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Oxidation of 1018 carbon steel in borate medium by in situ EC-STM:
Surface morphology of the oxidized ferrite and pearlite phases
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Abstract

Microstructures of low carbon steel are ferrite (Fe-�) and pearlite (alternate mixture of Fe-� and Fe3C) and each one has its own oxidation
mechanism. These two phases were identified using in situ electrochemical scanning tunneling microscopy (EC-STM). Real time images were
obtained during the immersion of 1018 carbon steel probes in 0.642 M HBO and 0.1 M NaOH, pH 7.8. Two different corrosion mechanisms
(
©

K

1

o
i
s
s

o
F
o
m
t
[
e
m
p
o

i

ption
rbon
g an
ling
een
sion
sur-

PS,
n of
face

ed
ility
are

on of
ility

ly-
(at
ical

0
d

3 3

oxide characteristics) were identified and correlated with the observed surface changes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Carbon steel corrosion in the aqueous media is one of very
ften studied systems because of its impact in the chemical

ndustry. The carbon steel–aqueous media interface has been
ubject of numerous in situ electrochemical studies and ex
itu microscopies and spectroscopies[1–8].

As it is well known, depending on the fabrication process,
n the carbon steel surface two different phases: ferrite,
e-� (iron rich phase), and pearlite (sequential arrangement
f ferrite and iron carbide, Fe3C) [9], can be found. The
icrostructural characterization and detail phase identifica-

ion is possible to carry out by using different microscopies
9]. However, corrosion studies, mainly based on use of
lectrochemical techniques, of a steel interface in an aqueous
edium do not consider oxidation mechanism for separate
hases. Such studies in general offer information on the
xidation mechanism of the complete interface[1–8].

∗ Corresponding author. Tel.: 52 55 58044671; fax: +52 55 58044666.

Our study, presented here is based on the assum
that oxidation mechanism of each phase on the ca
steel surface is different and can be determined usin
in situ real time monitoring method by scanning tunne
microscopy (STM). The STM technique, so far, has b
broadly used to identify atomic arrangements of corro
products on monocrystalline materials (well-defined
face of Cr, Fe–Cr, Fe–Cr–Ni, Cu, Ni)[10–14]. In other
studies [10–12] spectroscopic techniques, such as X
has been used to determine the chemical compositio
the corrosion products (oxides). The iron–borate inter
has been broadly studied in the literature[15–25], too. In
majority studies, it is suggested that iron oxides form
under the potentiostatic control exhibits great reversib
in the oxidation–reduction process. However, there
some discrepancies concerning the chemical compositi
corrosion products and the formation–reduction reversib
of these compounds[22,24].

More recently, in situ characterization of the po
crystalline iron corrosion products in borate solutions
different pH’s) have been carried out using electrochem
E-mail addresses: rcabreras@ipn.mx (R. Cabrera-Sierra),
gm@xanum.uam.mx (I. González).

scanning tunneling microscopy (EC-STM), electrochemical
atomic force microscopy (EC-AFM) and XPS[17,19,22,24].
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Consequently, it has been established that film formation
on the iron surface in borate medium can be described
by two-layer model, which consists of an internal layer
(near the substrate) corresponding to magnetite (Fe3O4)
and another, external, identified as maghemite (�-Fe2O3)
[15,18,20,23,25]. The relationship between these two oxides
formed by using potential regime (magnetite/maghemite)
decreases as the oxidation potential becomes more positive
[18,20]. Thus, the maghemite formation is greater at higher
oxidation potentials.

In our study here, based on use of EC-STM for 1018
carbon steel characterization, these previous findings were
taking into account, too. As well we presume that oxidation
behavior and oxide characteristics of each phase and oxide
layer will be different and distinguished by EC-STM. One
should note that steel phase with higher proportion of iron[9]
could show higher reactivity toward the oxidation process.
Another important assumption in our study is based on
possibility to identified different phases on the steel surface,
and monitoring the oxide layer development. In final, it
leads to better understanding of the corrosion mechanism of
ferrite and pearlite, as well as steel surface in general. Our
results clearly show that EC-STM allows identification of
both phases on the 1018 carbon steel–borate interface and
could distinguish different steps and mechanisms during the
oxide layer formation.
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electrochemical cell. A STM electrochemical cell was made
of Teflon with exposed sample area of 0.33 cm2. Platinum
and copper oxide/copper wires were used as a counter and
pseudoreference electrodes, respectively. The pseudoref-
erence electrode (Cu2O [13]), prepared in our laboratory,
showed a great stability in the borate medium with a constant
potential of 0.140 V versus NHE. All the potentials presented
in this work are quoted with respect to the normal hydrogen
electrode (NHE). STM tips were prepared by electrochemical
etching of tungsten wire in a 6N NaOH solution and covered
with a nail polish[28]. The usual imaging conditions were a
bias potential of−0.18 V and a set point current of 2–3 nA.
EC-STM images were recorded in the constant current
mode and at the open circuit potential (OCP). Images were
recorded and presented as a function of time. Every study
was repeated several times always on a freshly prepared
electrode.

3. Results and discussion

3.1. Surface characterization of a carbon steel surface
in borate medium using in situ EC-STM at the open
circuit potential

It is important to indicate that the experimental method-
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. Experimental

.1. Preparation of the electrolytic medium

The electrolyte, a borate buffer solution (pH 7.8) was
ared from 0.642 M H3BO3 and 0.1 M NaOH. Ultra pur
ater (Millipore, 18.2 M� cm) and Merck analytic reagen
ere used.

.2. Sample preparation.

The working electrode was 1018 carbon steel
surface area of 0.33 cm2. This material has a typic

omposition of 0.14–0.20% C, 0.60–0.9% Mn, 0.03
aximum S, 0.030% maximum P and the rest is comp
f Fe[9]. 1018 Carbon steel discs were polished with sili
arbide emery paper (grade 400), emery paper (grade
nd finished with 0.3�m aluminum oxide powder to give
irror appearance. Between polishing, samples were wa
ith pure water, and finally clean by ultrasonic wash
uring 5 min with acetone. More details are available in
reviously published papers[26,27].

.3. Equipment

Electrochemical scanning tunneling microscopy stu
ere performed using a STM microscope from Molec

maging with a Picostat (bipotentiostat) adapted to
logy proposed in this work for surface characterizatio
018 carbon steel in borate medium using in situ EC-S

echnique is different from that reported in previous wo
17,19,22,24,29]. In these works, the surface character
ion was carried out after cleaning the sample surface
he corrosion products (native oxide), through an impo
athodic potential. In order to differentiate the reactivity
istinct microstructures on the basis of oxidation mecha
f each steel phase, our work focuses on monito

he evolution of corrosion process of the steel–aqu
olution interface from the immersion time zero (to c
ure the early stages of the corrosion process, at
onditions).

As a preliminary step, the 1018 carbon steel sur
mmersed in the borate electrolyte, was imaged by EC-S
t the open circuit potential, thus from the beginning

mmersion. However, the OCP was changed gradu
uring the first 2 min (these measurements were mad
standard electrochemical cell, out of EC-STM), fr

0.030 to−0.125 V versus NHE. During this time it w
ot possible to obtain a high quality images. Afterwa

he OCP was maintained constant with the immersion
llowing to apply a constantEbias during image recordin
y STM in situ (Ebias=−0.180 V). The optimumEbias was
btained by changing the tip potential, and maintain

he sample potential constant at−0.125 V versus NHE
efore continuing our experiments, we demonstrated
ifferent bias potentials (Ebias), applied between the tip a

he sample, do not alter corrosion process on the sa
urface.
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After a systematic analysis of the large part of the elec-
trode surface, at different immersion times, we identified
only two types of structures and related corrosion processes.
Figs. 1 and 4show EC-STM images (OCP) obtained in situ
during immersion of a carbon steel sample in the borate
medium pH 7.8, related to the observed structures.

3.2. Continuous change of a carbon steel surface during
immersion time in the borate solution, monitored by
EC-STM—ferrite microstructure

Fig. 1 shows a series of typical in situ EC-STM images
observed during continuous monitoring of surface changes
of 1018 carbon steel after different immersion time (23, 36
and 56 min) in the borate medium, at pH 7.8, respectively,
Fig. 1a–c. In all three images a granular oxide growth is vis-
ible, with clear indication of the coalescence of the oxide
nodules, i.e. two times during 13 min (Fig. 1a versus b). After
56 min (Fig. 1c), surface morphology does not change signif-
icantly any more. It seems that oxidation process reached a
steady state or it is related to development of different type of
oxide. See above mentioned possibilities and literature find-
ings.

Fig. 2 presents a cross-section analysis corresponding to
surfaces inFig. 1a (23 min) andFig. 1c (56 min). This surface

analysis was carried out using image treatment software that
fixes a minimum reference point (1) and a maximum point
(2) on the reference line (see white dotted lines inFig. 1a and
c). This simple analysis shown inFig. 2 illustrates a general
trend of the increase of the surface corrugation as a function
of the immersion time. It is expected results of the oxide nod-
ule coalescence process. At lower immersion times (Figs. 1a
and 2a), the individual grains posses size in the range
between 0.43 and 1�m. At longer time of immersion, they
coalescence of oxide into larger nodules 1.5–2�m (Figs. 1c
and 2b). However, one could also observed very fine features
in the size range between 0.2 and 0.41�m, at this large
nodules.

Variations for minimum and maximum height (surface
corrugation) as a function of the immersion time are shown in
Fig. 3a. It is constant due to the early stage of the oxide growth
between 13 and 40 min. Than at 56 min corrugation becomes
much larger. In order to have a better idea of the surface prop-
erties, we also evaluate the surface roughness (rms) from the
obtained images.Fig. 3b clearly shows gradually and continu-
ous (almost linear function) increase of the surface roughness
during progress of the surface oxidation. The observed behav-
ior we intent to associate to oxidation of the iron-rich phase of
carbon steel (ferrite), due to reasons, which we will discussed
further on.

F
3

ig. 1. In situ EC-STM images of 1018 carbon steel immersed in 0.642 M H3BO3

6 min and (c) 56 min (ferrite phase). The images were recorded at open circ

and 0.1 M NaOH, pH 7.8, after different immersion times: (a) 23 min, (b)
uit potential.Z scale: 0–250̊A.
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Fig. 2. Cross-section analysis for images (ferrite) obtained on 1018 carbon steel in 0.642 M H3BO3 and 0.1 M NaOH, pH 7.8, after two different immersion
times: (a) 23 min and (b) 56 min. Marker 1 and 2 represent the minimum and maximum points, respectively, in the selected reference lines shown inFig. 1.The
cross-section analysis was performed on the white dotted lines marked in the figure.

3.3. Continuous change of a carbon steel surface during
immersion time in the borate solution, monitored by
ECSTM—pearlite microstructure

Fig. 4 shows the second typical surface obtained for
1018 carbon steel immersed in 0.642 M H3BO3 and 0.1 M
NaOH, pH 7.8 at the OCP potential. Images were collected
during the period of time between 11.5 and 84 min. Images
are of the high quality, and imaging was possible from the
beginning of the experiment. No noticeable changes were
observed during the EC-STM image recording during first
11.5 min of immersion (Fig. 4a), which indicates on slow

F
s (rms),
d
N

oxidation process and associated with the lower reactivity
towards corrosion. Definitively it can be related to the
difference in the surface composition-microstructure, which
is confirmed in further analysis.

Images inFig. 4 revealed a very specific microstruc-
ture of the steel surface with clear linear features (ridges)
running along the electrode surface. At the beginning, we
tended to associate these lines with the sample polishing treat-
ment. However, this hypothesis was discarded because the
observed ridges are significantly thinner (100 nm or 0.1�m)
than polishing particles used in the abrasive paper during
sample preparation. Furthermore, this specific structure was
observed only at the same part of the surface, not overall, what
one expect to be result of the sample preparation. In addition,
we also carefully review the literature reporting AFM images
of the polished metal and oxide surfaces. In all reports, see,
for example, Fig. 11 in Sanz and co-worker[24], polish-
ing lines running over freshly polished surface, always in
different directions as a result of polishing treatment. Lines
produced on the metal surface by polishing procedure, look
like channels (depressions) (dark-colored lower part in the
AFM topography images)[30,31].

Therefore, we conclude that regularly distributed aligned
ridges, observed in ourFig. 4a, do not result from the sample
polishing treatment. Furthermore, as very strong argument,
we found that observed STM features are closely related
t n as
p M
i tron
m
I res in
S o
o ture
o le to
m Note
t ted
a d for
a ases
ig. 3. (a) Height variations of minimum (♦) and maximum (�) points,
elected from the cross-section analysis and (b) roughness analysis
uring the immersion time of 1018 carbon steel in 0.642 M H3BO3 and 0.1 M

aOH, pH 7.8 (ferrite). o
o the microstructure of the carbon steel phase know
earlite[32,33]. Namely, the surface topography in our ST

mages is very similar to that seen in scanning elec
icroscopy (SEM) and reported in previous works[32,33].

ndeed, the distance between the observed line featu
EM (0.095�m) and STM images (0.1�m) is the same. T
ur knowledge, we are the first reporting the pearlite struc
btained by EC-STM images. In addition, we are also ab
easure depth height of the observed ridges: 8–10 nm.

hat this microstructure is very different from that repor
bove. These two distinct microstructures were observe
ll samples, and to us should be related to two known ph
f the carbon steel sample: pearlite and ferrite.
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Fig. 4. In situ EC-STM images of 1018 carbon steel immersed in 0.642 M H3BO3 and 0.1 M NaOH, pH 7.8, after different immersion times: (a) 11.5 min, (b)
35 min, (c) 47 min and (d) 84 min (pearlite phase). The images were recorded at open circuit potential.Z scale: 0–275̊A.

At longer immersion time, i.e. 35 min (Fig. 4b), granular
growth of the corrosion layer, was noticed. The width of line
features observed on the steel surface increases by time. How-
ever, it is clear that oxide growth proceeds in the preferential
direction, following the original ridge arrangement. At the
same time, the coalescence of initial grains (grain size range:
0.18–0.29�m) and the formation of bigger ones (grain size
range: 0.29–0.58�m) are observed. After 47 min (Fig. 4c),
this phenomenon is even more obvious.Fig. 4d shows the
surface after 84 min of immersion. A mild increase in the
granular size (grain size range: 0.48–1.04�m), of corrosion
products with regard toFig. 4c, is noticed. This could be sign

that oxidation process had reached a stationary state. There
is a relevant aspect in this image concerning the periodic
arrangement (row line feature) that persists even at increased
times of immersion and material oxidation.

In order to quantitatively evaluate the observed process,
a cross-section analysis for the images recorded after
different immersion times is made using a reference line and
procedure as described above.Fig. 5shows the cross-section
analysis for images recorded after 11.5 and 84 min. Refer-
ence line and minimum and maximum points were indicated.
Fig. 5a (11.5 min) shows very rough surface. In contrast,
after 84 min (Fig. 5b) surface corrugation is significantly

F carbon ion
t um and in
c d in th
ig. 5. Cross-section analysis for images (pearlite) obtained on 1018
imes: (a) 11.5 min and (b) 84 min. Marker 1 and 2 represent the minim
ross-section analysis was performed on the white dotted lines marke
steel in 0.642 M H3BO3 and 0.1 M NaOH, pH 7.8, after two different immers
maximum points, respectively, in the selected reference lines shownFig. 1.The

e figure.
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Fig. 6. (a) Height variations of minimum (♦) and maximum (�) points,
selected from the cross-section analysis and (b) roughness analysis (rms),
during the immersion time of 1018 carbon steel in 0.642 M H3BO3 and 0.1 M
NaOH, pH 7.8 (pearlite).

diminished. Concerning the height variations relative to the
minimum and maximum points,Fig. 6a shows how this
surface achieved some kind of a stationary state with low
corrugation, after 84 min. Along the same conclusion are
results of the roughness (rms) analysis (Fig. 6b), which
show decrease of the surface roughness by progress of the
immersion time. For the rms and the surface corrugation
analysis the same images (Fig. 4) were used. Although from
the obtained data it is not possible to understand the mecha-
nism of the observed phenomena of the surface flatness, we
tend to believe that it is results of two competitive process,
growth and dissolution of the iron oxide layers. However,
one also could not exclude that the observed phenomena is
results of the change in the oxide growth mechanism, too.

4. Conclusions

Following our idea based on identification of the two dif-
ferent steel structures with different type of oxide, we could
conclude that results of our study completely confirmed our
hypothesis. Directly (microstructure characterization) and
indirectly via different oxidation mechanism, we were able
successfully identified different parts of the surface, which
can be characterized as, ferrite and pearlite.
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24] I. Diéz-Ṕerez, P. Gorostiza, F. Sanz, C. Müller, J. Electrochem. So

148 (2001) B307.
25] L. Jun, D.D. Macdonald, J. Electrochem. Soc. 148 (20

B425.
26] R. Cabrera-Sierra, E. Sosa, M.T. Oropeza, I. González, Electrochim
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