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The surface rust layer of ASTM A572 grade 50 high-strength low-alloy structural steel was examined under
laboratory wet/dry cyclic corrosion test (CCT) conditions in a simulated polluted marine environment.
According to the corrosion kinetics study, the entire corrosion process in the sample occurred in four stages,
which were identified by the power law exponent, evolved phases, and electrochemical behavior of the rust
layer at various stages. During the early stages of corrosion, the reduction of rust layer phases and the
anodic dissolution of the steel substrate accelerated the overall corrosion rate. Variations in the corrosion
rate were observed as the composition of the rust layer stabilized with increasing CCT cycle due to cracking
and self-repairing of the rust layer. At higher CCT, the composition of the rust layer gradually changed
from a conductive c-FeOOH phase to a stable a-FeOOH phase. The electrochemical impedance analysis
also revealed an increase in rust layer resistance as well as charge transfer resistance of side reactions such
as hydrogen evolution reaction (HER). As a result, as CCT increased, corrosion resistance and thus the
protective ability index increased (PAI). The defect density in the semiconducting rust layer formed at
higher CCTwas lower, indicating a higher level of protection. Based on the findings, a plausible mechanism
of growth of the protective rust layer on the steel sample was proposed.
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1. Introduction

Due to their superior mechanical properties, high-strength
low-alloy structural steels are widely used in structural
applications such as cranes, building structures, heavy con-
struction equipment, and bridges (Ref 1, 2). Corrosion degra-
dation occurs as a result of the harsh industrial and marine
environments to which these steels are frequently exposed (Ref
3, 4). In light of rapid industrial expansion over the past two
decades and increased emphasis on environment and sustain-
ability, understanding the atmospheric corrosion behavior of
these steels to improve their performance is crucial (Ref 5).

Many researchers have extensively studied the atmospheric
corrosion behavior of low carbon and weathering steels under
both field and laboratory conditions (Ref 6-9). Different rust
formation mechanisms have been proposed for these steels,
depending on the environments to which they are exposed.
However, there is a general agreement regarding the con-
stituents of the rust layer and their protective nature. Extensive
research work in atmospheric corrosion of steel has led to
identifying a-FeOOH (Goethite), c-FeOOH (Lepidocrocite), b-
FeOOH (Akageneite), and Fe3O4 (Magnetite) as the major
constituents of the rust layers. Yamashita et al. (Ref 10), in their
study on the atmospheric corrosion behavior of mild steel and
weathering steel in an industrial atmosphere, found that the rust
layer formed consisted of an outer layer of c-FeOOH and an
inner layer of densely packed fine a-FeOOH. They also
proposed a factor called the protective ability index (PAI) to
relate the phase formed in the rust layer to the atmospheric
corrosion resistance of the steel. Accordingly, PAI was
determined based on the ratio of the mass fraction of the
goethite/lepidocrocite (i.e., a/c), which can be related to the
resistance of steels to atmospheric corrosion. A higher PAI
means higher atmospheric corrosion resistance of steel which
depends on the exposure time and the corrosivity environment.
Oh et al. (Ref 11), in their study, identified the a-FeOOH and c-
FeOOH as the major constituents of the rust layers formed in
different low-carbon steels. In low alloy and plain carbon steels,
the nature of the rust layer has been found to be strongly
dependent upon the nature of the environment to which the
steels are exposed (Ref 12). Indoor studies conducted on plain
carbon steel for forty years indicate that a-FeOOH is the most
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stable phase formed in the rust layer (Ref 13). The role of rust
layer thickness on the atmospheric corrosion behavior of a
690 MPa construction steel in a simulated industrial atmo-
sphere was studied by Wenting Zhu et al. (Ref 14). The
electrochemical behavior of the rust formed on the steel
suggests that the diffusion of corrosive ions decreases with the
increase in rust layer thickness. Liu et al. (Ref 15) studied the
effect of tin on the corrosion behavior of low-alloy steel in a
simulated coastal-industrial atmosphere for 120 CCT. They
found that the addition of tin increases the corrosion resistance
of the steel substrate due to the formation of a more stable a-
FeOOH phase in the rust layer. They also observed that the
corrosion of the steel followed three different corrosion kinetics
with the CCT. Initially, there was a rapid increase in the
kinetics, and then, in the second and third stages, the kinetics
decreased at varying rates. The corrosion rate in the second and
third stages decreases owing to the formation of a stable a-
FeOOH phase in the rust layer. They have also shown that the
corrosion process in an acidic environment is accompanied by
two cathodic reactions, the oxygen reduction reaction (ORR)
and the hydrogen evolution reaction (HER). Evans et al. (Ref
16) proposed that during atmospheric rusting, both c-FeOOH
and b-FeOOH phases of the rust layer can be reduced during
the wetting stage of the steel, supported by the anodic
oxidation, Fe fi Fe2+ + 2e�. The oxygen reduction and/or
hydrogen evolution reactions are typical cathodic processes in
an acidic environment. These processes are now accompanied
by the cathodic reduction of the rust layer. Under this situation,
the corrosion rate of the steel will be controlled by all three
processes. This means that further research is needed to fully
comprehend the electrochemical nature of rust layer formation
and its relationship to the corrosion rate of steel under
atmospheric exposure.

Atmospheric corrosion of steel is too critical in industrial
and coastal areas. The presence of a high concentration of
airborne pollutants like sulfur dioxide (SO2) and aggressive
ions like chloride ions (Cl�) affects the nature of the rust layer
(Ref 12). The ingress of aggressive Cl� ions into the rust layer
causes loose, porous, and less adherent rust, bringing the steel
surface in contact with the electrolyte solution, thus increasing
the corrosion rate (Ref 17, 18). It has been observed that the
presence of Cl� ions could break the rust layer (Ref 19),
whereas SO2 promotes the formation of stable a-FeOOH during
the initial stages of the corrosion process (Ref 20). However, an
increase in the SO2 concentration, with time, has a detrimental
effect on the rust layer protection properties. From the above
studies, the presence of aggressive ions like Cl� and SO4

2� has
been shown to synergistically affect the nature of the rust layer
and its protective ability in the case of low-alloy steels. To fully
evaluate its corrosion behavior in a polluted marine atmosphere
and predict its useful life, the effect of these ions on the rust
formed on the high-strength low-alloy steel is required.

To characterize the rust layer formed on steels, various
surface characterization techniques have been used (Ref 8, 9).
To determine elemental composition, scanning electron micro-
scopy (SEM)–energy-dispersive x-ray (EDX) analysis is used.
X-ray diffraction (XRD) and infrared spectroscopy (IR) are
used to identify the phases of corrosion products. Many
researchers have recently used micro-Raman spectroscopy to
determine corrosion product phases because it can detect
amorphous phases (Ref 21-23). The combination of micro-
Raman spectroscopy and an optical microscope provides an

efficient method for determining the structure and depth
profiling of the rust layer.

Outdoor/field exposure tests are considered the most
accurate to study the atmospheric corrosion process. However,
these tests are time-consuming in nature. Therefore, the
laboratory-based wet/dry cyclic corrosion test (CCT) that
produces adherent rust layer similar to those formed in outdoor
tests in short time intervals is one of the most useful approaches
to understand the atmospheric corrosion of steel (Ref 24-29).
Therefore, the corrosion behavior of a high-strength low-alloy
structural steel (ASTM A572 grade 50) micro-alloyed with
niobium (Nb) and vanadium (V) was studied using a labora-
tory-based wet/dry cyclic corrosion test to gain a better
understanding of the electrochemical nature of the rust layer
formed in a polluted marine environment and its relationship to
the rust layer’s composition. As per the author�s knowledge, no
comprehensive study has been carried out on this material to
study the corrosion behavior in a simulated polluted marine
atmosphere. The structure of the rust layer was studied using
grazing incidence x-ray diffraction (GI-XRD), field emission
scanning electron microscopy (FESEM), and micro-Raman
spectroscopy. The electrochemical nature of the rust layer was
studied using electrochemical impedance spectroscopy (EIS),
and the defect structure of the rust layer was studied using the
Mott-Schottky (MS) analysis.

2. Experimental

2.1 Materials

ASTM A572 grade 50 high-strength low-alloy structural
steel supplied by Steel Authority of India Limited (SAIL),
Rourkela, Odisha, India having tensile and yield strengths of
450 and 345 MPa respectively was studied. The steel is micro-
alloyed with Nb, V to ensure grain refinement and precipitation
hardening. The composition of the steel was determined using
optical emission spectroscopy (SPECTROMAXx LMX07,
SPECTRO Analytical Instruments Inc. USA) is given in
Table 1. A typical optical micrograph revealing the microstruc-
ture of the steel is shown in Figure 1.

The alloy has a banded microstructure with alternate layers
of ferrite and pearlite. Specimens of 10 9 10 9 1 mm were
used for gravimetric and electrochemical studies and to
characterize the formed rust layer. For gravimetric studies, the
specimens were ground with SiC emery papers down to 1200
grit silicon carbide paper. Further, the samples were cleaned
ultrasonically using ethanol and stored in a moisture-free
desiccator before they were used for further studies. In
gravimetric studies, four specimens were used to check for
reproducibility of the data.

2.2 Wet/dry Cyclic Corrosion Test

Due to its resemblance to actual outdoor corrosion, the wet/
dry cyclic corrosion test is regarded as an appropriate method
for simulating atmospheric corrosion (Ref 14, 15). The exposed
samples after the cyclic corrosion test were used for the study
of rust layer characterization and to evaluate the corrosion
kinetics. The environment opted for the study was the
simulated polluted marine atmosphere with the following
constitution, 3.5 wt.% NaCl + 0.01 M NaHSO3 with pH = 3.8
± 0.1 at 30 �C (Ref 14). For the cyclic corrosion study, the
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relative humidity inside the chamber was retained at 75%
(± 5%). Cyclic corrosion test was conducted by the following
steps (Ref 30-32): (i) Initially weighing the bare samples; (ii)
the surface of the sample was dampened with a dosage of
40 ll/cm2 3.5 wt.% NaCl + 0.01 M NaHSO3 that simulated a
polluted marine atmosphere; (iii) samples were placed inside a
humidity chamber; (iv) after a period of 12 h samples were
weighed; (v) the surface of the samples was rinsed with
deionized water to avert the salt amassing. Also, it should be
noted that rinsing should be done carefully to prevent rust loss.
The procedure mentioned above was repeated for a total of 120
cycles. The schematic of the wet/dry cyclic corrosion test
procedure is shown in Fig. 2.

2.3 Rust layer Characterization

An Olympus GX 53 inverted optical microscope (Olympus
Corporation, Japan) was used to analyze the microstructure of
the steel specimens. A PanAlyticalTM MRD x-ray diffraction
(Malvern Panalytical, UK) unit was used to perform GI-XRD to
identify the phases of the rust layer. The GI-XRD was carried
out with an incidence angle of x = 2� and a 2h range of 20�-
90�. Cross-sectional image of the rust layer was studied using a
JSM-7600F FESEM (JEOL, Japan) equipped with an EDX.
The nature of the phases formed in the rust layers were also
analyzed using a LabRAM HR Evolution (HORIBA, France)
Raman spectrometer. The samples were excited using a 532 nm
He-Ne laser. The laser power was kept below 1 mW to avoid
heating of the specimen.

2.4 Electrochemical Measurements

Steel specimens of dimension 10 9 10 9 1 mm were used
for electrochemical tests. Working electrodes were prepared by
shouldering copper wire on the counter surface of the steel
specimen covered with a rust layer and covering all the surfaces

except the one with rust layer with a polymer resin. The
exposed surface area of the electrode was 1 9 1 cm2. A
solution of 3.5 wt.% NaCl + 0.01 M NaHSO3 was prepared
using analytical grade reagents and deionized water for
corrosion studies. The electrochemical measurements were
carried out using a VERSASTAT 4.0 potentiostat (Princeton
Applied Research, USA) and the data were analyzed using the
VERSASTUDIO software. Saturate calomel electrode (SCE) as
a reference electrode, and platinum as the counter electrode
along with the steel working electrode were used in the
corrosion cell. The working electrode’s open circuit potential
(OCP) was measured till stabilization occurred which took
about 30 minutes. The EIS was carried out at OCP with an AC
signal amplitude of 10 mV and a frequency range of 105-
10�2 Hz. The defect concentration of the rust layer was studied
using the Mott–Schottky (MS) analysis. The measurements for
MS analysis were carried out at a frequency of 1 kHz within a
potential range of � 0.5 to � 1.5 VSCE with a step size of
50 mV in the cathodic region. The frequency of 1 kHz for
Mott-Schottky was used for a similar type of materials in
literature (Ref 33-41). All tests have been performed at least in
triplicate to check for data reproducibility.

3. Results and Discussion

3.1 Corrosion Kinetics and Stages of Corrosion

Figure 3 depicts the progression of weight gain and the
instantaneous corrosion rate with CCT cycles for high-strength
low-alloy structural steel ASTM A572 grade 50 exposed to a
simulated polluted marine atmosphere.

The weight gain increased monotonously up to 70 CCTwith
some fluctuation in the middle followed by a slow change.
Correspondingly, a nonlinear atmospheric corrosion behavior
was observed with a rapid increase in corrosion rate up to 3
CCT, followed by a sharp decrease up to 17 CCT, after which it
varied with fluctuations and then further declined after 80 CCT
as depicted in Fig. 3.

The atmospheric corrosion kinetics were fitted using the
power law shown below (Ref 42-44).

DW ¼ ANn ðEq 1Þ

where DW represents weight gain (mg/cm2), N represents the
number of CCT cycles and A and n are constants. The above
equation suggests that the corrosion behavior strongly depends
upon two factors: A which depicts the initial corrosion rate of
the steel, and n is the power law exponent, which indicates the
physicochemical behavior of the rust layer (Ref 44, 45). The
power function was expressed as a bi-logarithmic equation, and
Fig. 4 represents a log-log plot of weight gain versus CCT,
demonstrating that atmospheric corrosion occurred in stages.
Table 2 shows the parameters A and n at various stages of
corrosion that were obtained by fitting the curve to the power
law.

Table 1 Chemical composition of ASTM A572 grade 50 steel

Elements C Mn Ni S P Si Nb V Fe

wt.% 0.15 1.32 0.072 0.02 0.02 0.32 0.02 0.02 Bal.

Fig. 1 Optical micrograph of ASTM A572 grade 50 steel
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From the values of the power law exponent n shown in
Table 2, four distinct stages in the corrosion of the steel can be
observed. During 1-3 CCT, stage 1, the n value was 1.40,
indicating rapid corrosion. The n value in the second stage, 3-
17 CCT, was 0.63, significantly lower than that in stage 1,
indicating a decrease in corrosion rate during this stage. The n
value increased to 0.97 in the third stage, 17-80 CCT, indicating
a stable region owing to the formation of a thicker rust layer.
However, at the fourth stage, 80-120 CCT, the n value dropped
significantly to 0.14, indicating a significant decrease in the
corrosion rate, as depicted in Fig. 3. The nature of the rust layer
formed was investigated and related to the corrosion behavior
in different stages.

3.2 Rust Layer Characteristics

The oxide phases in the corrosion products on the surface of
the steel were studied using GI-XRD analysis which is shown
in Fig. 5(a). Different iron oxides and oxyhydroxide phases
such as a-FeOOH, c-FeOOH, a-Fe2O3, and Fe3O4 were
detected.

Figure 5(a) shows that the initial corrosion product formed
on the steel surface after 5 CCT mainly consisted of c-FeOOH
and Fe3O4. However, as the CCT progressed up to 120 CCT,
the number of a-FeOOH peaks increased, indicating a
stable rust layer formation. The latter observation was also

reported in several other studies (Ref 10-12). The protective
ability index (PAI) of steel has been related to the a/c ratio (Ref
8, 10, 11, 30). The ratio was calculated from the phase fractions
of a and c obtained using the X’Pert Highscore Plus software in
which the Relative Intensity Ratio (RIR) of the phases in
relation to the internal standard substance (Al2O3) was used
(Ref 46, 47). Figure 5(b) shows the phase fractions and PAI in
terms of a/c ratio. The fraction of a-FeOOH and c-FeOOH,
which was high at the beginning, decreased after 15 CCT and
increased further with the increase in the CCT number
(Fig. 5b). The decrease in the fraction of a-FeOOH and c-
FeOOH at 15 CCT can be attributed to the formation of phases
like Fe3O4. The a-FeOOH phase fraction increased and reached
a maximum at 40 CCT, and thereafter, it did not change up to
80 CCT. A slight decrease at 120 CCT was probably due to the
cracking and reformation of the rust layer. The GI-XRD results
indicated that at higher CCT, c-FeOOH phase fraction
decreased and that of a-FeOOH increased due to the former
getting converted to more stable a-FeOOH (Ref 10-12, 25).
Hence, at higher CCT, the rust layer becomes more stable and
compact due to the predominance of a-FeOOH. Correspond-
ingly, the figure also suggests an increase in the protectiveness
of the rust layer (hence the decrease in the corrosion rate) with

Fig. 2 Schematic of the steps involved in conducting wet/dry cyclic test

Fig. 3 Variation of weight gain and corrosion rate vs. CCT of steel
sample exposed to simulated polluted marine atmosphere

Fig. 4 Log DW vs. log CCT plot obtained the steel exposed to the
simulated polluted marine atmosphere
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the increase in the CCT cycles. The PAI for 120 CCT was 1.72
whereas, for 5 CCT, it was 0.72.

Using line scan in micro-Raman spectroscopy the compo-
sition of the rust layer and their layer structure across the
thickness was explored. The line scan was conducted across the
thickness of the rust layer on the steel specimens exposed to 15
and 120 CCT as delineated in Fig. 6.

The thickness of the rust layer formed on the steel specimen
below 15 CCTwas insufficient to accurately identify the phases
using the micro-Raman technique. The characteristic Raman
shifts (cm�1) for different phases in the rust layer are shown in
Table 3, which were corroborated from the literature (Ref 48-
53). Figure 6(a) shows the Raman line scan spectra of the cross
section of rust layer after 15 CCT. Position 1 of the Raman line
spectra is located at the outer rust layer, and position 7 is
located at the inner rust layer (at the rust–substrate interface).
The Raman spectra obtained at position 1 and position 2
showed the presence of Fe3O4 and c-FeOOH. At position 3,
Fe3O4, c-FeOOH, and ferrihydrite (Fe5HO8.H2O) were found.
The Ferrihydrite phase typically occurs with a broad band
between 700 and 710, as shown in Table 3.

Raman spectra at positions 4, 5, and 6 showed the presence
of Fe3O4 and c-FeOOH. Position 7, which was located at the
innermost rust layer, showed the presence of a-FeOOH, c-
FeOOH, c-Fe2O3, and a-Fe2O3. The Raman point scan along
the thickness indicated, the transition of c-FeOOH phase at the
outer surface to the a-FeOOH phase in the inner rust layer of
the sample exposed to 15 CCT. However, the rust layer was
mostly dominated by c-FeOOH phase, which is metastable and
less protective, which is responsible for the very low PAI value
seen in Fig. 5(b). Figure 6(b) shows the Raman spectra
obtained from the rust layer formed after 120 CCT. Position 1,
located at the outermost rust layer, consisted of Fe3O4 and c-
FeOOH. Position 2 showed the existence of ferrihydrite
(Fe5HO8.H2O) with a broad band at � 700 cm�1. The Raman
spectra at position 3 were representative of Fe3O4 and
ferrihydrite. At positions 4, 5, and 6, a-FeOOH and c-FeOOH
were detected with peaks at � 385, 285, and � 217, respec-
tively. The innermost rust layer at position 7 consists of a-
FeOOH, c-FeOOH, and a-Fe2O3. The rust layer at the 120 CCT
sample, thus, showed the presence of a-FeOOH at most layers
(positions 4, 5, 6, 7) spanning from the rust–substrate interface

Table 2 Log-log fitting data of weight gain versus Number of CCT cycles of the steel

Stage 1 Stage 2 Stage 3 Stage 4

Number of CCT cycles 1 to 3 3 to 17 17 to 80 80 to 120
Equation: logDW ¼

logAþ nlogN
logDW ¼ 0:34þ 1:4logN logDW ¼ 0:56þ 0:63logN logDW ¼ 0:28þ 0:97logN logDW ¼ 1:73þ 0:14logN

Slope (n) 1.40 0.63 0.97 0.14
R2 0.94 0.97 0.98 0.99

Fig. 5 GI-XRD results depicting the (a) phase composition and (b) semi-quantitative analysis of the phase fraction in the rust layer and
protective ability index
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to the middle of the rust layer. The presence of a-FeOOH across
the thickness indicated the formation of a stable and compact
rust layer. This explains the high PAI obtained for 120 CCT
(Fig. 5b).

The cross-sectional morphologies of the rust layer were
further probed by the corresponding elemental distributions in
the rust layers formed at 15 CCT and 120 CCT, as shown in
Fig. 7.

The thickness of the overall rust layer was about 1181 lm
for 120 CCT, thicker than 108 lm seen for 15 CCT. The
elemental mapping by EDS also gave an idea about the Cl� ion
impregnation in the rust layer. For the 15 CCT sample, the Cl�

was found close to the steel rust interface, supporting a higher
corrosion rate by its action. However, at 120 CCT, the Cl� was
mainly concentrated in the outer to the middle of the rust layer,
indicating no penetration to the inner rust layer. Which
demonstrated the imperviousness of the inner rust layer in the

case of 120 CCT to the ingress Cl�. The latter was another
evidence of the protectiveness of the rust layer formed at 120
CCT and explained the high PAI.

3.3 Electrochemical Characterization of the Rust Layer

3.3.1 Open Circuit Potential (OCP). Open circuit poten-
tial (OCP) has been used to assess the protective nature of rust
layers (Ref 54, 55). The OCP of the rusted steel specimens,
formed under exposure to different CCT cycles, was measured
in 3.5 wt.% NaCl + 0.01 M NaHSO3 (pH � 3.8) solution,
simulating the polluted marine atmosphere. The OCP was
compared with that of the bare steel as presented in Fig. 8(a).

From the figure, at the end of the 1800 s, the OCP steeply
raised from � 0.709 VSCE for the bare steel to � 0.54 V for 40
CCT and remained almost the same till 80 CCT, then slightly
raised to � 0.53 VSCE for 120 CCT. That means the developed

Fig. 6 The cross-sectional Raman line scan spectra through the thickness of the rust layer formed after (a) 15 CCT and (b) 120 CCT (M:
Fe3O4; L: c-FeOOH; F: Ferrihydrite Fe5HO8.H2O; G: a-FeOOH; Ma: c-Fe2O3; H: a-Fe2O3)

Table 3 Characteristic Raman shifts (cm21) for different phases as per literature (Ref 48-53)

Rust layer phases Raman shifts, cm21

Lepidocrocite (c-FeOOH) 217s, (248–252)s, (378–380), (528–530), (650–655), 713
Goethite (a-FeOOH) (241–250), (298–301), (385–390)s, (478–483)

(549–552), (680–685)
Akageneite (b-FeOOH) (310–314)s, (385–390)s, (497–499), (538–541), (720–723)
Feroxyhyte (d-FeOOH) (385–392), 400, (655–680)s

Magnetite (Fe3O4) (298–302), (540–550), (636–670)s

Maghemite (c-Fe2O3) 350, (500–506)s, (700–720)s

Hematite (a-Fe2O3) (220–228)s, (240–247), (289–299)s, (400–415)s, (497–502), (609–615)
Ferrihydrite (Fe5HO8.H2O) Broad band between 700 and 710
s: The strongest peak; Underlined: The next strongest peak.

Journal of Materials Engineering and Performance



rust layer in the samples exposed to higher CCT cycles
displayed noble behavior. The nobler OCP of the rust must be
related to the oxide phases formed in the rust layer. As was
previously discussed, as the number of CCT cycles increased,
the phase fraction of the most protective oxide phase, a-
FeOOH, increased, and the fraction of the more conductive
phase, c-FeOOH, decreased. The decrease in the conductive c-
FeOOH phase can be attributed to the increase in OCP with the
CCT cycle. This also corroborates an increase in the a/c ratio

(Fig. 8b). This observation was further supported by the EIS
studies discussed in the following section.

3.3.2 Electrochemical Impedance Spectroscopy (EIS).
The impedance of the rust layer formed on the steel surface
subjected to various CCT cycles in the simulated polluted
marine environment was investigated using the EIS technique.
Figure S1 represents the impedance spectra versus frequency
(Nyquist plot). The radius of the capacitive arc of the Nyquist
plot is generally taken as a measure of charge transfer resistance

Fig. 7 Cross-sectional morphology and elemental distribution in rust layer exposed to (a) 15 CCT and (b) 120 CCT

Fig. 8 OCP of the (a) variously rusted and un-rusted steel specimens (b) steady-state OCP and a/c ratio vs. CCT number
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(RC) for the auxiliary reaction occurring on the oxide surface at
the OCP. Clearly, from Fig. S1, it is observed that the capacitive
arc radius increases with the CCT number. This implies that the
RC increases with the CCT number, indicating the oxide surface
is more noble or insulating. Figure 9(a) and (b) shows the Bode

plots for the bare and rusted steel samples in the simulated
polluted marine environment. The electrochemical parameters
of rust layer evolution in simulated polluted marine environ-
ment were determined by fitting the EIS data with appropriate
electrical equivalent circuits (EEC). Based on the following

Fig. 9 EIS results of ASTM A572 grade 50 steel in simulated polluted marine environment (a) modulus jZj vs. frequency (b) phase angle vs.
frequency. EEC used for EIS data fittings at different CCT (c) bare steel and (d) rusted steel at 5, 15, 40, 80, and 120 cycles. Rs;Rrust, and RC

represent the solution resistance, polarization resistance of the rust layer and resistance to cathodic reactions (e.g., HER/ORR), respectively.
QC ;Qrust and Qdl refers to the constant phase elements (CPE) at the respective electrode and electrolyte interface. W refers to the Warburg
impedance due to diffusion. Variations of jZj0.01 and corrosion rate (e), and RRust;RC and PAI (f) with CCT number
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discussion, a separate EEC was suggested for fitting EIS results
of the bare and rusted steel, as presented in Fig. 9(c) and (d).
The components present in EEC for the bare steel were
polarization resistance ðRpÞ due to the dissolution of steel
substrate and CPE ðQdlÞ. However, the EEC used for steel
samples with oxide layers is depicted in Fig. 9(d). As the rust
layer uniformly covers the entire surface of the steel, it limits
the diffusion of oxygen (presented by the Warburg, W ).
Besides, the reduction of the rust layer (c-FeOOH to a-FeOOH
phase), represented by RRust, also contributes to the cathodic
reaction in rusted steel along with the other cathodic processes
such as HER (RC). The EEC for these samples, therefore, was
modeled using (QRustRRust) and (QCRCW Þ as primary compo-
nents. The parameters obtained after the fitting of the
impedance data are given in Tables 4 and 5, with a fitting
quality (v2 < 10�4).

From Fig. 9(a) and (b), most notably, the high-frequency
impedance (jZjHF) increased by more than an order of
magnitude with the increase in the number of CCT cycles
(Fig. 9a). In the case of the bare uncorroded steel sample, jZjHF
has contribution only from the solution resistance of the
electrolyte (Rs). However, the samples subjected to varying
numbers of CCT cycles were covered with the rust layers; then,
the measured jZjHF had a contribution from both the electrical
resistance of the rust layer and the Rs. Combinedly, jZjHF in
case of samples with rust layer can be termed as equivalent
series resistance (RESR) (Ref 56-58). The observed increase in
jZjHF with the CCT cycle can, therefore, be attributed to the
possible increase in the electrical resistance of the rust layer
formed since any change in the Rs was expected to be nominal.
From Fig. 9(a), for the 80 and 120 CCT, a significant increase
in the high-frequency RESR value was observed. The increase in
the electrical resistance can be correlated to the increase in the
thickness of the rust layers (Fig. 7) and the nature of the phases
formed (Figure 5 and 6), as discussed under the OCP result and
sections preceding. In summary, the phase fraction of the more
conductive phase, c-FeOOH, decreased, and that of less
conducting a-FeOOH increased with the CCT cycle, and hence
the increase in jZjHF.

The value of low-frequency modulus, jZjLF is a measure of
the polarization resistance the corrosion process must overcome
across the metal-solution interface (Ref 30, 59). From Fig. 9(a)
the value of jZjLF for the bare steel sample is found to be
161.05 X cm2, which was higher than 55.12 X cm2 at 5 CCT
and 78.9 X cm2 at 15 CCT. The plot of the low-frequency
impedance, jZj0.01, at 0.01 Hz with CCT cycles in Fig. 9(e)
represents the trend more apparently. Correspondingly, the
corrosion rate decreased with CCT cycles, which corroborates
well with the trend of jZj0.01.

The low-frequency impedance (jZjLF) for rusted samples
was the sum of polarization resistance of the rust layer (RRust)
and charge transfer resistance to the cathodic side reactions
taking place on the surface of the rust, e.g., HER (designated as,
RC) (Ref 60). While the formation of a very thin rust layer on
the surface of the steel up to 15 CCT must have suppressed the
charge transfer due to the metal corrosion process, the
formation of the conductive c-FeOOH in the rust (Fig. 5 and
6) must have promoted the cathodic reduction reactions like
ORR and HER on the rust surface. However, as the CCT cycles
increased, a more stable, low conducting a-FeOOH phase made
up most of the rust layer (Fig. 5 and 6), increasing RC of the
cathodic side reactions on the oxide, and hence increasing the
jZjLF value about fourteen times, e.g., to 810.7 X cm2 at 120
CCT. Besides, the conversion of c-FeOOH to a-FeOOH phase
is an electrochemical reduction process (Ref 14, 25, 30), which
also will contribute to the increase jZjLF as a more stable phase
forms at higher CCT. The value of RRust increases at a rapid rate
at higher CCT. The increasing trend in RRust and RC with CCT
cycles shown in Fig. 9(f) is consistent with the above
explanation. Besides, from the phase angle plot (Fig. 9b), the
bare steel shows a peak at 2.51 Hz with a phase angle of
60.58�. As the CCT cycle increased, the phase angle shifted to a
lower frequency for the steel surfaces with rust layers,
indicating that the surface behaved more resistively (Ref 61-
63), which supports the increase in the jZjLF. Thus, the change
in the rust layer composition with CCT cycles stabilized the
layer and inhibited both the cathodic reduction reactions and
anodic metal dissolution processes, polarizing the charge
transfer process on the rust layer and hence increasing overall
jZjLF value.

3.4 Mott–Schottky Analysis

The nature of the defect in the rust layer and its relation to
corrosion protection was determined by Mott–Schottky (MS)
analysis (Ref 64-66). The iron oxides and oxyhydroxides on the
steel surface generally behave as n-type semiconductors (Ref
67, 68), except Fe3O4. The MS relationship for n and p-type
semiconductors is given as follows (Ref 69-71):

Table 4 Fitting results of the EIS data of bare steel
specimen

CCT cycle RS, X cm2

Qdl, mS sn cm22

Rct, X cm2Ydl ndl

Blank 5.477 3.232 9 10�3 0.87 158.5

Table 5 Fitting results of EIS data of rusted steel specimens at various CCT numbers

CCT cycle RS, X cm2

QRust, mS sn cm22

RRust, X cm2

QC, mS sn cm22

RC, X cm2 YW, mS s0.5 cm22YRust nRust YC nC

5 CCT 10.04 1584 9 10�3 0.9 28.1 11.89 9 10�3 0.54 15.2 120.4 9 10�3

15 CCT 13.28 9.657 9 10�3 0.39 37.6 119.2 9 10�3 0.76 28.7 53.23 9 10�3

40 CCT 19.81 31.46 9 10�3 0.28 43.7 36.78 9 10�3 0.69 40.7 61.38 9 10�3

80 CCT 55.73 6.61 9 10�5 0.8 78.7 3.718 9 10�3 0.36 76.62 19.77 9 10�3

120 CCT 143.5 0.537 9 10�3 0.2 110 3.685 9 10�6 0.9 98.2 8.081 9 10�3
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where ND and NA are the donor and acceptor density (cm�3),
Efb is the flat band potential, k is the Boltzmann constant, T is
the temperature in Kelvin, A is the exposed surface area (cm2), e
is the dielectric constant of iron oxide and oxyhydroxides
(e ¼ 12) (Ref 72-75), e0 is the permittivity of free space
(8.854 9 10�14 F cm�1), q is the charge of the electron. The
charge carrier densities were determined from the slope of the
plot (C�2

SCvsE). The thickness of the space charge layer (dSC) for
n-type semiconductors was determined from the following
relation (Ref 65, 68).

dSC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ee0
qND

ðE � Efb �
kT

q
Þ

s
ðEq 4Þ

The thickness of the space charge layer (dSC) is proportional
to the ( 1

C2
SC
) as per the relation (Ref 68):

dSC ¼ ee0

ffiffiffiffiffiffiffiffi
1

C2
SC

s
ðEq 5Þ

Figure 10 shows the MS plots obtained on the steel
specimens exposed to different CCT levels in the simulated
polluted marine environment.

According to Fig. 10, the rusts on the steel specimens
exposed to all CCT cycles showed a dominant n-type behavior.
For exposure to 5, 15, and 80 CCT, an n-type behavior and 40
and 120 CCT showed a dominant n- and with a limited p-type
behavior. The n-type behavior during all CCT can be attributed
to the formation of iron oxides and oxyhydroxides such as a-
FeOOH and Fe2O3, which are generally dominant donor
species of oxygen vacancies (Ref 67, 68). The minimal p-type
behavior can be attributed to oxide phases with cation
vacancies (Ref 40, 68). The slope of the n-type component in
the MS plots varies with CCT cycles, from which donor density
(NDÞ was calculated. The higher slope indicated a lower
concentration of defects as per Eq (2). The relationship between
donor density and thickness of the space charge layer ðdSCÞ
with the CCT cycle was used to derive clarity on the nature and
the composition of the rust layer, as shown in Fig. 11.

Clearly, the defect density (NDÞ of the rust layer reduced
with the wet/dry cyclic corrosion process (Fig. 11), indicating
the formation of a compact, dense rust layer comprising of
electrochemically stable phase of a-FeOOH (Fig. 5b). This
corroborates the findings of EIS in Fig. 9, where the low
impedance (jZj0.01) increased with the CCT number. As the
defect concentration decreased, the space charge thickness
increased (capacitance decreased) indicating a more resistive
character, i.e., increase in the charge transfer resistance (RRust

and RC). This results in a decrease in the interfacial reactions
which leads to an increase in corrosion protection ability. At 40
CCT, the slope at more positive potential is used to measure the
value of ND; this is due to the formation of a stable and
compact rust layer at noble potential in the form of Fe2O3 and

a-FeOOH which generally shows n-type character. As the rust
layer continuously gets deposited with the progress of the wet/
dry cycle, the thickness of the space charge layer (dSC)
increases.

3.4.1 Corrosion Mechanisms. On the basis of corrosion
kinetics studied, rust layer characterization, and EIS measure-
ments, the corrosion mechanism of steel samples in the
simulated polluted marine environment may be elucidated.
The power law model (Fig. 4 and Table 2) could accurately
explain the atmospheric corrosion behavior of steel. The

Fig. 10 Shows the MS plots of steel samples exposed to different
CCT numbers in a simulated polluted marine environment

Fig. 11 Shows the relationship between ND and dSC with the CCT
number during wet/dry cyclic corrosion

Journal of Materials Engineering and Performance



corrosion rate initially increased and then decreased as the CCT
progressed, owing to the formation of an adherent rust layer on
the surface of the steel sample. Stability in the corrosion rate
was observed beyond 17 CCT, with slight fluctuations
attributed to the process of continuous breaking and formation
of the rust layer (Ref 14, 15). The corrosion rate decreases
rapidly after 80 CCT, mainly due to the formation of a thicker
and dense rust layer.

Possible reactions occurring on steel surfaces during initial
exposure are shown in Eq (6-8). As the thin layer of the
simulated medium was highly aerated and acidic in nature the
reactions Eq (7) and (8) are not expected to limit the corrosion
kinetics of the steel, whereas the charge transfer step for iron
oxidation is expected to be a rate-controlling step, (Eq 6) (Ref
61, 62).

Anode : Fe ! Fe2þ þ 2e� ðEq 6Þ

Cathode : O2 þ 4Hþ þ 4e� ! 2H2O ðEq 7Þ

2Hþ þ 2e� ! H2 ðEq 8Þ

Subsequently, the active Fe2+ ion generated during anodic
dissolution reacted with the OH- ions formed due to the
reaction in Eq (7) and enriched due to the depletion of H+ ions
due to the reaction in Eq (8) to form Fe(OH)2, as illustrated in
Eq (9)

Fe2þ þ 2OH� ! Fe OHð Þ2 ðEq 9Þ

As the Fe(OH)2 is unstable, it further oxidizes to form
various iron oxyhydroxides such as Fe(OH)3, c-FeOOH (Eq
10-11) (Ref 60).

2Fe OHð Þ2þ 1=2 O2 þ H2O ! 2Fe OHð Þ3 ðEq 10Þ

4Fe OHð Þ2þ O2 ! 4c� FeOOH þ 2H2O ðEq 11Þ

Chen et al. (Ref 20) have proposed that the acidified sulfate
can modify the rust formation in the following manner:

Fe2þ þ SO2�
4 ! FeSO4 ðEq 12Þ

4FeSO4 þ O2 þ 6H2O ! 4c� FeOOH þ 4H2SO4

ðEq 13Þ

2H2SO4 þ O2 þ 2Fe ! FeSO4 þ 2H2O ðEq 14Þ

It is suggested that the lepidocrocite phase, i.e., c-FeOOH
formed in the rust layer during the initial stages of corrosion, is
electrochemically unstable as opposed to a stable a-FeOOH
(Ref 76). Therefore, the former transforms into Fe3O4 during
prolonged wetting-drying cycles as shown below (Ref 14, 77).

8c� FeOOH þ Fe2þ þ 2e� ! 3Fe3O4 þ 4H2O ðEq 15Þ

The rust layer formed on the steel surface acts as a barrier
for oxygen transport causing a reduction in the corrosion rate of
the steel. The cathodic reaction process can continue on the rust
surface depending on its composition, e.g., with the formation
of conductive oxide phases. The reduction process on the rust,
thus, involves the reduction of the rust layer and hydrogen
evolution reaction—the most feasible cathodic reaction being
H+ reduction (HER) in this case. The Fe3O4 can also get
oxidized to a-FeOOH by the ferric ions present in the solution

(Eq. (16)) as revealed by the micro-Raman spectroscopy
(Fig. 6) (Ref 65, 78-80),

2Fe3O4 þ 2Fe OHð Þ3þ 1=2 O2 ! 6a� FeOOH þ Fe2O3

ðEq 16Þ

On long-term exposure, c-FeOOH can also transform into a-
FeOOH via the formation of FeOx (OH)3�2x, an intermediate
amorphous phase (Ref 10).

c� FeOOH ! FeOx OHð Þ3�2x! a� FeOOH ðEq 17Þ

Formation of such an electrochemically stable phase, a-
FeOOH, as illustrated in Eq (16) and (17) in the rust layer
inhibits the rust layer reduction process that is possible through
the reaction shown in equation Eq (15). This in turn reduces the
corrosion rate of the steel. This was revealed by higher jZj0.01
and RRust values shown by the steel exposed to a longer period
of exposure (Fig. 9e and f).

Based on the above results and discussion, the evolution of
the rust layer with increasing CCT number for an ASTM A572
grade 50 high-strength low-alloy structural steel in a simulated
polluted marine environment is schematically shown in Fig. 12.

The rust layer formed on the steel after 5 CCT (Stage-I)
(Fig. 12a) consists primarily of c-FeOOH and Fe3O4, with a
minor amount of a-FeOOH, corroborating the findings of the
GI-XRD results (Fig. 5). The formation of the rust layer
reduces the number of oxygen reduction sites on the metal but
promotes the reduction of highly unstable and conductive
phases such as c-FeOOH and Fe3O4 in the rust layer, which
aids the increase in the corrosion rate (Fig. 3). At 15 CCT,
(Stage-II) (Fig. 12b), the rust layer thickened and was mostly
composed of c-FeOOH and Fe3O4. After 40 CCT, (Stage-III),
the rust layer had a dual structure, with the inner layer mostly
consisting of a-FeOOH and the outer layer mostly consisting of
c-FeOOH (Fig. 12c). As a stable phase, the inner a-FeOOH
mostly protects the steel substrate from corrosion, which
stabilized and formed a dense, compact, and adherent inner rust
layer on the metal substrate after 120 CCT (Stage-IV)
(Fig. 12d). This prevented the diffusion of oxygen and
aggressive anions such as Cl� and SO4

2� onto the metal
surface. The outer layer, composed of c-FeOOH, transforms to
a-FeOOH after prolonged exposure (Fig. 5b). Thus, the gradual
formation and transformation of the rust layer inhibits the
cathodic and anodic reactions, lowering the overall corrosion
rate and protecting the steel substrate. This was supported by
the EIS results (Table 5), which showed that the RC and RRust

values increased as the CCT number increased. The MS results
also showed a decrease in the defect density and an increase in
the thickness of the space charge layer with CCT number.
Cracks are generally formed on the rust phases, which are
unstable/metastable in nature and are susceptible to reduction
during the wetting stage. The cracks in the rust layer will
always move from the inner to the outer layer as CCT
progresses, owing to the formation of a stable phase (a-
FeOOH) in the inner layer.

4. Conclusions

This paper presents the evolution of the nature and structure
of the rust layer formed on the A572 grade 50 high-strength
low-alloy structural steel in a simulated polluted marine
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atmosphere. The conclusions drawn from the study can be
summarized as follows:

(i) Four distinct stages in the corrosion of the steel were ob-
served during the cyclic exposure test to a simulated pol-
luted marine atmosphere.

(ii) The nature of the rust layer formed at each stage was
investigated and related to the corrosion behavior in dif-
ferent stages. Results showed that at higher CCT, the
rust layer becomes more stable and compact due to the
predominance of the a-FeOOH phase and the decrease
in the fraction of c-FeOOH. The former results in the
increase in the protectiveness of the rust layer (hence
the decrease in the corrosion rate) with the increase in
the CCT cycles.

(iii) From the Raman point scan along the thickness of the
oxide layer grown at lower CCT cycle, c-FeOOH phase
was found to be dominated at all depth. At higher
exposure cycle, i.e., 120 CCT, the a-FeOOH phase was
found at all depths of the rust layer of the sample.
Since the c-FeOOH phase is metastable and less protec-
tive, a very low PAI value was observed at smaller
CCT cycles.

(iv) The deeper penetration of the chloride ion in the rust
layer, even reaching the substrate, was found when the
latter was dominated by c-FeOOH phase than a-FeOOH
phase. In case of a-FeOOH dominated rust layer, the
chloride ion is limited to only the outer surface, even
after longer exposure.

(v) The developed rust layer in the samples exposed to
higher CCT cycles was nobler, with a relatively high
positive OCP. The decrease in the phase fraction of the
more conductive phase, c-FeOOH, and the increase in
that of less conducting a-FeOOH with the CCT cycle,
was responsible for the suppression of the cathodic pro-
cesses aiding the corrosion of the steel, which resulted
in lowering the corrosion rate as the exposure cycles
were increased. This explained the higher protectiveness

of the rust layers formed at higher CCT cycles. This
observation was corroborated from the EIS and Mott–
Schottky analysis.

(vi) Finally, the corrosion and the process of rust layer
development on the steel samples in the simulated pol-
luted marine environment were elucidated with a plausi-
ble mechanism based on the corrosion kinetics studies,
rust layer characterizations, and EIS measurements.
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