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Abstract Open-circuit potential (OCP), polarization curve,
and electrochemical impedance spectroscopy (EIS) mea-
surement were used to investigate the corrosion behaviors
of high-strength low-alloy (HSLA) steel and mild steel in
seawater. Both steels were used in the construction of a
huge oil storage tank. The OCP results show that the HSLA
steel quickly reached more negative EOCP values than the
mild steel. Polarization curve results reveal that the HSLA
steel exhibits higher corrosion currents and more negative
corrosion potentials than the mild steel. EIS measurements
reveal that both steels exhibit similar corrosion behaviors
up to 144 h, one increased capacitance loop can be shown
in EIS diagrams. The mild steel presents higher corrosion
resistances than the HSLA steel at former stage, which is
associated with the effect of the grain size. After 240 h of
immersion, both steels present different corrosion behav-
iors. The EIS diagrams exhibit two capacitance arcs for the
HSLA steel and one capacitance arc for the mild steel,
which is due to the formation of intact corrosion scales on
the electrode surface of the HSLA steel as to introduce a
new reaction interface. The HSLA steel exhibits higher
corrosion resistances than the mild steel at latter stage of
experiment, which is ascribed to the synthetic actions of
residual Fe3C and the protective property of corrosion
products.
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Introduction

The mild steel and high-strength low-alloy (HSLA) steel
are the most commonly used construction material as a
huge oil storage tank in oil and gas industry, which is due to
its predominant weld property and excellent mechanical
property. They are, however, very susceptible to attack in
environment containing chloride. This corrosion attack
takes places at the bottom of a huge oil storage tank, which
makes it being eroded heavily and shortens its service life.
As a result, great economic losses are caused by the
corrosion of a huge oil tank. In addition, seawater is
deemed to substitute freshwater in the hydraulic experiment
that checks the whole strength and seal performance of a
huge oil tank before it is in use. Seawater hydraulic
measurement can economize lots of freshwater resources
and construction costs, whereas seawater contains high
density of chloride and produces serious corrosion for the
HSLA steel. The detailed researches about the steels used
in a huge oil storage tank in seawater are very few. Thus, it
is necessary to study the corrosion processes of both steels
in seawater.

As well known, the grain size and microstructure in
materials greatly affect their corrosion performance. Di
Schino and Kenny [1, 2] investigated the effect of highly
refined grain size on the corrosion behavior of AISI 304
steel and disclosed certain improvements in the intergran-
ular and pitting corrosion resistance due to micron-scale
grain sizes. These various microstructural components
(ferrite, perlite, bainite, martensite) could influence not
only the mechanical property but also the corrosion
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resistance of the material [3]. The corrosion performance of
the steel was related to the shape of Fe3C in microstructure.
The reason for this is that Fe3C is part of the original steel
in the nonoxidized state that accumulates on the surface
after the preferential dissolution of ferrite (a-Fe) [4]. It is
suggested that cementite provides an available area for the
cathodic reactions [5, 6]. Zhang CL et al. [7] had reported
that pearlite in weathering steel 09CuPCrNi deteriorated its
corrosion resistance. Zhao Y T found that low-alloy steel
showed improved corrosion resistance than weathering
steel, which was due to suppression of the formation of
pearlite [8]. However, the corrosion behavior of the HSLA
steel with bainite still remains poorly understood.

Generally, the corrosion behavior of steel is largely
controlled by the presence or absence of a protective oxide
film, which may act as a protective barrier layer against
corrosion attacks. Therefore, the corrosion resistance of
steel is closely related to its electron property. As reported
in literatures, electronic properties of a passive film were
expected to be of crucial importance in understanding their
protective characters against corrosion [9–11]. Since film
dissolution, formation, and breakdown are involved in the
movement of the electrons and ions, electron properties
represent one of the most significant features of a passive
film with respect to its corrosion resistance [12] and which
may play an important role in film breakdown mechanisms.

Based on this, the purpose of this work was devoted to
study the corrosion process of the HSLA steel with bainite and
mild steel with pearlite used as a huge oil tank in seawater. The
electrochemical methods were used to characterize the
corrosion behaviors of both steels in seawater, particularly
by the electrochemical impedance method.

Experiments

The materials used for tests were the HSLA steel and mild
steel used in a huge oil storage tank, in which compositions
were given in Table 1. The microstructure of the HSLA
steel is bainite and that of the mild steel is pearlite, as
shown in Fig. 1. It can be shown that the mild steel exhibits
much larger grain sizes than the HSLA steel. Every
electrode specimen was a disk with a surface area of
1 cm2, attached to a copper wire to the rear face. Every
surface was embedded in epoxy resins, leaving a working
surface of 1 cm2. The polishing methods used to prepare

sample surface were as follows: first, the electrode surface
was polished with emery paper (grade 400) and distilled
water. The surface was then polished with emery paper
(grade 600) until a homogeneous surface was obtained and
then rinsed with acetone. Finally, a specimen was subjected
for 5 min to ultrasonic washing with acetone and dried in
warm flowing air prior to every experiment. Electrochem-
ical impedance spectroscopy (EIS) and polarization curve
began after an initial delay of 2 h for samples to reach a
steady-state condition.

Experimental device description

All the electrochemical measurements were performed in a
standard three electrochemical cells, with a saturated

Composition C Si Al Mo Cr Cu Nb Ni S P
Specimen

HSLA steel 0.090 0.185 0.032 0.2 0.03 0.01 0.014 0.21 0.0015 0.0043

Carbon steel 0.139 0.299 0.034 – 0.02 – 0.017 0.02 0.004 0.0118

Table 1 Chemical composition
of the HSLA steel and mild steel
(wt.%)

Fig. 1 Microstructure of samples: a HSLA steel, b mild steel
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calomel electrode as the reference electrode, a platinum
sheet as the auxiliary electrode, and the samples as the
working electrode. Open-circuit potential (OCP), polariza-
tion curve, and EIS test were carried out in a VMP3
electrochemical corrosion testing apparatus under room
temperature in seawater. Open-circuit potential measure-
ment immediately began after the specimens were im-
mersed in seawater and taken every 10 min. For the
potentiodynamic curve, the sweeping potential was from
−0.25 to 0.25 V with a scanning rate of 0.1667 mV/s. All
impedance measurements were performed at the open-
circuit potential with alternating current amplitude of 5 mV.
The applied frequencies ranged from 0.01 Hz to 10 kHz. At
least three tests were conducted for each condition to
confirm the validity of the experiment measurements.

Surface characteristic

Scanning electrode microscopy (SEM) was utilized to
investigate the morphology of covered and removed
corrosion scales for the HSLA steel and mild steel by
SEM analyses after 720 h of immersion in seawater. The
microstructure of the corrosion scales were analyzed using
X-ray diffractometer conducted by using a Rigaku diffrac-
tometer with Cu Kα radiation.

Results and discussion

Surface character

Surface characters are shown in Fig. 2 for SEM analyses
after 720-h immersion in seawater; every steel sample was
taken out from the electrochemical cell, dried with N2 gas
flow, and left in a dryer. SEM images show that the
corrosion scales of both steels present two layers. The two
layers exhibit an inner rust layer with adherent character-
istic and an outer rust layer is less adherent than an inner
rust layer. It can be seen that the protective ability of
corrosion scales depends on the performance of the inner
rust layer. Obviously, it can be shown in Fig. 2a for the
morphology of corrosion scales for the HSLA steel that the
intact outer rust layer with some cracks are tightly
combined with the inner rust layer. However, the corrosion
scales for the mild steel show that the cracked outer layer
loosely covers over the inner rust layer, as shown in
Fig. 2b. This discloses that the corrosion scales of the
HSLA steel exhibit better protective property in seawater.
The compositions of the corrosion scales measured by X-
ray diffraction are shown in Fig. 3. It shows that the
corrosion scales of specimens are all principally composed
of the corrosion substance in seawater (NaCl), corrosion

products (α-FeOOH, γ-FeOOH, Fe3O4, Fe2O3), and resid-
ual cementite (Fe3C).

Figure 4 shows SEM images of all samples where
corrosion scales were removed after 720 h of immersion in
seawater. Every sample was rid of the corrosion scales in
HCl + C6H12N4 solution by proportion and dried with
N2(g) flow and left in a desiccator. It can be shown that
some local holes and many residual Fe3C appear on
electrode surface. This indicates that local corrosion took
place on the electrode surface. The mild steel sample
(Fig. 4b) shows rougher surface and more magnitudes of
Fe3C remainders than the HSLA steel (Fig. 4a), which
indicates that the mild steel suffers serious corrosion in
seawater.

Fig. 2 SEM micrographs of corrosion scales in seawater: a HSLA
steel, b mild steel
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Open corrosion potential measurement

The evolution of OCP with times for the HSLA steel and
the mild steel after 16 h of immersion in seawater was
illustrated in Fig. 5. It can be shown that corrosion
potentials of both steels approach relatively stable values
after 2 h of immersion, and the HSLA steel shows more
negative shift in OCP values compared with the mild steel,
which is due to its smaller grain sizes and more magnitudes
of precipitation phases in microstructure of the HSLA steel.
It is well known that the grain boundaries are regions of
preferable attack sites when exposed to a corrosion
environment [13]. Therefore, the detrimental preferential
grain attack is largely increased for the HSLA steel due to
high fractions of grain boundaries on its reaction interface.
In addition, the precipitation phase is sites of a cathodic
reaction zone. Therefore, the HSLA steel shows quicker
decrease in OCP. The initial gradual decrease in corrosion
potentials can be attributed to the dissolution of the air-
formed corrosion scales on the electrode surface [14]. In
addition, it can be shown that it is unreliable to perform
electrochemical measurements immediately after immersion
since the electrode is still in a transition state.

Polarization curve

The polarization curves of the HSLA steel and the mild
steel in seawater can be illustrated in Fig. 6. In general, the
anodic current density continuously increases with an
increase in corrosion potential. This indicates that both
steels demonstrate active dissolution behavior in seawater.
It can be shown that the HSLA steel shows higher corrosion
currents and more negative shift in corrosion potentials
when compared with the mild steel, which indicates that the
mild steel shows improved corrosion resistance than the
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Fig. 3 X-ray diffraction of corrosion scales: a HSLA steel, b mild steel
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HSLA steel. This behavior is associated with the synthetic
effects of the grain size and microstructure. As well known,
the grain boundaries are the region of preferable corrosion
attack because of the residual stress caused by plastic
deformation in the boundaries during growth and high
activity introduced by more crystal defects (such as
dislocation, cavity, and lattice distortion) and more disor-
dered atomic arrangement. As can be seen in Fig. 1, the
HSLA steel exhibits a smaller grain size. Therefore, it
contains a large number of activated sites and accelerates
corrosion by forming much more microelectrochemical
cells between the large amount of grain boundaries and
the matrix by increasing the electrochemical reactivity
during corrosion process. Therefore, the HSLA steel
exhibits a higher corrosion rate in seawater. This is in
agreement with the results of the EOCP measurement.

Electrochemical impedance spectra

The key aim of the EIS experiment is to provide insight
into the characteristics and kinetics of electrochemical
process occurring at the Fe/solution interface in seawater.
Based on OCP results, the working electrodes had been
immersed in seawater until a stable state formed. Figures 7
and 8 illustrate the typical Nyquist and Bode diagrams of
the HSLA steel and mild steel obtained at different
immersion times. It can be shown that both steels exhibit
similar corrosion behaviors at initial stage of experiment,
and the Nyquist plots of both steels show increasing
capacitance arcs in Figs. 7a and 8a, indicating an
activation-like behavior with a phase angle magnitude
around 65°; in Figs. 7b and 8b, there is a magnitude
increases over time that reaches the maximum magnitude of
phase angle during the first day of immersion. This is
attributed to the formation of the outer rust layer. EIS shows

an increased trend with increasing times and present
diffuse-like behavior up to 144 h of immersion, which
indicates the formation of the inner rust layer. After 336 h
of immersion in seawater, the Nyquist plots of the HSLA
steel show that another capacitive loop appears at the
middle frequency range. This time constant is due to the
formation of stable corrosion scales on the electrode
surface, as shown in Fig. 2a, which is sufficient to cover
over its whole electrode surface after a long-time immer-
sion so as to introduce a second interfacial electron
exchange reaction. However, the impedance spectra for
the mild steel still exhibit a simple capacitance arc. The
reasons for this are that the mild steel cannot form stable
protective films on its surface after a long time of
immersion, as shown in Fig. 2b, and its corrosion scales
are porous and loose and do not sufficiently cover its steel
surface.

According to the EIS in Figs. 7 and 8, the equivalent
circuits are illustrated in Fig. 9. Figure 9a is fitted to the
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impedance spectra with one time constant and Fig. 9b is
simulated to the impedance spectra with two time constants.
The agreement between experimental and simulated results
indicates that the experimental results are well fitted to the
proposed equivalent circuits. The fitting quality was
evaluated by chi-squared (χ2) values of about 10−4, as
shown in Tables 2 and 3; in these models, Rs is the solution
resistance; CPEf and Rf correspond to the corrosion film
capacitance and resistance, respectively. Rct is the reaction
resistance. CPEdl is the double-layer capacitance. A
constant-phase element representing a shift from an ideal
capacitor was used instead of the capacitance itself for
simplicity. The impedance of a constant-phase element is
defined as ZCPE=[Q (jω) n]−1 [15–17], where Q is a
proportional factor; ω is the frequency and −1≤n≤1. The
value of n seems to be associated with the nonuniform
distribution of current as a result of roughness and surface
defect.

Tables 2 and 3 show the representative parameter values
of the best fit to experimental data in Figs. 7 and 8. The
fitting results show that the proportional factor Qdl of CPEdl

increases with times for both steels during corrosion
process. According to Turgoose et al. [18], this increase in
the capacitance Qdl values is associated with an increased
double-layer capacitance due to an increase in the surface
area available for cathodic reaction, which is related to the
electrochemical activity of nonoxidized cementite (Fe3C)
residues exposed during corrosion process. In addition, this
would lead to a decrease in Rp values with time (higher
corrosion rates), in contrast to the results obtained in this
work, which presents a rising tendency through time for
these values. To explain this behavior, an important aspect
of this process must be considered. When corrosion
reactions take place, the area of Fe3C exposure increases
for the mild steel. This is because the dissolution of the
surrounding ferrite from the pearlite leaves a laminar
structure of nonoxidized Fe3C as shown in Fig. 4b. This
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is not removed from the sample surface. Thus, an increase
in Qdl values decreases for the mild steel during corrosion
process. In case of the HSLA steel, of which microstructure
is bainite and the grain of Fe3C is small. When the
surrounding ferrite is dissolved, the small Fe3C phase is
easy to detach from the metal surface and leave few Fe3C
residues on electrode surface, which can be shown in
Fig. 4a. Therefore, the cathodic areas remain steady for the
HSLA steel. As a result, The Qdl values of the HSLA steel
are lower than those of the mild steel in seawater. In
addition, corrosion products formed on electrode surface
can provide some protection to the metal beneath them by
restricting the mass transfer of reactants and products
between the bulk solution and the metal. Consequently, an
increase in the capacitance values (Qdl) could be related to
the growing area of corrosion products over the surface of
samples

It is well recognized that the polarization resistance (Rp)
is inversely proportional to the corrosion rate. The Rp value
is equal to Rct value in the first 144 h and the sum of Rct and
Rf values after 336 h of immersion. The Rp values obtained
by analyzing impedance spectra were presented in Tables 2
and 3. It can be shown that Rp values increased with times
in the first 144 h, which is due to the formation of corrosion
products. At the end of experiment, the decreased Rp values
can be ascribed to the detachment of corrosion products.
The HLSA steel presents lower Rp values compared with
the mild steel at the former experiment, which is associated
with the effect of the grain size in microstructure. It is well
known that the grain boundaries are regions of preferable
corrosion sites in corrosion medium. This is due to the

electron work function decreasing at the grain boundary,
which indicates that, at grain boundary, electrons are more
active [19, 20]. As a result, the surface becomes more
reactive in aggressive environment. In addition, as can be
seen in Fig. 1, the HSLA steel has a smaller grain size
compared with the mild steel. Therefore, it contains a
number of grain boundaries and triple junctions which are
all active sites for corrosion attack especially in seawater.
As a result, preferential corrosion at grain boundaries
greatly accelerates the corrosion rate of the HSLA steel.
After 144 h of immersion, the HSLA steel exhibits higher
magnitudes of Rp compared with the mild steel. It is
believed that the smaller grain sizes and high density of
grain boundaries will certainly provide a higher number of
actives sites to quickly form a protective passive layer [21].
Besides, the passive film seems to be a dominating factor
for the corrosion characterization, which reflects that the
fine structure materials can provide the positive effect on
the corrosion behavior. For this reason, it can increase
adhesion strength between the passive film and substrate
because of the enhancement in the electron activity at grain
boundaries and possible pegging of the passive layer into
grain boundaries [19, 20]. As discussed above, the
increased magnitudes of residual Fe3C can increase the
corrosion rate by the increased area of cathodic reaction
zone, of which phenomenon obviously plays a role on the
electrode surface of the mild steel. In addition, a smaller
grain size promotes the element diffusion to benefit the
formation of compact passive films, which obviously
enhances the corrosion resistance of material and produces
uniform element distribution. As a result, these effects can

Table 2 Electrochemical parameters obtained from the HSLA steel in seawater

Time (h) Rs (Ω cm2) Qdl (Ω
−1 cm−2 sn) ndl Rct (Ω cm2) Qf (Ω

−1 cm−2 sn) nf Rf (Ω cm2) QW (Ω−1 cm−2 sn)

2 17.75 1.95×10−4 0.80 1,305

10 17.48 2.09×10−4 0.82 1,088

20 17.13 2.49×10−4 0.81 1,299

144 23.73 4.35×10−4 0.79 1,391

336 48.2 2.80×10−3 0.37 439.1 8.14×10−4 0.70 1,582 0.039

576 81.6 7.70×10−4 0.46 523.7 7.90×10−4 0.87 1,148

720 91.04 7.98×10−4 0.65 408.1 7.98×10−4 0.87 1,007

Time (h) Rs (Ω cm2) Qdl (Ω
−1 cm-2 sn) ndl Rct (Ω cm2) QW (Ω−1 cm−2 sn)

10 19.5 2.2×10−4 0.79 1,299

20 19.31 2.2×10−4 0.79 1,068

144 21.38 2.78×10−4 0.83 1,575 0.069

336 34.48 4.97×10−4 0.84 855.4

576 32.45 1.11×10−3 0.76 867.7

720 33.8 1.12×10−3 0.77 908.6

Table 3 Elec t rochemica l
parameters obtained from the
mild steel in freshwater
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decrease the amount of chloride ions adsorbed on the
surface of samples and inhibit the incorporation of chloride
ions into the oxide film [22]. Thus, the HSLA steel can
form compact oxide scales (Fig. 2a) and impede the
chloride ions’ diffusion in corrosion scales. However, the
corrosion scales of the mild steel are porous and loose, as
shown in Fig. 2b, which leads to the seawater easily
arriving to the reaction interface. Consequently, the HSLA
steel presents lower corrosion rates at the end of experi-
ment.

The porosity rate of oxide film

When a steady rust layer forms during corrosion, mass
transfer process appears in the electrode impedance of low
frequency. The corresponding impedance dispersion can be
expressed as semi-infinite Warburg diffusion impedance
connected with of diffusion of dissolved oxygen from
solution to the electrode surface:

Zw ¼ s
ffiffiffiffi

w
p � j

s
ffiffiffiffi

w
p ¼ s

ffiffiffiffi

w
p 1� jð Þ ¼

ffiffiffi

2
p

s
ffiffiffiffiffi

jw
p ð1Þ

Where Zw is the Warburg diffusion impedance and σ is the
Warburg coefficient, which in case of a surplus of one
component in redox system is often presented as

s ¼ RT

z2F2A
ffiffiffi

2
p

c
ffiffiffiffi

D
p ð2Þ

Where c is the solution concentration of a reaction species,
F=96,485 C mol−1 the Faraday constant, and R=
8.314 mol−1 K−1 the molar gas constant; D is the ion
diffusion coefficient in corrosion scales; A is the area of
working electrode. From Eq. 2 follows that the type of Zw
dispersion is formally identical with that of ZCPE for n=
0.5 and Warburg coefficient can be related with CPE
coefficient:

s ¼ 1

Qw

ffiffiffi

2
p ð3Þ

Where Qw is the coefficient of a constant-phase element
used for the description of diffusion impedance and
formally substituting Zw in equivalent circuits used for
data fitting. In seawater, nw is near to the theoretical
values of 0.5 for the major part of the experiment. Its
gradual increase in time up to ∼0.7 was observed after a
long immersion time, which should be ascribe to the
surface modification due to external oxide dispersion and
dissolution reaction and consequent increase of the surface
roughness.

In seawater, the corrosion rate mainly depends on the
oxygen concentration. After the surface oxide films
formed and the corrosion rate stabilized, it was possible

to measure impedance down to very low frequencies.
Therefore, the protective property of oxide films can be
expressed by the magnitude of D in oxide films after the
formation of steady oxygen films. Using Eq. 2, the values
of oxygen in corrosion scales can be calculated to be
3.14×10−11 m2 s−1 for the mild steel and 1.02×10−10 m2

s−1 for the HSLA steel, respectively, which indicates that
the corrosion scales of HSLA steel show better protective
ability than the mild steel. This is fitted to the results of
EIS.

Under this experimental condition, oxygen diffusion
coefficients in seawater are estimated from Einstein–Stoke
equation [23]:

D ¼ RT

6phNAro2
ð4Þ

Where R is the gas constant, T represents the absolution
temperature; η is the dynamic viscosity of seawater (1.045×
10−3 Pa S) at 20 °C; NA is Avogadro number (6.02×1023),
and rO2 is the oxygen diameter (here is the magnitude of
1.09×10−10 m). It can be concluded that D values of
oxygen are about 1.89×10−9 m2 s−1 in seawater by Stokes–
Einstein equation. Compared with the results of oxygen
diffusion coefficient in corrosion scales, it can be shown
that its value is much lower than the magnitude of the
oxygen diffusion efficient in solution. Thus, the formation
of corrosion scales can protect the steel matrix and slow
down the corrosion rate. As well known, the ion diffusion
coefficient in corrosion scales depends on the porosity of
corrosion scales and is in inverse proportion to the porosity-
to-tortuosity ratio, which can be expressed as follows [24]:

D ¼ D0
"

b2
ð5Þ

Where D0 is the diffusion coefficient in solution; D is the
diffusion coefficient in corrosion scales; ε is the porosity of
corrosion scales, and β is porosity-to-tortuosity rate, which
usually is

ffiffiffi

3
p

to the materials composed of corrosion
scales. The ε values of mild steel and HSLA steel can be
calculated approximately to be 4.98×10−2 and 1.62×10−1,
respectively. The calculating results verify the high porosity
of corrosion scales of mild steel indicated the bad protective
ability of its corrosion scales, in agreement with the EIS
results.

Conclusions

The electrochemical techniques used in this investigation
led to the following conclusions:

1. EOCP attains to relative steady values about approxi-
mately −0.66 to −0.68 V for the HSLA steel or
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approximately −0.56 to −0.58 V for the mild steel after
2 h of immersion.

2. Polarization results show that the HSLA steel shows
more negative shift in corrosion potentials and higher
corrosion currents compared than the mild steel, in
agreement with the result of Ecorr.

3. The interface characterization was performed by elec-
trochemical impedance spectra of the HSLA steel and
the mild steel in seawater. Analyses of EIS results show
the separation of oxide layers and double-layer capaci-
tances for the HSLA steel and combination of them for
the mild steel after a long immersion time. Therefore,
different equivalents circuits can be used to simulate
the corrosion behaviors of both steels.

4. The mild steel shows better corrosion resistances
than the HSLA steel at the earlier stage, which is
due to the effect of the grain size, whereas the
HSLA steel presents more improved corrosion
resistances than the mild steel at the latter stage
owing to the synthetic effects of the protective
property of corrosion scales and the increased area
of Fe3C on electrode surface.

5. The diffusion impedance in corrosion process can
evaluate the ion diffusion efficient in porosity of
corrosion scales, and the calculating results show that
the porosity of corrosion scales of the HSLA steel is
smaller than the mild steel, indicating that the corrosion
scales on HSLA steel show better protective ability
than that on mild steel, in agreement with the EIS
results.
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