooming in on yellow dotted
box areas in figure (b—d).
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Fig. 6 Composition analysis by XRD for corrosion products by (a)
naturally drying in air at room temperature and (b) artificially drying in
oven at 70 °C.

seawater.” The Lorentz force will promote the corrosion process of
carbon steel via enhanced transfer.**** Thus, a compact corrosion
product can be formed on the carbon steel surface—this helps
inhibit the corrosion behavior of carbon steel in seawater.

4 Conclusions

We evaluated the effect of magnetic field pretreatment on the
corrosion behavior of carbon steel in seawater via electro-
chemical methods. Although both the charge transfer and
adsorption process are affected by the magnetic field, the effect
of magnetic field on charge transfer is more obvious. Pretreat-
ment with a magnetic field can effectively inhibit the corrosion
behavior of carbon steel by enhancing the compactness of the
corrosion products on the carbon steel surface. The magnetic
field pretreatment scheme will provide new ways for marine
anti-corrosion technology.

This journal is © The Royal Society of Chemistry 2020
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