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Effect of Microstructure of Low-Alloy Steel on Corrosion
Propagation in a Simulated CO2 Environment
Kapil K. Gupta,1,z Rouhollah Yazdi,1 Mathias Styrk-Geisler,2 Oleg V. Mishin,1 and
Rajan Ambat1

1Department of Civil and Mechanical Engineering, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark
2Danish Fundamental Metrology A/S, 2970 Hørsholm, Denmark

The paper focuses on the analysis of initiation and propagation of CO2 corrosion in several samples of low-alloy steel with different
microstructures using scanning electrochemical microscopy (SECM) and other microscopy techniques. It is found that the
corrosion rate and the mode of corrosion are highly sensitive to the microstructure. The overall current density is much higher and
more uniformly distributed for the tempered martensite structure than for samples having either a ferritic-pearlitic microstructure or
a microstructure combining ferritic, bainitic and martensitic-austenitic regions. As a result, the sample with the tempered martensite
structure undergoes uniform corrosion, while the other two samples undergo selective corrosion. The SECM maps show that
regions of polygonal ferrite generate larger anodic currents than the pearlitic structure in the early stages of corrosion. The residual
cementite provides greater cathodic surface areas after the initial dissolution of ferritic lamellae within pearlite, promoting galvanic
corrosion and subsequently enhanced dissolution of ferritic lamellae. According to SECM data, the dissolution of iron in polygonal
ferritic grains is 2.4 times faster than that of ferritic lamellae in pearlitic regions.
© 2022 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/aca127]

Manuscript submitted July 15, 2022; revised manuscript received October 17, 2022. Published November 18, 2022. This paper is
part of the JES Focus Issue on Nucleation and Growth: Measurements, Processes, and Materials.

Low-alloy steel is widely used in the oil and gas industry, where
this material is commonly exposed to harsh CO2-containing
environments,1,2 causing general and localized corrosion.3 The
severity of the CO2 corrosion depends both on the parameters of
the corrosive environment (e.g. the presence of Ca2+, Mg2+, Cl−

ions in the solution, pH level, temperature, flow characteristics) and
on the microstructure of steel (amount and spatial distribution of
phases resulting in preferential sites for local anodes and cathodes).4

In turn, the corrosion behaviour is highly influenced by the steel
microstructure developed as a result of chemical composition and
thermomechanical treatments.5–14

Comparing different microstructures formed in low-alloy steels as a
result of different cooling rates, it has been shown that the ferritic–
pearlitic (FP) microstructure enables a higher resistance to corrosion in
brine solution than martensitic or bainitic microstructures.15,16 In these
studies, the corrosion resistance of steel was considered to be improved
by protective corrosion scales, which formed quickly in steel with the
FP microstructure in a CO2-containing solution. However, other studies
showed different behavior,10,17 reporting that galvanic coupling between
ferritic and cementite Fe3C phase in combination with internal
acidification in between pearlitic lamellae increased the corrosion rate.

It has been suggested that since Fe3C is more cathodic than ferrite
and has a smaller overpotential for hydrogen development,7 micro-
galvanic cells are formed between ferrite and Fe3C, which results in
selective attacks at and around pearlite lamellar bands. Furthermore,
based on electrochemical experiments on carbon steel with different
microstructures, Ochoa et al.18 suggested that the kinetics of CO2

corrosion were strongly determined by the morphology and the
distribution of Fe3C in the microstructure. Since Fe3C is an
electronic conductor, which acts as a cathode in contact with ferrite
(anode), cementite particles and lamellae become cathodic sites for
the hydrogen evolution reaction.19–21 Compared to the ferrite phase
(α-Fe), the Fe3C phase is more difficult to dissolve, hence it is often
found as a residue on the steel surface. According to Ochoa et al.,18

the morphology and spatial distribution of the undissolved cementite
in an API 5 L X42 carbon steel after selective CO2 corrosion favored
the formation of protective FeCO3 directly in contact with the steel
substrate. However, in another study of carbon steel with both

tempered martensite and FP structures in a CO2-saturated 3 wt%
NaCl solution,22 selective dissolution of ferrite was not observed.
Instead, general and rapid corrosion was found in this material.22 It
is known that the tempering temperature affects the size of cementite
particles and, therefore, has a significant effect on corrosion
resistance. For example, Clara et al.23 reported that the corrosion
rate of HT10 and F22 carbon steels decreased with increasing
tempering temperature due to a reduced dislocation density and
coarsening of cementite particles. On the other hand, higher Icorr
values were measured by Hafeez et al.24 for tempered carbon steels
exposed to a 3 wt% NaCl solution as compared to those after water-
quenching. It is obvious that the literature data about the effect of the
microstructure on the corrosion rate in carbon steel are not
consistent. Furthermore, the mechanism which controls the corro-
sion mode in such steels, especially at the initiation and growth
stages, is not fully understood. The mode of corrosion together with
the size, shape and distribution of cementite within the steel
microstructure is shown to play a key role in defining the corrosion
behaviour including scaling and adherence of produced layer.5,17

Therefore, it is important to investigate how steel samples with
different microstructures are locally dissolved in a CO2-containing
environment.

In the field of corrosion research, the traditional electrochemical
methods, such as electrochemical noise methods, electrochemical
impedance spectroscopy and potentiodynamic techniques, provide a
surface-average response suited for uniform corrosion.7 However, a
drawback of these techniques is the lack of spatial resolution needed
to characterize the processes at the microscopic level.25,26 Selective
corrosion (such as pitting and galvanic corrosion) causes non-
uniform current density distributions on the metal surface, as well
as non-uniform concentration distributions of metal ions and H+.
Due to its micron-sized electrode, scanning electrochemical micro-
scopy (SECM)27–34 delivers useful spatial and immediate informa-
tion, rather than surface-averaged information. Previous SECM
studies related to corrosion of ferrous materials focused on iron
dissolution,35 iron passivity36 and localized corrosion of stainless
steels and iron.37,38 However, most of the studies were conducted
using redox mediators, which could affect the kinetics of the anodic
dissolution of iron. Therefore, it is important to determine the
corrosion behavior using a different SECM mode without redox
mediators, especially in connection with CO2 corrosion.zE-mail: kkgup@dtu.dk
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In the present work, local electrochemical dissolution of low-
alloy API L80–1Cr steel with different microstructures is investi-
gated using the substrate generation/tip collection (SG/TC) mode of
SECM in a simulated CO2 environment without redox mediators.
Different microstructures in this steel are obtained as a result of
varying cooling media after austenization treatment. Furthermore,
the microstructure and local CO2 corrosion of the most corrosion-
resistant sample is additionally investigated using a variety of
characterization techniques before and after immersion tests. Such
quasi-in situ characterization enables detailed analysis of spatially
resolved correlations between CO2 corrosion and different micro-
structural features in low-alloy steel.

Experimental

As-received and heat-treated samples.—The material used in
this study was a ∅15 mm rod of the API L80–1Cr steel (42CrMo4).
The chemical composition of this material is shown in Table I. The
as-received material (sample AR) was delivered in a quenched and
tempered condition. This sample was used to produce two other
samples by austenization in a furnace at 950 °C for 2 h, followed by
cooling either in the furnace (sample FC) or in air (sample AC).

Microstructural characterization.—Several specimens from
each sample were mechanically ground with SiC papers up to the
P4000 grade, followed by mechanical polishing using a 1 μm
diamond suspension from Struers. The specimens were etched in a
2% nital solution, rinsed in distilled water and ethanol, and finally
dried. A Zeiss Axio Vert.A1 microscope was used to take optical
micrographs, while backscattered electron (BSE) images and sec-
ondary electron images were taken using a Quanta FEG 250
environmental scanning electron microscope and a Zeiss Sigma
300 FEG scanning electron microscope operated at an accelerating
voltage of either 15 kV or 20 kV. The BSE images were used for
calculating area fractions of different structures present in the
samples. For each sample, five BSE images with a total area of
25000 μm2 were analyzed using the image-J software.

The microstructure of each sample was also analyzed using the
electron backscatter diffraction (EBSD) technique. Specimens for
EBSD were mechanically polished and then electropolished in
Struers A2 solution at room temperature. EBSD patterns were
collected at an accelerating voltage of 20 kV and a working distance
of 8.5 mm using a C-Nano EBSD detector from Oxford Instruments.
An area of at least 15.000 μm2 was covered in each sample with a
step size of 30 nm to 50 nm.

SECM investigation.—Prior to the SECM analysis, optical
images were taken from the etched surface to reveal the micro-
structure. The surface was then mechanically polished using the
1 μm diamond suspension for 20 s and analyzed in a M470-
BioLogic SECM workstation with a three-electrode cell and an
electrolyte containing 3.5 wt% NaCl solution and 1 g l−1 NaHCO3

from Merck. Note that NaHCO3 provided HCO3
− ions in order to

simulate CO2-containing condition. The tip with a diameter of
10 μm and the sample were used as working electrodes, while a 2 ×
2 cm2 Pt plate and an Ag/AgCl electrode were used as the counter
and reference electrodes, respectively. The intermittent contact (ic)
SECM mode was used to fix the distance between the tip and the
surface to ∼5 μm during the measurements and, therefore, to
eliminate signals caused by surface topography, which could
otherwise have interfered with the electrochemical signals.

Steel specimens were maintained at a cathodic potential of
−0.80 V vs Ag/AgCl (approximately −100 mV vs open circuit
potential) to reduce the kinetics of the oxidation reaction (Fe2+

formation). This increased the required time for corrosion initiation
and enabled the detection of microphases. Sample generation/tip
collection (SG/TC) mode was used by applying a bias potential of
+0.60 V vs Ag/AgCl, so that oxidation of Fe2+ to Fe3+ ions could
occur on the tip surface and consequently generated electrons. Note
that in the SG/TC mode, the ions generated at the substrate are
collected by the tip, and the applied bias on the tip is used for the
oxidation/reduction reactions to obtain the current distribution map.
The dissolution of Fe ions used for generating the current distribu-
tion map of the surface is described by reaction 1:

→ + ¯ [ ]+Fe Fe e2 12

An applied potential of +0.6 V vs Ag/AgCl to the probe
generates an anodic current (oxidation reaction 2) at the tip (see
Fig. 1).

→ + ¯ [ ]+ +Fe Fe e 22 3

According to Ref. 39, the theoretical potential for oxidation of
Fe2+ to Fe3+ is +0.541 V vs Ag/AgCl. Therefore, a more positive
potential conventionally provides a sufficient driving force for Fe2+

oxidation.
Ic-SECM maps showing the distribution of tip current Itip were

obtained as the tip scanned over surface areas of 50 × 50 μm2 for the
FC sample and 70 × 70 μm2 for the AC and AR samples with a step
size of 2 μm in both x- and y-directions. The samples were exposed
to the solution for 5 h and the SECM maps were obtained every
hour.

For the FC sample, the tip current was recorded when the
electrode tip approached the sample surface. In the obtained
approach curve, the current depends on both the distance and the
amount of releasing ions. Since the rate of ion release is different in
different phases, comparing the anodic current in the different

Table I. Chemical composition (wt%) of the API L80–1Cr steel.

C Cr Mn Mo P Si S Fe

0.40 1.10 0.75 0.20 ⩽0.035 0.20 ⩽0.040 base

Figure 1. Schematic illustration of the SECM probe in the SG/TC operation
mode and expected reactions at the alloy surface.
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phases provides quantitative ways to determine the local dissolution
rate in multiphase systems.

Scanning kelvin probe force microscopy (SKPFM).—A Bruker
Multimode 8 atomic force microscope was employed to measure the
surface topography and Volta potential difference between various
phases on the FC sample surface under ambient conditions in the
peak-force SKPFM mode. An area of 3.5 × 3.5 μm2 was scanned
using a PFQNE-AL probe (silicon tip on silicon nitride cantilever
that had spring constant (k) ≈1 N m−1, and nominal frequency f0 ≈
300 kHz) at an alternating current voltage of 5 V and a lift height of
50 nm. The tip was calibrated using a standard gold sample. The
obtained local Volta potentials were mapped and correlated with the
responses from the different structures on the steel surface.

Short-term immersion experiments.—To characterize the same
area before and after the immersion test, microhardness indentation
marks were made on the etched sample surface, as shown in Fig. 2.
To enable statistical measurements, three regions were marked and
investigated in each sample. The initial surface in the marked
regions was inspected using light optical microscopy, SEM and
laser microscopy. After this first inspection, the samples were
mechanically polished using the 1 μm diamond suspension for
20 s, so that the etched surface was largely removed, while the
indentation marks were still distinguishable after polishing. The 3D
profilometry of the marked areas was performed using a CMM-008-
Olympus-LEXT laser microscope and applying a blue laser. SPIP
software was used for further analysis of the profilometry images.

Corrosion initiation and propagation were then studied by
immersing the specimen in a CO2-saturated 3.5 wt% NaCl solution
at 40 °C for different periods of time (3 min to 60 min). The
immersion experiments were conducted in a 1.5 l glass cell shown in
Fig. 3a. Before immersing the specimen, the electrolyte was bubbled
with nitrogen gas for about 12 h to remove dissolved oxygen. The
bubbling gas was then switched to CO2 and purged for 4 h to saturate
the solution. The initial pH of the solution was measured to be 4.0.
During the tests, CO2 gas was continuously bubbled into the solution
to maintain saturation and to avoid any oxygen contamination. The
polished specimens were mounted on a polymeric specimen holder
(see Fig. 3b) and immersed in the test solution. The specimen holder
allowed a circular area with a diameter of 1 cm (a total surface area of
0.785 cm2) to be exposed to the solution (see Fig. 3c).

At the end of the immersion tests, the specimens were immedi-
ately retrieved, rinsed with ethanol, dried in air and stored in a

desiccator for further examinations, which involved microstructural
characterization and chemical analysis of the corroded surface using
X-ray photoelectron spectroscopy (XPS). The XPS spectra of the
immersed samples were determined using a K-Alpha XPS-Thermo
Scientific system. The spectra were collected using Al Kα X-ray
source (1486.6 eV) radiation, and the overall energy resolution was
about 0.8 eV. Survey spectra were recorded in the 200 eV kinetic
energy range with 1 eV steps, and high-resolution scans (C 1s, O 1s,
and Fe 2p) were conducted with 0.1 eV steps.

Results

In this section, results of microstructural and SECM investiga-
tions are at first presented for the three prepared samples, after which
the SECM results for the FC sample are qualitatively compared with
the results obtained using other characterization techniques to
analyze the effect of different microstructural features on local
CO2 corrosion.

Microstructure before corrosion tests.—BSE images and orien-
tation maps showing the microstructure in the investigated samples
are presented in Fig. 4. The AR sample demonstrates a tempered
martensite structure (Figs. 4a, 4b) with an average boundary spacing
of ∼0.6 μm as measured using EBSD. The EBSD analysis also
indicates that the area fraction of cementite particles in this sample is
∼2%. A very different microstructure is observed in the FC sample.
This sample exhibits a combination of polygonal ferritic (PGF)
grains (72% of the area) and pearlitic (P) regions (28% of the area),
i.e. this microstructure is classified as FP. The pearlitic regions
consist of alternating ferrite and fine cementite lamellae. The latter
are seen as bright features in Fig. 4c and are only partially resolved
by EBSD. Nevertheless, locations of the pearlitic regions in Fig. 4d
can be identified based on alternating variations in the EBSD pattern
quality. The average size of the ferritic grains in the FC sample is
measured to be ∼7 μm. Finally, three microstructural features: (i)
PGF (74% of the area), (ii) bainitic (B) (23% of the area) and (iii)
martensitic-austenitic (MA) (3% of the area) structures can be
distinguished in the AC sample (see Fig. 4e). The average size of
ferritic grains in this sample is 5 μm, i.e. somewhat smaller than that
in the FC sample. Bainite appears as a plate-shaped structure, while
the MA structures are seen as bright regions in Fig. 4e. In the EBSD
data, the MA regions are identified as dark uncolored areas (Fig. 4f),
which corresponds to poor-quality EBSD patterns with no indexing
solution. The poor pattern quality is most likely a result of a high
dislocation density in these regions).40,41

SECM observations.—Optical micrographs of the regions se-
lected for SECM and the corresponding SECM maps showing the
distribution of the anodic Itip current normalized to Imax (maximum
value of current obtained after 5 h of exposure for each sample) for
the AR, FC and AC samples exposed to the electrolyte for different
periods of time are presented in Fig. 5. It is seen that an increase in
the exposure time increases the dissolution rate of iron, thereby
inducing greater surface roughness and increasing the area of high-
current regions in Figs. 5d–5l. Note that the evidence of increased
surface roughness during the SECM tests was provided by com-
paring the vertical positions of the probe during the SECM
measurements (not shown here).

The tempered martensite structure in the AR sample results in
comparatively uniform corrosion, except for a small area close to the
edge of the investigated region shown in Fig. 5a. This edge is also
close to the edge of the specimen used in the SECM experiment,
which caused a spike in current in Fig. 5a due to the edge effect. In
contrast to the AR sample, the FC sample with the FP microstructure
and the AC sample with the bainite and PGF structures show
evidence of selective corrosion (see Figs. 5e, 5f). The FC sample
also demonstrates a clear correlation between the microstructural
features and the anodic current. Comparison of the optical micro-
graph (Fig. 5b) and ic-SECM maps in Figs. 5e, 5h, 5k reveal that

Figure 2. Optical micrographs showing indentation marks on the surface of
the FC sample before the immersion test.
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some PGF grains are characterized by a higher anodic current
compared to other PGF grains and regions with the pearlitic
structure. A slight increase in current over the pearlitic region is
also observed with increasing exposure time. The AC sample with
bainite and PGF structures shows larger regions with a high anodic
current and no direct correlation between the ic-SECM maps and the
microstructure is observed.

Comparing the different samples, it is found that for the FC
sample, the Imax after 5 h of exposure is almost one order of
magnitude higher than that for the AR and AC samples.
Nevertheless, the average current density over the entire surface of
the FC sample is lower than for the AR and AC samples, indicating a
lower overall corrosion rate in the former sample. More detailed
information for the FC sample is given in Fig. 6. A map showing the
distribution of Itip produced by electrons generated by reaction 2
after 1 h of exposure is presented in Fig. 6a. Comparing the optical
micrograph (Fig. 5b) and the SECM map (Fig. 6a), it is clear that the
region producing the highest Itip has the PGF structure. The Itip
measurements for the different structures while approaching the
sample surface are presented in Fig. 6b which indicates that the
current recorded from the bulk solution is similar for PGF and
pearlitic regions. However, near the surface, the current recorded
from the PGF region is significantly higher than that recorded from
the pearlitic region, confirming greater iron dissolution in the PGF
region. The Itip values from the pearlitic region near the surface are
similar to those in the bulk, which indicates that the amount of Fe2+

ions generated from the pearlitic region is very small as compared to
those from the PGF region. The capability of the SECM technique to
resolve the microstructure in the FC sample and the fact that the FC
sample demonstrates the highest corrosion resistance motivates a
detailed analysis of this sample using a variety of microscopy
techniques.

SKPFM data for the FC sample.—The topography image and
the contact potential difference (CPD) over the surface of the FC
sample are presented in Figs. 7a and 7b, respectively. Light areas in
the topography image (Fig. 7a) correspond to ferrite present both as
ferritic lamellae in the pearlitic regions and as grains of polygonal
ferrite, while dark areas in this image are microprotusions typically

representing the cementite lamellae inside the pearlitic regions. Note
that some dark lines also seen in Fig. 7a represent scratches
introduced by mechanical polishing. Cementite lamellae appear
also dark in the CPD map in Fig. 7b, indicating a higher Volta
potential compared to the lighter ferritic regions (the Volta potential
is negative of the measured potential). Therefore, the presence of
lamellar cementite adjacent to the ferritic lamellae inside the
pearlitic regions raises the overall Volta potential of these regions.
While some heterogeneity is seen in the pearlitic regions with
intermittent noble and active areas, these regions are still nobler than
the PGF regions.

Observations after short-term immersion test of the FC
sample.—Figure 8a indicates that after exposure for 3 min dissolu-
tion of iron mainly initiated in PGF regions. The corrosion depth
varies between different ferritic grains and even within individual
grains. As the exposure time increases, the extent of corrosion
becomes greater (Figs. 8a–8d), and the depth of corrosion attack
increases as seen in Figs. 8e–8h obtained using laser microscopy.
The images in Figs. 8g and 8h (corresponding to surface profiles
after exposures for 30 min and 60 min, respectively) reveal an
increased depth in several ferritic grains, while other areas are
almost uncorroded. It should be noted that the measured depth of the
uncorroded areas is not always 0 in Figs. 8b, 8d, 8f, 8h because the
surface prepared by mechanical polishing prior to the immersion
tests was slightly uneven. Apparently, although the surface of the
initially etched specimens was polished (see Experimental), some
remnants of etched surface topography resulted in depth variation
before the tests. Therefore, the assessment of corrosion attacks is
made in this experiment based on the comparison of corrosion depth
profiles recorded before and after exposure to the corrosive
environment for different periods of time. Furthermore, the compar-
ison of the optical micrographs and depth profiles shown in Fig. 8
indicates that although surface profiling by laser microscopy
captures differences in corrosion between different regions, the
resolution of this method is not good enough to observe fine details
of the corrosion morphology within the pearlitic structure.

SEM images in Fig. 9 enable a better resolution to reveal the
corrosion behavior inside pearlitic regions. While the dissolution of

Figure 3. Immersion test setup (a) with the specimen holder and exposed area of the polished sample shown separately in (b) and (c).
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iron after 3 min of exposure is not significant to see the lamellar
structure of pearlite (Fig. 9b), the pearlitic structure becomes clearly
visible after longer exposures as iron is progressively dissolved,
leaving protruding Fe3C lamellae on the specimen surface (Figs. 9d,
9f, 9g).

High-resolution X-ray photoelectron spectra obtained for the
FC sample after the immersion tests in (Fig. 10) show various

peaks in O 1s and Fe 2p regions. The peaks in Fig. 10a correspond
to the binding energies of oxide and hydroxide ions as obtained
from the deconvolution of the O 1s spectra.18 Similarly, the
deconvolution of Fe 2p spectra (Fig. 10b) reveals peaks corre-
sponding to Fe, oxides, hydroxides and a satellite peak of iron.42–44

Based on the data presented in Fig. 10c, it is found that longer
exposures result in a reduced fraction of hydroxides and an

Figure 4. Microstructure observed using BSE imaging (a), (c), (e) and EBSD technique (b), (d), (f): (a), (b) AR sample; (c), (d) FC sample; (e), (f) AC sample.
Note that the BSE images were taken from the etched surface, while EBSD data were collected after electropolishing of the surface. In (c), (e) labels “P”, “PGF,”
“B” and “MA” indicate representative regions with pearlite, polygonal ferrite, bainite and martensitic-austenitic structures, respectively. In (b), (d), (f) orientation
maps are superposed on EBSD pattern quality maps. The inverse pole figure (IPF//Y) color code for orientations of cubic crystal structures is shown in the inset
in (f). Uncolored regions correspond to the microstructure where indexing of EBSD patterns was not possible. White and black lines in (b), (d), (f) show
boundaries with misorientation angles of 2–15° and >15°, respectively.
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Figure 5. Results of the SECM experiment: (a)–(c) optical micrographs showing the microstructure before the SECM experiment; (d)–(l) 2D and 3D ic-SECM
maps showing Itip/Imax after an exposure time of 1 h (d)–(f), 3 h (g)–(i) and 5 h (j)–(l) for the different samples: (a), (d), (g), (j) AR sample; (b), (e), (h), (k) FC
sample; (c), (f), (i), (l) AC sample. In (b), (c), (e) labels “P”, “PGF,” “B” and “MA” indicate representative regions with pearlite, polygonal ferrite, bainite and
martensitic-austenitic structures, respectively.

Journal of The Electrochemical Society, 2022 169 111504



increased fraction of oxides on the surface (see Table II). These
changes are in agreement with those seen in the Fe 2p3/2 spectra
(Fig. 10d).

Discussion

The results obtained in this work provide clear evidence that
initiation and propagation of corrosion in the API L80–1Cr steel are
significantly influenced by the microstructure, which varies signifi-
cantly between the samples depending on the thermal history. The
electrochemical process involved in CO2 corrosion of carbon steels
can occur by the dissolution of iron to produce electrons (reaction 1)
and four types of cathodic half-reactions (3, 4, 5 and 6) which
consume electrons.3,45

+ ¯ → + [ ]−H CO e HCO H2 2 2 32 3 3 2

+ ¯ → + [ ]− −HCO e CO H2 2 2 43 3
2

2

+ ¯ → [ ]+H e H2 2 52

+ ¯ → + [ ]−H e OH HO
1

2
62 2

The corrosion rate and sites for iron dissolution highly depend on
the phases present in the microstructure and their distribution across
the exposed surface area. The AR sample with the tempered
martensite structure shows comparatively uniform corrosion over
the entire surface (see Fig. 5a). Although the maximum anodic
current for the AR sample is approximately half of that observed for
the FC sample, the overall current density for the AR sample is
higher than for the FC sample, which suggests a higher overall
corrosion rate in the tempered martensite structure. One possible
reason for this effect can be an increase in the reactivity of the
surface due to the tempered martensite structure (higher-energy sites
compared to PGF regions) in the AR sample. Another possible
reason can be the small boundary spacing in the tempered martensite
(see Figs. 4a, 4b), which results in a high frequency of anodic sites.

Compared to the AR sample, the AC sample contains a lower
fraction of the ferritic phase distributed between PGF and bainitic
structures (see Figs. 4c, 4d). The lower fraction of ferrite and the
presence of PGF grains with an average size of 5 μm leads to less
severe corrosion in the AC sample than in the AR sample. The AC
sample is, however, more corroded than the FC sample with a
generally coarser microstructure (combination of PFG and pearlitic
regions, see Figs. 4e, 4f). This results in a smaller surface area of

Figure 6. Itip data for the FC sample: (a) 2D and 3D ic-SECM maps
showing Itip after an exposure time of 1 h; (b) approach curves over
polygonal ferrite and pearlitic regions.

Figure 7. SKPFM data obtained for the FC sample: (a) surface topography map; (b) CPD map of the measured potential. Darker regions in (b) correspond to
higher Volta potentials (opposite to the measured potential shown in the legend). The green line is drawn between pearlite “P” and polygonal ferrite “PGF.”
Arrows in (a) indicate cementite lamellae in the pearlitic structure.
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Figure 8. Surface changes in the FC sample caused by exposure to the electrolyte: (a), (c), (e), (g) optical micrographs taken from the surface before immersion;
(b), (d), (f), (h) depth profiles obtained using laser microscopy from the same areas after immersion for different durations: (b) 3 min; (d) 10 min; (f) 30 min; (h)
60 min.
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Figure 9. Surface changes in the FC sample caused by exposure to the electrolyte: (a), (c), (e), (g) optical micrographs taken from the surface before immersion;
(b), (d), (f), (h) secondary electron images taken after immersion for different durations: (a), (b) 3 min; (c), (d) 10 min; (e), (f) 30 min; (g), (h) 60 min. Frames in
(a), (c), (e), (g) correspond to representative structures enlarged in (b), (d), (f), (h). Small particle-like features, which appear dark in the optical micrographs and
bright in the secondary electron images are fragments of corrosion products present on the surface.
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anodic sites46 in the FC sample, which facilitates improved CO2

corrosion resistance (see Fig. 5c) compared to the AC sample. The
overall current density for the FC sample after 5 h of exposure is
∼1.5 times less than that for the AC sample, resulting in a reduced
corrosion rate. Although the AC sample shows selective dissolution,
with a high anodic current observed in large areas containing both
PGF and bainitic regions, the distinction between individual PGF
and bainite regions in the ic-SECM map is impossible because the
resolution of SECM is not sufficient to identify the fine bainitic
structure. In contrast, PGF grains and pearlitic regions present in the
FC sample can be clearly identified in the ic-SECM map (see
Fig. 5b) as the spatial resolution of SECM matches the size of these
microstructural features.

It is found that iron dissolution in the FC sample initiates in PGF
regions (see Fig. 7a), while pearlitic regions in this sample are found
to be generally nobler than ferrite. This combination of PGF and
pearlitic regions results in local variations in the Volta potential (see
Fig. 7b), which in turn leads to the formation of microgalvanic cells,
causing microgalvanic corrosion of PGF grains. Thus, PGF grains
act as the initiation sites for corrosion. This finding is also supported
by the ic-SECM map in Fig. 6a showing that the PGF grains corrode
preferentially and anodically generate a higher amount of Fe2+ in the
solution. The surface profile image obtained for the FC sample
exposed for 3 min clearly shows iron dissolution in the PGF grains
(see Fig. 8b). The greater corrosion depth in the PGF regions is due
to the higher dissolution rate of iron as compared to that for the
pearlitic regions, which leads to preferential corrosion of the PGF
regions.

The pearlitic regions are also affected by microgalvanic corrosion
as there is a difference in the Volta potential between the ferrite and
cementite lamellae. This difference causes preferential dissolution of
ferritic lamellae after sufficient exposure, as is evident from the SEM
images in Fig. 9d. The protruded cementite lamellae in the pearlitic
regions can be observed on the surface of the FC sample exposed for
at least 10 min (Fig. 9d). This uneven surface emerges due to
dissolution of ferritic lamellae in the pearlitic regions.47,48 With a
further increase in the exposure time to 30 min and 60 min, the
surface becomes more uneven, as shown in Figs. 9f and 9h,
respectively. As a result, the dissolution of Fe in pearlite conse-
quently leaves a conductive porous network of Fe3C, increasing the
surface area of cementite in the corrosive solution.49 Since cementite
acts as a preferential cathodic site causing H2 evolution from the
hydrogen ions present in the solution, the larger cathodic surface
area triggers a higher reduction rate of H+ species during the
corrosion process. Additionally, cementite lamellae have a high
energy of hydrogen adsorption (lower overpotential),50 which in
conjunction with a larger surface area of the cementite synergisti-
cally promotes a high cathodic reaction rate and indirectly increases
the corrosion rate of ferrite. This leads to an increase in the total area
of high-current regions with increasing exposure time (see Fig. 5b).
As the dissolution of PGF grains and ferritic lamellae inside the
pearlitic regions continues, more PGF regions act as anodic sites for
selective corrosion. Although the ic-SECM maps do not resolve the
lamellar features in the pearlitic structure, the slight increase in the
current over the pearlitic region with time (Figs. 5e, 5h, 5k) confirms
that the dissolution of iron also occurs in the pearlitic regions.

It can be seen from the high-resolution spectra of O 1s (Fig. 10c)
that the surface is initially highly enriched in hydroxides, but then
the hydroxides transform to Fe oxides. The increase in the amount of

Fe oxides with exposure time is also observed in the high-resolution
spectra of Fe 2p (see Fig. 10d). The corrosion reaction mechanisms
thus can be divided into two different stages: 1. Dissolution of iron;
2. Development of corrosion products.

The dissolution of Fe is not a single step, but it consists of several
steps depending on the surface activity.48 The consecutive steps are
pH-dependent as proposed by Bockris:51

+ → ( ) + + ¯ [ ]+Fe H FeOH H eO 2 7ads2

( ) → [ ] + ¯ [ ]+FeOH Fe OH e 8ads

[ ] + → + [ ]+ + +Fe OH H Fe H O 92
2

The dissolved iron reacts with the ions present in the solution to
form corrosion products on the surface. The Fe hydroxides and
oxides can be present in the form of thin layers on the sample
surface. Based on the surface chemistry results obtained by XPS, the
corrosion reaction is proposed to be as follows:

+ → ( ) [ ]+ −Fe OH Fe OH2 102
2

( ) + + → ( ) [ ]Fe OH O H Fe OH4 2 O 4 112 2 2 3

( ) → + [ ]Fe OH Fe O H H2 . O 2 O 123 2 3 2 2

While the solution was saturated with CO2, the Fe2+ concentra-
tion at pH ≈ 4 and a temperature of 40 °C was well below the
saturation limit of Fe2+ ions to precipitate protective FeCO3.
Therefore, the formation of iron hydroxides and oxides is more
favorable at such pH and temperature. These products are only able
to provide a small degree of inhibition and thus, the sample
continues to undergo corrosion as seen from the surface profile
images (Figs. 8b, 8d, 8f, 8h). This is due to the fact that the adsorbed
corrosion products are very thin and not well-protective.52 The
competition between the increase in surface roughness (causing an
increase in corrosion rate) and the inhibition provided by the
development of these corrosion products (lowering the corrosion
rate) will determine the further dissolution rate of Fe. Moreover, the
development of such corrosion products is further influenced by the
local pH changes due to micro-features present across the sample
surface. One such example is the internal acidification formed
between the residual cementite lamellae after the selective corrosion
resulting in the formation of non-protective oxy-hydroxy chlorides
on the pearlitic regions.20 However, at such short exposure times, the
corrosion film is not sufficiently thick to be seen in Fig. 9 and also
the spot size of XPS (around 200 μm) is not small enough to resolve
the differences in the scale formed over the different phases. This
complicates the analysis of effects of microstructural features on the
differential film formation. It should be noted that during the
exposure period in the SECM experiment, no precipitation of iron
oxides and hydroxides was detected by XPS. This could be as a
result of slow dissolution rate (since the sample was cathodically
biased) and conversion of Fe2+ to Fe3+ at the electrode probe.

Nevertheless, the anodic current measured in each region while
approaching the surface during SECM measurement can be used to
quantify the microgalvanic effect between ferrite and cementite
lamellae. It should be noted that the tip current values also depend on

Table II. Fractions (%) of oxides and hydroxides calculated from deconvolution of O 1s spectra.

Phase Peak binding energy (eV)
Exposure time

3 min 10 min 30 min 60 min

Iron oxide 530.0 25.8 26.9 34.7 66.3
Iron hydroxide 532.1 74.2 73.1 65.3 33.7
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the distance between the tip and the substrate. Therefore, the current
values are quantitatively related to the tip-substrate distance as is
evident from the approach curves in Fig. 6b. The limiting diffusion
current ∞It, resulting from a hemispherical diffusion zone sur-
rounding the tip in the bulk solution can be expressed using the
following equation:

= [ ]∞I nDFCa4 1at,

where n is the valency, F is the Faraday constant (96486 C mol−1),
D is the diffusion coefficient for the ionic species, C is the local Fe
concentration near the tip, and a is the radius of the Pt electrode.

As n, F and a in Eq. 1a are all constant, the current ∞It, depends
on changes in the concentration of ions C. By increasing the distance
between the tip and the steel substrate, a lower concentration of the
reductant species of Fe2+ is available near the tip in the solution, and
the current in Fig. 6b reaches negligibly small steady-state values.
Once the distance between tip and substrate approaches the
minimum due to the high supply of Fe2+, the oxidation reaction 2
occurs increasingly on the tip and, consequently, the tip current
increases significantly to 0.03 nA and 0.09 nA over the pearlitic and
PGF regions, respectively.

With the rapid current measurements for the approach curves, it
is rational to neglect the radial diffusion of ion species and to only
assume that the ion concentration is due to the planar diffusion of the
reductants normal to the substrate.53 Based on the diffusion
equations for reductant and oxidant species in the SECM geometry,

the current-to-limiting current ratio ( )∞

i

It,
can be represented by the

following equation:53,54

∫γ π= (∂ /∂ ) ∂ [ ]
∞

=
i

I
C Z R R

2
2a

t
O Z

, 0

1

0⎛
⎝

⎞
⎠

where γ is the diffusion coefficient ratio of DO/DR, CO is the
concentration of oxidant (Fe3+ near the tip), Z is the ratio of normal
distance z to tip radius a (Z = z/a), and R is the radial distance
normalized by a (R = r/a).

The approach curves display a similar limiting current over the

pearlitic and PGF regions. Z → 0, ∂
∂
C

Z
O is directly proportional to the

current slope in Fig. 6b since Fe2+ ions are accumulated near the
surface. Therefore, by putting the gradient values of the approach
curves into Eq. 2a, the dissolution rate of the different structures can

Figure 10. High-resolution X-ray photoelectron spectra (a), (c) O 1s and (b), (d) Fe 2p obtained from the surface of the FC sample after immersion in the
electrolyte for (a), (b) 3 min and (c), (d) for different durations ranging from 3 min to 60 min.
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be quantified according to Eq. 3a.34 This reveals a 2.4-times higher
initial dissolution rate for the PGF structure compared to that for the
pearlitic regions.

= = = [ ]
−

−
i

i

m

m

270 nA cm

113 nA cm
2.4 3aPFe

pearlite

ferrPFite

pearlite

1

1

Although the PGF regions act as preferential sites for corrosion
initiation, the corrosion rate varies between different PGF grains.
This variation is evident from the variation of current seen in Fig. 6a
and is probably caused by the orientation dependence of corrosion of
different PGF grains.55 This phenomenon is also observed in the
surface profile image of the corroded samples used in the immersion
test (Fig. 8d).

The results obtained in this study improve an understanding of
the initiation and propagation of corrosion in low-alloy steel with
different microstructures. Also, the results validate the use of the
implemented SG/TC mode involving corrosion reaction as one of the
measurement criteria and without any redox mediator. This provides
a basis for determining the corrosion rate as well as the corrosion
mode in a very fast and efficient way. This knowledge can also help
better understand the formation and adherence of corrosion scales in
relation to microstructural variations.56

Conclusions

1) The tempered martensite microstructure in the as-received
sample is finer and more uniform than the microstructure in
the air-cooled and furnace-cooled samples with greater struc-
tural variations. As a result of these microstructural differences,
the as-received sample is corroded more uniformly and with the
highest corrosion rate than the other samples.

2) The presence of higher fractions of severely corroding bainitic
and martensitic/austenitic structures in the air-cooled sample
results in more extensive selective corrosion in this sample
compared to the furnace-cooled sample with the ferritic-pearlitic
structure.

3) SECM results obtained on the furnace-cooled sample reveal that
the dissolution of iron in polygonal ferritic grains initially is 2.4
times faster than the dissolution of ferritic lamellae in pearlitic
regions. This results in selective corrosion of the surface of the
furnace-cooled sample.

4) After initial dissolution of ferritic lamellae within pearlite, the
residual cementite lamellae provide greater cathodic surface
areas and promote galvanic corrosion. This further enhances the
dissolution of ferritic lamellae, which leads to continuously
reduced corrosion resistance of the steel.
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