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Influence of cementite coarsening on the corrosion resistance of
high strength low alloy steel
Chao Liu1,2, Can Li1,2, Zhichao Che3, Xuan Li1,2, Shufeng Yang3✉, Zhiyong Liu1,2, Yigang Zhou4 and Xuequn Cheng 1,2

The impact of heat treatment on the initiation and progression of localized corrosion in E690 steel in a simulated marine
environment was investigated systematically. The primary cause of localized corrosion was the presence of inclusions, which led to
the dissolution of the distorted matrix surrounding them. In the initial stages of corrosion, localized corrosion resulting from
inclusions was the predominant form. The chemical and electrochemical mechanisms underlying matrix deformation and localized
corrosion caused by inclusions were meticulously elucidated. As the immersion time was extended, the galvanic contributions at
the ferrite-austenite interfaces, as well as the coarsened carbides, reduced the polarization resistance in the annealed specimen,
accelerating the corrosion rate compared to the lath martensite in the as-received specimen. Consequently, the heat-treated
sample promoted a transition from localized to uniform corrosion. Finally, a model was established to describe the corrosion
behavior of E690 steel in the marine environment.
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INTRODUCTION
High strength low alloy steels are widely used in ocean
engineering equipment1–3. Corrosion threatens the safety and
service life of such equipment. In particular, localized corrosion
often causes serious and costly damages4. The main way to
connect marine engineering structures of steel is welding, during
which the steel microstructure becomes coarsened under the high
energy input5–7. This would profoundly affect the material’s
corrosion resistance properties.
Previous research found that inclusions play a major role in the

initiation of localized corrosion8–13, which starts with the
dissolution of inclusions or the adjacent matrix. Some researchers
have classified inclusions (e.g., Al2O3

14, MnS-Al2O3
15, (Ti, Nb)N16,

(Ca, Mn)S-(Mg, Al)O17, MnCr2O4/MnS18, and YS19) into a cathode
phase and an anode phase. The cathodic or anodic effect of the
inclusions has been mainly identified based on local electro-
chemical measurements such as localized electrochemical impe-
dance spectroscopy14, Volta potential13,16, energy gap19, as well as
the morphological state of inclusions on the corroded surface15,18.
Moreover, our previous research proved that it is impossible to
form a galvanic couple between an insulating inclusion (e.g.,
Al2O3

9, (RE)AlO3-(RE)2O2S-(RE)xSy11,20, and ZrO2-Ti2O3-Al2O3) and
the adjacent matrix8. We established a corrosion mechanism that
includes the effect of lattice distortion and microcrevices. Namely,
the adjacent matrix with a high density of lattice distortion has
higher corrosion activity. So, localized corrosion could initiate
there and extend easily9,21. After the matrix dissolves, the
formation of oxygen concentration cell and catalytically occluded
cell would accelerate the localized corrosion initiation process11.
To improve its weldability, steel will be Al-Mg composite
deoxidized in the smelting process. This step results in inclusions
in the steel, such as CaS·xMgO·yAl2O3 and CaS·xMgO·yAl2O3·TiN.
However, the influence of heat during the welding on the
mechanism of localized corrosion induced by these complex
inclusions is still unclear.

In aggressive environments, corrosion spots are formed around
the micro-pits induced by inclusions22–24. The formation of these
corrosion spots is associated with the diffusion of corrosion
products. The material’s microstructure and the service environ-
ment significantly impact the evolution of corrosion spots. Under
high hydrostatic pressures, corrosion spots induced by inclusions
on the surface of high-strength steel exhibit a higher coalescence
rate, which leads to fast and uniform corrosion22. In stainless steel,
the corrosion spots would grow sustainably in the longitudinal
direction and form stable pits instead24. In a deaerated acidic soil
environment, the corrosion spots were found to be protected as
the cathodic phase surrounding the pits induced by CaS incision.
This protected area would remain attached after the CaS inclusion
was totally dissolved10. We expect corrosion spots to form around
inclusions in high-strength low alloy steel under the marine
environment. The evolution of these corrosion spots would be a
key issue, which plays an important role in revealing the
mechanism of corrosion development.
Heat treatment coarsens the microstructures, attenuates the

dislocation density, and even changes the type of microstructures.
These alterations are known to have different effects on the
corrosion activity. For example, the ferrite-pearlite phase with a
higher carbon content was reported to exhibit a higher corrosion
rate25. The retained austenite would also accelerate the corrosion
process via microscopic galvanic contributions at ferrite-austenite
interfaces26. What is more, the accumulation of carbides would
also accelerate corrosion27,28. Heat treatment could decrease the
dislocation density in martensitic steel, but the precipitation of
alloy carbides tends to accelerate corrosion29. Unfortunately, there
is no in-depth study on how the microstructure changes caused
by heat treatment affect the germination and evolution of high
strength low alloy steel corrosion.
In this work, we compare the initiation and evolution of

corrosion in E690 steel with/without heat treatment in a marine
environment. In particular, the mechanism of localized corrosion

1Institute of Advanced Materials & Technology, University of Science and Technology Beijing, Beijing 100083, PR China. 2National Materials Corrosion and Protection Data Center,
University of Science and Technology Beijing, Beijing 100083, PR China. 3School of Metallurgical and Ecological Engineering, University of Science and Technology Beijing, Beijing
100083, PR China. 4Peking University library, Peking University, Beijing 100080, PR China. ✉email: yangshufeng@ustb.edu.cn

www.nature.com/npjmatdeg

Published in partnership with CSCP and USTB

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00358-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00358-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00358-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41529-023-00358-1&domain=pdf
http://orcid.org/0000-0003-3437-7036
http://orcid.org/0000-0003-3437-7036
http://orcid.org/0000-0003-3437-7036
http://orcid.org/0000-0003-3437-7036
http://orcid.org/0000-0003-3437-7036
https://doi.org/10.1038/s41529-023-00358-1
mailto:yangshufeng@ustb.edu.cn
www.nature.com/npjmatdeg


induced by different types of inclusions was examined using field
emission scanning electron microscopy-energy dispersive spectro-
metry (FE-SEM-EDS) and electron backscattered diffraction (EBSD).
The corrosion was monitored using electrochemical polarization
measurement, electrochemical impedance spectroscopy (EIS), and
corrosion dynamic analysis.

RESULTS AND DISCUSSION
Microstructure of steel specimens
Morphologies of E690 steel in both the as-received and annealed
conditions are displayed in Fig. 1. The as-received material was
clearly made of fine-grained bainite laths (Fig. 1a, b), with a large
amount of tiny secondary phases uniformly distributed inside the
grain (Fig. 1c). The TEM image in Fig. 1g shows obvious bainite
plate lath. The bainite laths were ~340 nm in width. The nanoscale
secondary phases were identified as cementite (Fe3C). All
cementite precipitates were observed within the martensite laths
and at the lath/grain boundaries. Similar precipitates were
reported by other researchers29. In contrast, the annealed
E690 steel consisted of polygonal ferrite and degenerate pearlite
(Fig. 1d), and there were many coarse secondary phases inside the
steel (Fig. 1e). As the coarse secondary phases gather, some
degenerate pearlite could be seen inside the annealed steel grain
(Fig. 1f). The coarsening of the secondary phases was also verified
by TEM observations (Fig. 1h). The size of the coarse secondary
phases could increase to 670 nm, which is much larger than those
in the as-received steel. These larger-sized secondary phases are
also mainly Fe3C. The observed microstructures and precipitates
agree with previous reports30,31.
The inverse pole figure, grain orientation, and kernel average

misorientation (KAM) of the steel specimens were obtained via
EBSD (Fig. 2). In both types of steel, the grain direction is
crystallographically homogeneous (Fig. 2a, b). Grains inside the

as-received steel are irregular due to rapid heating and cooling in
the hot rolling process. In the annealed steel, the average grain
size became as large as 75.32 μm, which is almost nine times that
of the as-received sample (Fig. 2c). The annealed steel exhibited
straight grain boundaries and some annealed twins due to its full
recrystallization32. High-angle grain boundaries (HAGB) (50°–65°,
especially at 60°) in the steel increased significantly after
annealing. Accordingly, the percentage of low-angle grain
boundaries (LAGB) was relatively lower in the annealed sample.
The HAGB is generally considered to have higher energy than the
LAGB33–35. The KAM maps (Fig. 2e, g) indicate that the as-received
sample had a higher dislocation density than the annealed one,
indicating that the former is in a state with higher stress. In
comparison, a relatively lower dislocation density was observed
inside the annealed specimen (Fig. 2f).
This difference could be ascribed to the high dislocation density

accompanying the formation of sub-grains during the crystal-
lization process21,36. In the hot rolling process, carbon is trapped
within the body-centered cubic unit cells, giving rise to a
tetragonal field that strongly interacts with the dislocation strain
fields. Such a bainitic microstructure contains abundant point and
line lattice defects37. During annealing, the carbide precipitates
gradually coarsen, and the dislocation density decreases at the
same time38.
In the low alloy steel, inclusions are generally the initiation

points of localized corrosion12,16,20. Figure 3 shows inclusions in
the as-received and annealed E690 steel. Because the heat
treatment temperature selected in the research was far below the
liquefaction temperature of the inclusions, there was no change in
the inclusion composition. The main component of the inclusions
was CaS·xMgO·yAl2O3 (Fig. 3a, c)39,40. A small amount of inclusions
made of CaS·xMgO·yAl2O3·TiN were also detected in the as-
received (Fig. 3b) and annealed (Fig. 3d) specimens, probably
generated during the calcium treatment of steel41–43.

Fig. 1 Microstructure morphology of two experimental E690 steels. a, d Stereomicroscopic images, b, c, e, f SEM images, and g, h TEM
morphologies of E690 steel specimens. a, b, c, g As-received steel, d, e, f, h: annealed steel.
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Fig. 2 Inverse pole figure, grain orientation, and kernel average misorientation map comparisons. a, b Inverse pole figures, c grain size
distribution, d misorientation angle distribution, e, f color-coded mapping of kernel average misorientation, and g the local misorientation
distribution of the as-received and annealed E690 steel.
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All inclusions were spherical or ellipsoidal in shape. No obvious
microcrevices (which are considered to promote localized
corrosion9,12) were detected on the inclusions or the steel surface.
The KAM represents the degree of local lattice rotation and

quantitatively measures the local plastic deformation around the
inclusions44. In both types of steel, the matrix adjacent to different
types of inclusions showed lattice distortion (Fig. 3). The reason is
that the irreversible movement of dislocations led to their
accumulation at the inclusions/matrix interface45. However,
compared with Al2O3 inclusions examined in a previous study9,
the dislocation density was lower here due to the soften effect of
CaS46. In the current case, the dislocation density around
inclusions was higher in the as-received specimen than the
annealed one because of dislocation accumulation on the bainite
lath boundaries and the grain boundary. Areas with a high

dislocation density always have higher electrochemical activity in
the corrosion process47, and so they would be easily attacked in
the aggressive environment would be easily attacked in the
aggressive environment48. After heat treatment, the number of
dislocation around inclusions obviously decreased. Hence, it could
be deduced that when placed in the same corrosion environment,
more of the matrix adjacent to inclusions would be dissolved in
the as-received specimen, which has a larger area with high lattice
distortion than the annealed one.

Electrochemical analysis
The polarization curves of specimens after different immersion
times are presented in Fig. 4a–c. The similar anodic curve shapes
of two different E690 steels with different immersion time

Fig. 3 Secondary electron microscopy images, EDS mapping and EBSD results. a, c CaS·xMgO·yAl2O3 inclusions and (b, d)
CaS·xMgO·yAl2O3·TiN inclusions. a, b As-received specimen, c, d annealed specimen.
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Fig. 4 Polarization curves of as-received and annealed specimens after different immersion times. a No immersion, b immersion 4 h,
c immersion 12 h; and d Ecorr / Icorr of different steels with immersion different time.
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implying that their anodic electrochemical mechanism remained
unchanged after the heat treatment. The active dissolution of iron
primarily controlled the anodic reaction49. Conversely, the notice-
able shift and shape alteration of the cathodic curve shape (Fig.
4a–c) indicates the cathodic reaction was either inhibited or
enhanced. Both experimental E690 steels without immersion
demonstrated a significant characteristic of oxygen reduction and
hydrogen evolution reactions (Fig. 4a)49. The cathodic curves of
the annealed E690 steel exhibit a left shift compared to the as-
received E690 steel, implying the inhibition of the cathodic
reaction, as shown in Fig. 4a and b. Which indicated the oxygen
reduction that the oxygen uptake reaction of the cathode is
inhibited50. However, as the immersion time increased to 12 h, the
cathodic curves of the annealed E690 steel showed a pronounced
right shift compared to the as-received E690 steel (Fig. 4c). This
implies that the cathodic reaction of the annealed E690 steel was
strengthened.
Fitting results for the corrosion potential and corrosion current

are displayed in Fig. 4d. The corrosion potential (Ecorr) of the as-
received specimen decreased along the immersion time
increased. The annealed specimens showed the opposite trend.
The as-received specimen exhibited a higher corrosion current
(Icorr) than the annealed specimen. With immersion time increased
to 4 h, both of these two specimens exhibit extremely similar Icorr.
The Icorr increased obviously of these two experimental steels
along the immersion time increased to 12 h. And the annealed
specimen has a distinct higher value than the as-received one,
indicating that the former has worse corrosion resistance than the
latter.
EIS measurements were performed on the two specimens after

they were immersed in the simulated solution for varying
durations. Nyquist curves are shown in Fig. 5a and b. After 0–4 h
of immersion, inductance tails were observed in the low frequency
region of the Nyquist curves. In general, the inductive loop in the
low frequency range is caused by the relaxation process of the
adsorbed ions, like (SO4

2–)ads and (H+)ads in the corrosive
medium51,52. The appearance of the inductive loop implies the
film formed on the specimen surface is not dense or the instability
and inadequate cover of rust layer on these two specimens in the
early stage of corrosion. When the immersion time was longer
than 4 h, the Nyquist curves of both specimens are mainly made
of a capacitive arc. The disappearance of inductive loop indicates
that the corrosion inhibition effect of the film formed on the
specimen surface begins to appear53. The radius of the capacitive
arc also increases with the immersion time, indicating that
dissolution of metal matrix is restrained to a certain extent by
the formation of corrosion product54. According to the Bode atlas,
the maximum phase angle after 12 h immersion shifts from the
medium to the lower frequency regions due to the formation of
stable corrosion products55,56. In all curves, the modulus of the
maximum phase angle is much lower than 90°, which may be
attributed to deviations from ideal capacitor behavior due to local
inhomogeneities in the dielectric material, porosity, mass trans-
port, and relaxation effects57. Based on the above analysis, two
equivalent electric circuits (EECs) were proposed to fit the EIS
curves of specimens after different immersion times (Fig. 5e, f).
The EEC model contains the following elements: Rs is the solution
resistance from the tip of Luggin capillary to the specimen surface,
Qdl is capacitance of the electrical double layer, Rct is the charge
transfer resistance, RL and L are the inductance resistance and the
inductance related to absorption processes on the interface, Qf is
the capacitance of the surface product layer, and Rf is the
resistance of the surface product layer. The fitting results of EIS
curves are listed in Table 1. The small chi-square (χ2) values
indicate good agreement between the measured data and the
models.
Considering the interaction between different electrical ele-

ments in the fitting process, a polarization resistance (Rp) was

proposed to reflect the variation of corrosion resistance during the
immersion test. When there is an inductance in the EIS spectra, Rp
is calculated according to Eq. (1), while it is calculated according to
Eq. (2) in the absence of inductance:

1
RP

¼ 1
Rct

þ 1
RL

(1)

RP ¼ Rct þ Rf (2)

The relationship between Rp and immersion time is illustrated in
Fig. 5g. Before immersion (0 h), the as-received specimen
exhibited a lower Rp compared with the annealed one, indicating
a higher electrochemical activity in the former. This finding is
consistent with the higher dislocation density (Fig. 2e) and lattice
distortion density (Fig. 3a, b) in the as-received specimen. After 4 h
immersion, both specimens displayed similar and lower RP.
However, when the immersion time exceeded 12 h, RP increased
significantly due to the formation of corrosion rust, indicating an
improvement in the barrier properties of the rust during
immersion. As shown in Fig. 5g, the as-received specimen has a
higher RP than the annealed one, suggesting that the former has
better corrosion resistance.

Analysis of corrosion morphology
In order to track the corrosion initiation and propagation
processes, a series of immersion tests were conducted with
different durations (1 min, 2 min, 5 min, 30min, and 12 h). The
morphology of localized corrosion on the two specimens after 1
and 2min are shown in Fig. 6. In both specimens, the first pits
appeared at the interface between the inclusion and the matrix.
The red arrows in Fig. 6a and b indicate irregular pits that recessed
into the matrix in both specimens. Because the original inclusions
had a spherical or elliptical shape (as shown in Fig. 3), it is easy to
confirm that the matrix was preferentially dissolved. Figure 6a(2),
a(3), b(3) and b(4) show that the nearby matrix around the pits had
started to dissolve (marked with blue arrows). What is more, the
smooth boundary of the pits and the inclusion in the pits suggest
that the inclusions had partially dissolved.
Deeper pits surrounded by a corrosion spot were observed on

the as-received (Fig. 6c) and annealed (Fig. 6d) specimens after
immersion for 2 min. Residual inclusions at the bottom of the
deeper pits and the EDS result confirmed that the CaS part of the
inclusions dissolved in such a short time (up to 2min). It has been
reported that CaS is thermodynamically unstable in aqueous
solution at room temperature12. Therefore, these results proved
that the CaS part of complex Al-Ca-O-S inclusions in low alloy steel
could be dissolved readily in the aqueous solution. MgO·Al2O3

would be retained during the localized corrosion initiation process
due to their high thermodynamic stability (Fig. 6c, d).
Dissolution of the distorted matrix left microcrevices between

the inclusion and the adjacent matrix. Because of the limited mass
transport inside the crevices, cations could accumulate and
hydrolyze within the crevices to lower the local pH. As the
corrosion process progressed, the polarization effect increased,
and a more aggressive acidic environment containing Cl–, H+, and
HS– would enhance the dissolution of CaS11,20. Indeed, aggressive
anions such as Cl– accumulated by electromigration to maintain
charge neutrality in the crevice solution. The cation hydrolysis
process would be further strengthened48, resulting in an even
lower pH and triggering the onset of rapid dissolution of
inclusions. This may initiate the dissolution of MgO·Al2O3

inclusions, even though MgO·Al2O3 could not dissolve easily in
the corrosion initiation stage.
The heat treatment would not affect the above-mentioned

mechanism of localized corrosion induced by inclusions. In the
vicinity of the inclusion, a larger circular corrosion spot was
formed around the pit, exhibiting a different morphology from

C. Liu et al.

5

Published in partnership with CSCP and USTB npj Materials Degradation (2023)    43 



that of the steel matrix away from the inclusion in both specimens.
In the as-received specimen, a mass of nano-scaled carbides were
evenly scattered in the formed corrosion spot (Fig. 6c, d). The
carbides accelerated the corrosion process due to their higher

Volta potential than the matrix, as proved in our previous
research58. The nano-scaled precipitates could easily fall off the
matrix after the ferrite dissolved. The obvious difference of the
secondary phases in the corrosion spot of the as-received
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specimen is that they have larger sizes and are distributed in a
relatively concentrated fashion. These larger-sized carbides could
be stably retained in the matrix during the corrosion process.
Figure 7 shows the localized corrosion morphology on the as-

received and annealed steel after immersion for 5 and 30min.
After 5 min, the two specimens exhibited different corrosion
behaviors. In Fig. 7a, several localized pits or corrosion spots were
formed. Abundant nanoscale precipitates could be seen in the
corrosion spot (Fig. 7a(1)). Higher-resolution images of the pits are
shown in Fig. 7a(2)–a(4). At the center of corrosion spots, there
were pits formed after the inclusions have dissolved (Fig. 7a(2)). A
single pit without surrounding corrosion spot was observed in
Fig. 7a(3). This also confirms that inclusion dissolution occurred
preferentially inside the corrosion spots. These aggressive ions
formed in the inclusion dissolution process would diffuse out of
the pits evenly in all directions, affecting a ring-shaped area
around the pit24. Figure 7a(4) displays a corrosion spot without a
pit formed after dissolution of the inclusion inside. There are two
possible routes to form such a corrosion spot. (1) Originally, there
were pits caused by the dissolution of smaller inclusions, but they
disappeared as the steel matrix was dissolved. (2) Some matrix
locations happened to have a higher dislocation density, and
localized corrosion was preferentially initiated there29. It was
reported that when a dislocation core intersects the exposed
metal surface, metal atoms in the adjacent matrix have higher free
energy than atoms distant from it, and the former atoms are at a
high risk of preferential localized corrosion29,59,60.
Figure 7b displays corrosion morphology on the annealed

specimens after immersion for 5 min. Only several smaller

corrosion spots were observed. Figure 7b(1)–b(4) is higher
resolution images of the pits marked in Fig. 7b. Pits with fully or
partially dissolved inclusions appeared at the center of the
corrosion spot (Fig. 7b(1) and b(2)). In the corrosion spots, coarse
carbides surrounded the pits in the corrosion spots (Fig. 7b(3) and
b(4)). The coarse carbides were larger than those precipitates in the
as-received specimen, and their distribution was uneven. Con-
tinuously distributed carbides inside the corrosion spot could form
abundant galvanic couples and promote the initiation of
corrosion. This may explain the different corrosion morphologies
between the as-received and annealed specimens.
The corrosion morphology on the as-received and annealed

specimens after 30 min of immersion are shown in Fig. 7c and d.
For the as-received specimen, when the immersion time
increased, numerous large or small-sized corrosion spots appeared
on the surface (Fig. 7c). Pits formed after the inclusions had
dissolved were also observed inside the corrosion spots (Fig. 7c(1),
c(3), and c(4)). In Fig. 7c(4), several small corrosion spots formed by
inclusion dissolution began to merge into large ones, indicating
an evolution process for the corrosion spots. After the matrix
surrounding the pit dissolved, the undissolved inclusion might fall
off the matrix. Numerous nanoscale precipitates were observed
inside the corrosion spot in Fig. 7c(5).
The annealed specimen also displayed abundant corrosion

spots (Fig. 7d), and pits formed after inclusion dissolution existed
inside the corrosion spot after 30-min immersion (Fig. 7d(1) and
d(2)). Larger-sized carbides could be observed inside the corrosion
spot. Compared to the nanoscale precipitates seen in the as-
received specimen, the larger-sized carbides in the annealed

Fig. 6 Localized corrosion morphology and EDS mapping on the experimental steels. a, c As-received and b, d annealed specimens after
immersion for (a, b) 1 min and (c, d) 2 min.

Table 1. Chemical composition of E690, a low alloy steel (wt.%).

C Si Mn P S Cr Ni Cu Al Ti Mo V Ca Fe

0.114 0.203 1.056 0.0076 0.002 0.462 1.185 0.016 0.038 0.011 0.484 0.033 0.0017 Bal.
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specimen were more stably retained during the corrosion process,
which would provide a continuous galvanic couple effect during
the process of corrosion extension27.
After immersion for 12 h, the matrix in both types of specimens

further dissolved (Fig. 8a, b). Pits formed due to inclusion
dissolution (Fig. 8a(1) and b(4)) could be observed on the

specimens. This is inevitable: because inclusions were evenly
distributed throughout the steel, new inclusions became exposed
on the specimen surface as the matrix continuously dissolved.
Figure 8a(2)–a(4) reveal the propagation of corrosion spots. Figure
8a(3) shows the boundary of the corrosion spot with a gully
morphology, which is due to the dissolution of ferrite under the

Fig. 8 Corrosion morphology on the experimental steels. a As-received and b annealed specimens after immersion for 12 h.

Fig. 7 Localized corrosion morphology and EDS mapping on the experimental steels. a, c As-received and b, d annealed specimens after
immersion for (a, b) 5 min and (c, d) 30 min.
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galvanic couple effect. There were a great amount of nanoscale
precipitates inside the corrosion spot in Fig. 8a(4). After immersion
for 12 h, a severely corrosion morphology appeared on the
annealed specimen (Fig. 8b). After the ferrite dissolved, strips of
carbide were retained on the specimen surface (Fig. 8b(1)),
confirming that larger-sized carbides could remain in the matrix.
These carbides maintained a continuous galvanic couple effect in
the corrosion extension process and accelerated the corrosion
reaction61. Numerous pits induced by the carbides were also
observed in the annealed specimen (Fig. 8b(2) and b(3)). Again,
there were larger-sized carbides embedded in the matrix around
the pits or intersecting the pits on the surface (Fig. 8b(4)).

Kinetic analysis of the localized corrosion initiation process
In the immersion test, the specimens showed localized corrosion
morphology within 30 min. To further examine the initiation of
localized corrosion, the typical pitting depth, and 3-D morphology
were measured at high magnification (Fig. 9). In both types of
specimens, the pits had an open hemispherical cavity, and the
diameter of the pitting holes increased with the immersion time.
This is different from the case of stainless steel, in which the
formed pits have an overall hemispherical or dish shape62–64.
The pit density was also statistically analyzed based on 50

randomly selected visual fields, in order to investigate the rate of
localized corrosion initiation between the two types of specimens.
The obtained pit densities are displayed in Fig. 10. For both types of
specimens, the pit density increased upon extending the immersion
time. Intriguingly, the pit density is always slightly higher in the as-
received specimen compared to the annealed one. Considering the
similar amount and distribution of inclusions in these two
specimens, we attribute their difference in pit density to a change
in dislocation density. Metal atoms in a matrix with a higher
dislocation density will have higher free energy. According to
Gutman’s mechano-electrochemistry theory47, the electrochemical
activity would increase due to the lattice distortion. Hence, localized
corrosion is preferentially initiated at these locations to relieve the
stored energy through the metal/electrolyte interface29.
The ratio of pit depth to pit mouth diameter (k) is typically used

to characterize the pit extension process65. Normally, there is a
liner relationship between the ratio k and the pit volume, as
described by following:

k ¼ aV þ b (3)

where a and b are constants, and V is the pit volume. k decreases as
the pit volume increases when a <0, and vice versa. Stainless steel
has a > 0, meaning that the pits will quickly extend longitudinally
and become stabilized66. Figure 11 plots k vs. V for the as-received
and annealed specimens after different immersion times. All fitting
lines show negative slopes that become less steep at longer
immersion times. This indicates that the pit mouth diameter
increases more rapidly than the pit depth in the early stage of
corrosion initiation. The smaller absolute value of k at longer
immersion times indicates a declining contribution from pitting
corrosion during to the corrosion evolution process. This is also
consistent with the uniform corrosion morphology observed after
much longer immersion times (such as 12 h).

Mechanism of the corrosion initiation and propagation
According to the analysis above, the localized corrosion was
mainly induced by inclusions. Heat treatment did not change this
mechanism. First, the area with lattice distortion around the
inclusion is dissolved (Fig. 6a, b). The reason is that this area had
higher electrochemical activity due to the high local dislocation

Fig. 9 Surface morphology and 3-dimensional structure of the initial localized corrosion in the experimental steels. a, c, e, g As-received
and b, d, f, h annealed specimens after immersion for (a, b) 1 min, (c, d) 2 min, (e, f) 5 min, and (g, h) 30 min.

Fig. 10 Statistical analysis of pit characteristics. Pit density on the
as-received and annealed specimens after immersion for 1, 2, 5, and
30min.

C. Liu et al.

9

Published in partnership with CSCP and USTB npj Materials Degradation (2023)    43 



density9,21,47, and therefore it was easily attacked in the aggressive
environment48. With matrix dissolution in the dislocation region,
an oxygen concentration cell would be formed in the micro-pits
owing to the oxygen-concentration gradient, accelerating further
matrix dissolution. While the CaS portion dissolved in the
corrosion process (Fig. 6c, d), an aggressive environment was
formed in the pits. To maintain charge balance in the pit with a
continuous influx of Cl–, the matrix had to be hydrolyzed
continuously, which resulted in a catalytic occluded cell with the
micro-pits acting as anodes67. A decreased pH caused the
xMgO·yAl2O3 inclusions to dissolve (Fig. 7). The TiN portion with
high thermodynamic stability might fall off the matrix during/after
matrix dissolution. In our immersion test results (Fig. 8), both the
as-received and annealed specimens exhibited uniform corrosion
after a long immersion time (e.g., 12 h).
In the early stage (e.g., the first 30 min), localized corrosion

was the main corrosion morphology. Statistical analysis results
in Fig. 10 indicate that the pit density was always higher in the
as-received specimen than that in the annealed specimen. This
presumably results from a difference in dislocation density,
because the inclusion conditions were similar between these
two types of specimens. When the matrix has a higher
dislocation density, metal atoms therein have higher free
energy, which causes higher electrochemical activity in the
area47. Thus, localized corrosion could easily initiate and extend
in the area with higher dislocation density. Metal atoms adjacent
to a dislocation core that intersects the exposed metal surface
also have higher free energy than atoms distant from it, which
may indicate that emergent ends of edge/screw dislocations are
the preferred sites for corrosion redox reactions29,59,60,68. Hence,
localized corrosion is favorably initiated at these locations to
relieves stored energy through the metal/electrolyte inter-
face21,29,69. Corrosion spots without inclusion inside them, such
as the one shown in Fig. 7a(4), might lead to the higher pit
density observed in the as-received specimen. Kinetic analysis of
the localized corrosion initiation process indicated that the
weight of pitting corrosion decreased during the corrosion
evolution process (Fig. 11). This is also consistent with the
uniform corrosion morphology seen after longer immersion
times such as 12 h.

After the immersion test, corrosion spots could be observed around
inclusions (Figs. 6 and 8). Corrosion spots on the as-received and
annealed specimens underwent similar evolution processes, as shown
in Fig. 12a–d. Pits would be preferentially formed at the inclusion
location. As the corrosion product spread outward from the pit center,
obvious corrosion spots could be seen around the inclusion (Fig. 12b).
As the immersion time increased, the corrosion spots began to merge
(Fig. 12c and d). Figure 12e and f schematically depict the formation
and propagation of corrosion spots, respectively. During the initiation
of localized corrosion, after the dissolution of the inclusions and their
adjacent matrix, the aggressive ions diffused isotropically out of the
inclusions, forming a ring-shaped zone around the inclusion with a
more corrosive environment than the matrix far away
(Fig. 12e). Fe2+ ion was formed in this zone, diffused to the matrix
further away, and reacted with OH– to form a rust film there. This
caused an oxygen-concentration cell to form between the ring zone
and the matrix further away, accelerating dissolution of the ring zone.
Further, carbide is normally regard as the cathodic phase and will
accelerate matrix dissolution in the ring zone27,70. All these events led
to the formation of corrosion spots during the early stage of
corrosion. At longer immersion times, distinct corrosion spot were
formed around individual inclusions. As the matrix continuously
dissolved, the corrosion spots fused with each other, and the surface
displayed uniform corrosion (Fig. 12f).
Heat treatment reduced the dislocation density in the steel

(Fig. 2g). As shown in Fig. 4d, the as-received specimen had a
larger corrosion current than the annealed one without no
immersion, indicating that the former has worse resistance against
uniform corrosion. The polarization curves indicated the anodic
reaction was mainly controlled by the active dissolution of iron
(Fig. 4a–c)49. The left shift of the cathodic polarization curves in
the annealed E690 steel (Fig. 4a, b) compared with the as-received
one in the condition of no immersion and immersion 4 h implied
the cathodic reaction was inhibited. This could be result from the
lower dislocation density in the annealed specimen, which directly
reduced the amount of corrosion active sites in the corrosion
initiation early stage22,40,48. Before the immersion test (0 h), the as-
received specimen had a lower Rp than the annealed one,
indicating its relatively high electrochemical activity owing to a
higher density of lattice distortions. After 4 h immersion, both two

Fig. 11 Ratio of pit depth to mouth diameter (k) of the as-received and annealed specimens after different immersion times. a As-
received specimen immersion 1min, b as-received specimen immersion 2min, c as-received specimen immersion 5min, d as-received
specimen immersion 30min, e annealed specimen immersion 1min, f annealed specimen immersion 2min, g annealed specimen immersion
5min, and h annealed specimen immersion 30min.
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specimens had lower RP, possibly because in this period localized
corrosion induced by inclusion dissolution was the main
contributor to corrosion. Also, inclusions in these two specimens
had similar conditions. When the immersion time increased to
12 h, the cathodic reaction of the annealed specimen was
strengthened (Fig. 4c). After 12 h, the RP of the annealed
specimens continued to decrease. The corrosion morphologies
shown in Fig. 8b shows that a large amount of pearlite directly
leads to the appearance of corrosion pits of large size in the
annealed specimen. These findings suggest that the retained
austenite contribute to corrosion via microscopic galvanic effects
at ferrite-austenite interfaces and promote ferrite dissolution
therein26. Additionally, the coarsened carbide would also accel-
erate the corrosion process27. However, the RP of as-received
specimen increased distinctly with the formation of corrosion rust,
indicating an increased barrier effect of rust during immersion.
The annealed specimen had a higher RP than the as-received one
and therefore probably better corrosion resistance.
The influence of heat treatment on the corrosion resistance of

materials is a complex phenomenon. This study aims to analyze
the mechanism of corrosion resistance evolution in materials by

examining microstructural changes. Our findings suggest that the
initiation mechanism of localized corrosion is not affected by heat
treatment, as it is primarily caused by the dissolution of inclusions
or the adjacent matrix. During the early stages of corrosion, both
the as-received and annealed specimens show dominant localized
corrosion. However, its contribution decreases as corrosion
progresses with increasing immersion time.

METHODS
Materials and methods
E690 steel was processed by Nanjing Iron and Steel Group using
thermal mechanical control processing. Its chemical composition
is given in Table 2.
For the heat treatment, the specimen was heated to 1200 °C for

30min, and then cooled in the furnace. Samples with a size of
10mm × 10mm × 6mm were mechanically ground and polished.
Then, they were cleaned ultrasonically in ethanol and dried in cool
air. To prevent the mechanical polishing process from interfering
with microstructural observation, these samples were manually
ground to 30 μm with silicon-carbide paper and then reduced

Table 2. Fitting results of EIS curves for the as-received and annealed specimens (denoted as AR and AN, respectively) after different
immersion times.

Time h Rs Ω·cm2 Qf × 10−4 Ω−1 cm−2 sn nf Qdl × 10−4 Ω−1 cm−2 sn ndl Rf Ω·cm2 Rct Ω·cm2 RL Ω·cm2 L H·cm−2 χ2 × 10−4

AR 0 77.16 4.970 0.73 393.4 896.5 2977 2.923

4 80.31 5.710 0.748 488.9 890.6 5464 2.589

12 80.78 7.258 0.715 25.67 0.549 554.6 482.2 2.307

AN 0 75.24 4.360 0.707 550.5 101.2 6344.0 3.085

4 80.87 7.844 07.23 457.9 686.4 7271.0 7.006

12 77.75 2.188 0.656 25.69 0.991 331.9 381.8 0.619

Fig. 12 Corrosion morphology evolution tracing and corrosion mechanism model. a–d Evolution of corrosion spots formed on the as-
received specimens. Schematic representation of reactions during the (e) formation and (f) propagation of corrosion spots.
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with argon ions (Gatan 691 Precision Ion Polishing System). For
the EBSD test, specimens were mechanically polished and then
electropolished in an electrolyte of 10 vol.% perchloric acid in
ethanol. Samples used for the TEM test were ground down to
2000 grit, polished to a thickness of 30 μm, and then further
polished by ion beam in the same system mentioned above, until
the center of the sample was perforated.

Microstructural characterization
The morphology and composition of inclusions were character-
ized by FE-SEM (Zeiss Merlin, Germany) and EDS on ion-polished
samples, so that the mechanical polishing process would not
affect the characterization9. For microstructural observation, the
samples were etched with 4% Nital solution and then observed
with FE-SEM. TSL data acquisition software integrated with the
FE-SEM system was used to capture the EBSD data. The nanoscale
structure was characterized by TEM (JEOL JSM-7100F, Japan).

Electrochemical measurements
The electrochemical measurements were performed with a
potentiostat (VersaStudio 3 F; Princeton, USA). Electrochemical
polarization and EIS were performed in a three-electrode set-up
using the steel electrode, a platinum sheet electrode, and
saturated calomel electrode (SCE) as the working electrode,
counter electrode, and reference electrode, respectively. The
samples were sealed in epoxy resin except for a 10mm × 10mm
surface. The open circuit potential (OCP) was monitored for 3600 s
to obtain an electrochemical steady state. After different immer-
sion times (0–12 h), EIS measurements were conducted in the
frequency range from 104 to 10−2Hz. A sinusoidal perturbation of
10mV (peak-to-peak value) was imposed at open circuit potential
over the frequency during the EIS test. with a dynamic potential
polarization curve scanning rate of 10 mV/min after immersion
different times. The potentiodynamic polarization curves were
conducted from OCP to the anodic and cathodic directions,
respectively, with a scan rate of 10 mV/min. The aqueous solution
used for immersion had a pH = 4.9 and contained 0.1 wt.% NaCl,
0.05 wt.% Na2SO4, and 0.05 wt.% CaCl271, in order to simulate thin
liquid films formed under a humid marine environment at Xisha
Islands in the South China Sea. The solution used in this work is an
aerated solution.

Immersion test
FE-SEM-EDS was used to observe the corrosion morphology of
immersed specimens, including the initiation of localized corro-
sion and the transition to uniform corrosion. After the specimens
were immersed for 1 min, 2 min, 5 min, 30 min, and 12 h, the rust
on their surface was removed using a solution containing 50%
HCl, 50% deionized water, and 5–8 g/L C6H12N4. The morphology
of localized corrosion formed in the early stage was examined
under a laser confocal microscope (VKX250; Keyence, Japan) with
a motorized Z-axis stage. All tests were conducted at ambient
temperature. The reported results are the average of three
repeated measurements. In this study, we utilized FE-SEM to
collect a minimum of 20 random fields of view for observing the
corrosion morphology of the material under each condition. The
resulting corrosion patterns were subjected to statistical analysis.

DATA AVAILABILITY
The relevant data is available from the corresponding author upon reasonable
request.
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