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Abstract Electrochemical methods were used to study the
characteristics of corrosion process for the high-strength
low-alloy steel and carbon steel used as a huge oil storage
tank in NaHSO3 solution. The polarization curve results
show that both steel samples take place in active solution,
and the high-strength low-alloy (HSLA) steel has higher
icorr value than carbon steel, which is due to the small grain
size that provides high density of active sites for preferen-
tial attack. The electrochemical impedance spectroscopy
(EIS) results make known that the corrosion process
presents two stages. In the first 136 h, one-time constant
in EIS diagrams can be shown. Both steels have similar
corrosion resistance due to the combination effects of the
grain size and microstructure. After 240 h of immersion, a
complete passive film forms on the specimen surface, and
two-time constants can be shown in EIS diagram. The
HSLA steel exhibited improved corrosion resistance when
compared with the carbon steel, which is due to the effect
of the shape Fe3C in microstructure and the deposition of
FeSO4 on the electrode surface. The scanning electrode
microscopy analyses show that both steels take place in
homogenous corrosion, and the carbon steel shows higher
surface roughness and many Fe3C residues. XRD results

show that both steels have similar phase constitutes of
corrosion products.
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Introduction

The high-strength low-alloy (HSLA) steel is widely used as
a huge oil storage tank in oil industry, which is often paid
attention due to its excellent mechanical property and
outstanding welding capability; however, the corrosion
resistance of the HSLA steel is often overlooked. Therefore,
the research about this aspect is very few. In fact, sulfurous
substances seriously corrode the HSLA steel in a huge oil
tank, which takes on two aspects: One is the sulfurous
atmospheric corrosion. Many huge oil tanks are often built
nearby the refinery, where the atmosphere contains a lot of
SO2, H2S, etc., which have been seriously corroding the
outer surface of the huge oil storage tank for a long time;
the other is the sulfurous substance in the petroleum. The
petroleum contains many inorganic and organic sulfurous
compounds, for example, SO2, H2S, sulfite, sulfate, and so
on, which have been eroding the inner surface of a huge oil
tank for a long time. Therefore, it is highly essential to
study the corrosion character and mechanism of the HSLA
steel as a huge oil storage tank in sulfurous substance.

It is beneficial for the improvement of the corrosion
resistance of the HSLA steel by increasing the content of
alloy elements such as Cr, Mo, Cu, and Ni and suitable as a
processing and heating technology and for the formation of
steady-state passive film [1–3]. Generally, a passive film
formed on the carbon steel can protect its surface from
further corrosion, and electronic properties of passive film
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are expected to be of crucial importance in understanding
their protective character against corrosion [4–6]. Since
film dissolution, film formation, and breakdown involve the
movement of the electrons and ions, electron properties
represent one of the most significant features of a passive
film with respects to its corrosion resistance [7].

Based on this, the purpose of this work was to
investigate the corrosion character and mechanism of the
HSLA steel in a huge oil tank. The electrochemical
methods were employed, particularly the electrochemical
impedance method. The steel passivating medium was
NaHSO3 solution of concentration 0.01 mol/L [8], in which
FeSO4 may form a protective film according to the
following reactions:

Feþ H2O ! Fe OHð Þ2þ2Hþþ2e� ð1Þ

Fe2þþO2þSO2�
3 þHþ ! FeSO4þH2O ð2Þ

The second reaction is dependent on pH and the HSO3
−

concentration. Passivation of the HSLA steel occurs when
the immersion time becomes sufficiently long, the formation
of a γ-FeOOH/Fe3O4 film.

Experimental

Sample preparation

The material used for tests were the HSLA steel and
common carbon steel in huge oil storage tank, in which
compositions were shown in Table 1. The microstructure
of the HSLA steel is bainite and that of the carbon steel is
pearlite, as shown in Fig. 1. Every electrode specimen was
a disc with a surface area of 1 cm2, attached with a copper
wire to its rear face. Every surface was embedded in
epoxy resins, leaving the working surface of 1 cm2. The
polishing methods used to prepare for 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, the specimens were subjected for 5 min
to ultrasonic washing with acetone. Electrochemical
impedance spectroscopy (EIS) measurement began after

an initial delay of 24 h for samples to reach a steady-state
condition.

Experimental device descriptions

A typical three-electrochemical cell, consisting of a
graphite bar counter electrode and a saturated calomel
electrode (SCE) as reference electrode, was employed.
Polarization curves and impedance experiments were
registered with a VMP3 controlled by EC-lab software.
For the potentiodynamic measurement, the sweeping
potential is from –0.25 to 0.25 V with a scanning rate of
0.1667 mV/s. The impedance experiments were performed
at free potential, applying a 5-mV amplitude sinusoidal
signal in 10-kHz to 0.01-Hz frequency. The experimental
data were analyzed by ZSimpWin software.

Surface characteristic

Scanning electrode microscopy (SEM) was utilized to
investigate the corrosion scale morphology before and after
the corrosion scale for the HSLA steel and carbon steel was
removed. The microstructure of the corrosion scales was
analyzed using X-ray diffractometer with filtered Cu Kα
radiation.

Results and discussions

Surface character

The morphologies of corrosion scale were shown in Fig. 2.
The rust layers of both specimens have an obvious
delaminating phenomenon, namely an outer loose rust layer
and an inner compact rust layer. The protective ability of
corrosion products depends on the performance of the inner
rust layer. Obviously, the corrosion product piled on the
HSLA steel relatively compact on the electrode surface was
shown in Fig. 2a, and an intact and loose corrosion scale on
the carbon steel surface was shown in Fig. 2b. The
compositions of the corrosion scale measured by XRD
were shown in Fig. 3. It shows that the corrosion scale of
specimens is all principally composed of the deposits
(FeSO4.4H2O), corrosion products (α-FeOOH, γ-FeOOH,
Fe3O4, Fe2O3), and residual cementite (Fe3C).

Specimen Composition

C Si Al Mo Cr Cu Nb Ni S P

HSLA steel 0.09 0.19 0.032 0.2 0.03 0.01 0.014 0.21 0.0015 0.0043

Carbon steel 0.14 0.30 0.034 – 0.02 – 0.017 0.02 0.004 0.012

Table 1 Chemical composition
of the HSLA steel and the
carbon steel (wt.%)
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Figure 4 shows SEM images of samples with corrosion
scale removed after 572 h of immersion. It shows that both
steels appear as a uniform corrosion. The carbon steel
sample (Fig. 4b) shows a very rough surface and much
Fe3C remainders, indicating a serious corrosion in NaHSO3

solution, while a flat surface morphology and few Fe3C
residues for the HSLA steel can be shown in Fig. 4a, which
shows that it suffers light corrosion in NaHSO3 solution.

Polarization measurements

Figure 5 shows potentiodynamic curves for both steels in
NaHSO3 solution. It shows that the anodic current density
increases with increasing times, which demonstrates only
active behavior and is unable to be passivated in the
measured potential range. Table 2 shows that corrosion
potentials (Ecorr), polarization resistances (Rp), Tafel
slopes (ba and bc, anodic and cathodic slopes, respective-
ly), and corrosion currents (icorr) were obtained from the
polarization curves in NaHSO3 solution. Generally,

corrosion current density and corrosion potential are used
to characterize the active dissolution ability of materials
[9]. It can be shown that the corrosion current value of the
HSLA steel is higher than that of the carbon steel,
indicating that the corrosion rate of the HSLA steel is
larger than that of the carbon steel, which is associated
with the effects of the grain size and microstructure. It is
well know that the grain boundaries are regions of
preferable corrosion action because of the residual stress
caused by plastic deformation in the boundaries during
growth. As can be seen in Fig. 1, the HSLA steel has a
small grain size, which has a higher number of activated
sites and accelerates corrosion by forming much more
microelectrochemical cells between the huge amount of
grain boundaries and the matrix and by increasing the
electrochemical reactivity during the corrosion process.
Therefore, the HSLA steel has a higher corrosion rate in
NaHSO3 solutions.

Tafel slope values of potentiodynamic technique are
considered the representative of corrosion process [10–12].

Fig. 2 SEM micrographs of corrosion scale: a HSLA steel and b
carbon steel

Fig. 1 Microstructure of samples: a HSLA steel and b carbon steel

J Solid State Electrochem (2009) 13:1645–1652 1647



Tafel slope value of cathode is greater than that of anode,
which manifests the complex nature of the reduction
process. The cathodic slope value of the HSLA steel is
greater than that of the carbon steel, indicating that the
cathodic reactions have been greatly affected by the grain
size of specimens as mentioned above. These are also
observed as the results of the corrosion current (icorr).

EIS analysis of corrosion process

EIS has been widely used to study the electrical properties
of the passive films formed on pure metals or alloys [13],
whose electrical prosperities are expected to be of crucial
importance in understanding their protective ability against
corrosion. The working electrodes had been immersed in
NaHSO3 solutions until a stable rust layer formed. Figures 6
and 7 show the typical Nyquist diagrams and Bode
diagrams obtained at the following times in NaHSO3

solution: 48, 109, 128, 136, 240, 408 and 552 h. In these

diagrams, different electrochemical behavior of the inter-
face can be studied, and similar transformation processes
are shown. At initial stage (before 136 h), the increased
impedance arc upon immersion time is due to the deposit of

Fig. 4 SEM morphologies of removed scale: a HSLA steel and b
carbon steel

Fig. 3 X-ray diffraction of corrosion scale: a HSLA steel and b
carbon steel

Fig. 5 Polarization curves obtained in NaHSO3 solution
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corrosion product on the electrode. This indicates that the
electrode was in an active dissolution state. However, the
generated corrosion product and deposit were not sufficient
to cover the whole surface of the electrode. As a result, one-
time constant presents in EIS. With immersion time up to
240 h, the immersion time was so long that a layer of
corrosion product covered over the electrode surface.
Consequently, two-time constants are observed in Bode
diagram. It can be seen that the diameter of the Nyquist
plots is larger for the HSLA steel after 240 h of immersion,
indicating the HSLA steel has better anti-corrosion ability
in NaHSO3 solution.

All experiment plots have a depressed semicircular
shape in the complex impedance plane, with the center
under the real axis; this behavior is typical for solid metal

electrode that shows frequency dispersion of the impedance
data [14]. Electrically equivalent circuit is generally used to
model electrochemical behavior and to calculate the
parameters of interest such as electrolyte resistance (Rs),
charge transfer resistance (Rct), and double-layer capaci-
tance (Cdl) [15]. When a non-ideal frequency response is
present, it is commonly accepted to distribute circuit
elements. The most widely used is constant phase element
(CPE), which has a non-integer power dependence on the
frequency. Impedance is calculated by the expression:

ZCPE ¼ Y�1
0 iwð Þ�n

Y0 is the CPE admittance, j=(−1)1/2, 5 is the angular
frequency of a disturb signal, n is the exponent of CPE

Fig. 7 Impedance spectra of carbon steel in NaHSO3 solutions: a
Nyquist plots and b Bode plots

Fig. 6 Impedance spectra of HSLA steel in NaHSO3 solutions: a
Nyquist plots and b Bode plots

Sample Ecorr (V vs. SCE) Icorr (A cm−2) Rp (Ω cm2) βa (V dec−1) βc (V dec−1)

HSLA steel −0.62 1.53 × 10−4 207.92 0.14 0.59

Carbon steel −0.66 5.02 × 10−5 562 0.14 0.27

Table 2 Electrochemical
parameters obtained from
polarization curves
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dispersion effect, and the scope of the n value is 0<n<1.
For example, a rough or porous surface can cause a double-
layer capacitance to appear as a CPE with an n value
between 0.9 and 1 [16]. An n value of 1 describes CPE as
the pure capacitance; when an n value is equal to 0.5, CPE
is a Warburg resistance; when an n value is equal to 1, CPE
represents a pure capacitance [17].

The best agreements between experiment and fitting
obtained with the equivalent circuits were illustrated in
Fig. 8. Tables 3 and 4 show the representative parameter
values of the best fit to experimental data in Figs. 6 and 7.
In Fig. 8, Rs is the solution impedance, Rct and Rf are the
reaction resistance and film resistance, respectively, CPEdl

is constant phase element of the double layers, and CPEf is
constant phase element of corrosion film. Ydl is admittance
of CPEdl, and ndl is the exponent of CPEdl dispersion
effect. Tables 3 and 4 show the main parameters obtained
with the equivalent circuits in Fig. 8. It can be seen that Rf

values are superior to Rdl values, which indicates that the

protection ability is mainly provided by the corrosion
films.

The polarization resistance (Rp) is a typical resistance of
overall electrode, which is associated with the corrosion
current [18]. The Rp is equal to R1 in the first 136 h and
sum of R1 and R2 after 240 h of immersion. The Rp values
obtained by analyzing impedance spectra were presented in
Tables 3 and 4. Rp values generally increase with time first
and then decreases. Both steels present an increase in Rp

values at the beginning of the experiment, which indicates
that the formation of a density and homogenous corrosion
product can slow down the corrosion rate. After reaching
certain exposure time (129–336 h), the increase of the
reaction impedance of the HSLA steel is rather slow
(696.6–744.9Ω cm2, respectively). It can be shown that
the formation of the stable corrosion scale makes the H+

diffuse difficult. The variation of Rp values of the carbon
steel with time is more pronounced as well as presence of a
maximum Rp value of about 998Ω cm2 at 408 h. The
decreased Rp values for both steels are due to the department
of some corrosion scales at the end of the experiment. Both
steels show similar Rp values at the initial corrosion stage,
which are the combination effects of the grain size and
microstructure. The small grain size of the HSLA steel has
higher corrosion rate and quickly forms corrosion products
on the electrode, which can decrease the corrosion rate. In
addition, the pearlite has a bad effect on the corrosion
behavior on the steel [19, 20]. As a result, both steels have
similar corrosion rate. The Rp values of the HSLA steel
are much higher than those of the carbon steel at the end
of experiment. It is because that the stable passive film
completely covers with the samples surface, which can
protect the sample surface from further corrosion. The
HSLA steel can quickly form a continuous and protective
passive film due to a small grain size, which increases the
difficulty of H ions and electrons migrating to the surface
to participate in further electrochemical reaction. In
addition, the HSLA steel has the adhesion strength
between the passive film and the reaction surface due to
the increase in the electron activity at the grain boundary

CPEdl

  RS

 Rct

CPE2CPE1

R1

Rs

R2

a

b

Fig. 8 a and b Equivalent circuits used to fit experimental data of EIS
diagrams for HSLA steel in NaHSO3 solutions

Table 3 Equivalent circuit fitting for the HSLA steel in NaHSO3 solution

Immersion time/h Rs/Ω cm2 Ydl/Ω
−1 cm−2 sn ndl Rct/Ω cm2 Yf/Ω

−1 cm−2 sn nf Rf/Ω cm2 Rp/Ω cm2

48 234.3 1.15 × 10−3 0.80 353.4 353.4

109 232.8 1.18 × 10−3 0.84 559 559

129 226.3 1.89 × 10−3 0.87 857.7 857.7

136 235.9 1.80 × 10−3 0.89 993.5 993.5

240 262 1.45 × 10−3 1.00 509.5 5.56 × 10−3 0.76 197.2 706.7

408 254.3 4.15 × 10−3 0.65 949.4 2.88 × 10−4 0.26 80.5 1029.9

552 280.8 5.73 × 10−3 0.80 531.1 1.90 × 10−3 0.37 103.3 634.4

1650 J Solid State Electrochem (2009) 13:1645–1652



and possible pegging of the passivity film into grain
boundaries [21, 22]. On the other hand, the size and shape
of Fe3C in microstructure affect the cathode reactions
ratio, which would be discussed later.

The fitting results show that the proportional factor Ydl of
CPEdl increases with time for both steels. According to
Turgoose et al. [23], this increase in the capacitance Ydl
value is associated with an increase in double-layer
capacitance due to an increase in the surface area available
for cathodic reaction, which is related to the electrochem-
ical activity of non-oxidized cementite (Fe3C) residue
exposed after the corrosion process. However, this would
lead to a decrease in Rp values with time (higher corrosion
rates), in contrast to the results obtained in this work,
which present 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
carbon steel. That is because the dissolution of the
surrounding ferrite from the pearlite leaves a laminar
structure of non-oxidized Fe3C, as shown in Fig. 4b,
which is not removed from the sample surface. In the case
of the HSLA steel, of which microstructure is the bainite,
the shape of Fe3C is small. When the surrounding ferrite is
dissolved, the small Fe3C phase is easy to detach from the
metal surface and leaves a few Fe3C residues in the
NaHSO3 solution, which can be shown in Fig. 4a.
Therefore, the cathodic areas remain steady for the HSLA
steel. As a result, the increased capacitance values for the
HSLA steel cannot be obviously affected by the increased
area of the residual Fe3C.

The FeSO4 can deposit on the sample surface as shown
in XRD result. As iron sulfate precipitate, they develop a
surface layer over corrosion metal. These scales are
porous and inhomogeneous, allowing the access of
corrosion solution to the base metal. However, with the
immersion time increasing, these scales can seem to cover
over the electrode surface and provide good corrosion
protection to the metal beneath them by restricting the
mass transfer of reactants and products between the

solution and metal [24]. Therefore, a second time constant
in the EIS Bode plots can be seen in Figs. 6 and 7, which
indicates that FeSO4 films were forming on the sample
surface. Consequently, an increase in the capacitance
values could be related to the growing area of iron sulfate
deposit over the surface of the samples, which is
accompanied by an increase in the corresponding Rp

values.
Based on the above analysis, the samples of the carbon

steel had high thickness of corrosion scale at the end of the
experiment, which was caused by higher corrosion rates
and the deposit of FeSO4 films. According to the Helmholtz
model, Cdl = ε0εA/δ; thus, the Ydl values for the HSLA steel
are larger than those obtained for the carbon steel. ε is the
dielectric constant of the medium, ε0 is the vacuum
permittivity, A is the electrode area, and δ is the thickness
of the protective layer. The rising of ndl factor agrees with
this assumption because it can be attributed to an increase
of the homogeneity resulting from the formation of deposit
on the electrode surface.

Conclusions

1. The polarize curve results show that the HSLA steel has
higher Icorr value than the carbon steel, and it indicates
that the HSLA steel is prone to erode in NaHSO3

solution. The rust layer of HSLA steel is more compact
than that of carbon steel. Therefore, it has better
protective ability. The rust layer of the HSLA steel and
carbon steel similarly consist of FeSO4.4H2O,
α-FeOOH, γ-FeOOH, Fe3O4, Fe2O3, and Fe3C.

2. The electrochemical characteristic of HSLA steel and
carbon steel was studied by the EIS diagram. Based on
EIS diagrams with different times, it can be seen that
they have similar corrosion process in NaHSO3

solution. Both steels have similar corrosion resistances
at the first 136 h, and the HSLA steel presents
improved corrosion resistance in the final experiment.
The corrosion process is greatly influenced by the gain

Table 4 Equivalent circuit fitting for carbon steel in NaHSO3 solution

Immersion time/h Rs/Ω cm2 Ydl/Ω
−1 cm−2 sn ndl Rct/Ω cm2 Yf/Ω

−1 cm−2 sn nf Rf/Ω cm2 Rp/Ω cm2

48 274 3.77 × 10−4 0.81 352.3 352.3

109 190.9 5.36 × 10−4 0.83 540.7 540.7

129 180.2 6.14 × 10−4 0.80 696.6 696.6

136 186.3 6.36 × 10−4 0.82 744.9 744.9

240 225 4.42 × 10−3 0.65 171.2 5.48 × 10−3 1.00 430.5 601.7

408 270 7.63 × 10−3 0.98 214.2 3.43 × 10−3 0.54 783.8 998

552 301 5.14 × 10−3 0.24 96.4 3.23 × 10−3 0.66 654.2 750.2
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size of the steel, the shape of Fe3C in microstructure,
and the deposition of FeSO4 on the electrode surface.
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