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Carbon steel bars are critical in steel-reinforced concrete structures, and their corrosion can lead to significant
deterioration. This research explored the passive layer formation on different carbon steel microstructures using
a high throughput approach. Thermomechanically treated steel bars with three distinct microstructures, i.e.,
martensite in the outer layer, bainite in the middle, and pearlite in the center, were vertically cut and immersed
in the simulated concrete pore solution. Scanning electrochemical microscopy was employed to study the for-
mation of the passive layer, the kinetics of the passivation, and the effective rate constant of the species inside the
solution on each microstructure. Results showed that the formation of the passive layer is a time-dependent

process, and passivation was influenced by the local microstructure. Martensite demonstrated superior passiv-
ation behavior compared to pearlite and bainite.

1. Introduction

The durability of steel-reinforced concrete structures relies heavily
on the integrity of the embedded carbon steel bars. One of the primary
factors affecting this integrity is the susceptibility of the steel to corro-
sion, which can cause significant structural deterioration and compro-
mise the safety of these structures. The corrosion resistance of the
reinforcing carbon steel bars in concrete depends on the formation of a
protective passive layer that forms in the alkaline environment of con-
crete [1,2]. It is known that this layer is an ultrathin (<10 nm), pro-
tective oxide, or hydroxide film that decreases the dissolution rate of
steel to negligible levels [3]. Therefore, understanding the mechanisms
and kinetics of passive layer formation on steel surfaces is crucial for
developing more durable and corrosion-resistant materials. Several
studies indicated that the formation of the passive layer is a
time-dependent process [4-8].

Pearlite, bainite, and martensite are three important microstructures
in carbon steel that form under different cooling conditions. Pearlite
consisted of alternating layers of a-ferrite (relatively pure iron with a
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body-centered-cubic structure) and cementite (iron carbide). Bainite
comprises a fine, nonlamellar mixture of a-ferrite and cementite.
Martensite contains a distorted iron lattice, forming a body-centered
tetragonal crystal structure. The microstructures within the carbon
steel can influence the formation of the passive layer since pearlite,
bainite, and martensite each exhibit distinct effects on passivation in
alkaline solutions. These three microstructures exhibit distinct proper-
ties. Thus, the formation of a passive layer on each microstructure can
also be different.

A few studies have investigated the influence of microstructure on
the passivation. Yilmaz et al. [9] studied the influence of
ferrite-martensite and ferrite-pearlite combinations on the formation of
the passive layer on low-carbon steel in a 0.1 M NaOH solution. Their
study showed that a stronger passive film was formed on the
ferrite-pearlite microstructure than on the ferrite-martensite micro-
structure. Yanagisawa et al. [10] also examined the passivity of
dual-phase carbon steel with ferrite and martensite microstructure at a
pH of 8.4 in boric acid-borate buffer solution. Their results indicated
that the passive layer on the dual microstructure, i.e., martensite +
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ferrite, was stronger with less defects than on the pure martensite
microstructure. Hussain and his colleagues investigated the passivation
on two types of reinforcing steel bars, one with tempered martensite and
the other with ferrite-pearlite microstructures [11]. Their results
showed that the passive layer on the surface of steel with tempered
martensite microstructure formed at a notably higher rate and was more
stable than that on steel with ferrite-pearlite microstructure.

Previous studies indicated that the kinetics of the passive layer’s
formation on different steel microstructures occur at different rates.
Further study of the kinetics of the formation of passive layers on
different steel microstructures is required, which is the objective of this
work. This research utilized a high-throughput approach using Scanning
Electrochemical Microscopy (SECM) to study the formation and kinetics
of the passive layer on pearlite, bainite, and martensite microstructures.
SECM has emerged as a powerful tool with numerous advantages over
conventional methods in various fields. SECM offers high-resolution
imaging capabilities in temporal and lateral resolutions [12]. This
technique allows for the characterization of processes such as electron
transfer, adsorption, and reaction kinetics at the nanoscale level [13].
The time-dependent process of passive layer formation, the passivation
kinetics, and the effective rate constant of the species in the solution
were evaluated. Thermomechanical treatment can produce steel with a
combined microstructure consisting of martensite in the outer layer,
bainite in the middle, and pearlite in the center. Due to the presence of
all three microstructures in the thermomechanical treatment (TMT)
steel, it was used in this study.

1.1. SECM

In SECM, a mediator is used to facilitate the detection of electro-
chemical activities at the sample surface. It contains redox-active species
that transfer electrons between the SECM tip and the sample surface,
thus amplifying the electrochemical signals. This process improves the
sensitivity of the measurements, making it easier to detect and quantify
the reactivity of the sample. When a steel sample is exposed to an
alkaline solution, the formation of the passive layer significantly reduces
the transfer of electrons. Detecting this very low electrical current by the
SECM tip would be nearly impossible without a mediator. This study
used the feedback mode of SECM to conduct all subsequent experiments
and measurements. Some advantages of feedback mode consist of but
are not limited to high spatial resolution, non-destructive analysis, dy-
namic process monitoring, local corrosion studies, and quantitative in-
formation regarding the kinetics of surface reactions [14-16].

The 10 um diameter ultra microelectrode (UME) with the RG ratio of
10 was used as the scanning probe. The RG ratio is the ratio of the radius
of the probe’s insulating cover over the electrode’s active area. The
SECM probe was calibrated using a standard redox couple of ferro/
ferricyanide to ensure accurate measurement of the feedback current.
Additionally, its functionality was validated against a gold-mounted
sample, whose characterization is well-known within the system [17].
Prior to each experiment, the UME was polished smoothly with the
1200+# grid sandpaper and rinsed with deionized water. Platinum and
Ag/AgCl were used as the counter and reference electrodes, respec-
tively. All measurements were conducted at room temperature.

1.2. Approach curves

An approach curve is a plot that illustrates how the current measured
at the UME tip changes as the tip approaches the surface of the sample.
The approach curve is an essential tool used to determine the distance
between the UME and the surface of the sample and to study the elec-
trochemical activities adjacent to the surface of the sample.

The UME was positioned above the sample and slowly moved down
until it touched the surface. It then retracted to +10 um from the surface.
The tip subsequently moved up to a position of +200 ym. During all
measurements, the tip was approached at a velocity of 1 ym/s, ensuring
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stable current acquisition from the SECM. During experiments, a posi-
tive voltage of 0.65 V versus Ag/AgCl was applied to the UME tip. No
voltage was applied to the sample, allowing for a clear understanding of
heterogeneous electron transfer processes [18]. The first approach curve
measurement was conducted after 5 min of exposing the sample to the
solution and then repeated 5, 24 and 72 h after that. All measurements
were repeated three times.

1.3. Line scan

A line scan in SECM is a measurement technique where the UME is
moved along a straight line across the surface of the sample, and the
electrochemical current is recorded continuously along this line. This
technique provides spatially resolved information about the electro-
chemical activity of the sample along the scanned line. For the line scan
test, the UME tip moved with the scan rate of 1 um/s starting from the
martensite region and passing through the bainite and pearlite regions.
The line scan measurements were employed with similar intervals as the
approach curve experiments. All experiments were repeated three times.

1.4. Cyclic voltammetry

Cyclic voltammetry (CV) in SECM provides detailed information on
the electrochemical properties of a sample. By analyzing the CV plots,
redox potentials, electron transfer rates, and surface coverage of elec-
troactive sites can be studied [19,20]. CV measurements were conducted
on each microstructure region after 5 min, 1, 3, 5, 24 and 72 hours after
exposing the surface to the solution to study the kinetics of the formation
of the passive layer. Results were used to calculate the diffusion coeffi-
cient of electroactive species and estimate the effective rate coefficient,
i.e., Keff.

Effective rate coefficient (k)

kefr indicates the overall reaction rate of the experiments by merging
the natural rate constant of an electrochemical reaction with mass
transport effects, predominantly diffusion. It captures how effectively
reactants reach the electrode surface and contribute to electrochemical
reactions [8,21,22]. When the UME approaches the surface, the current
sensed by the UME is influenced by the normalized distance value, i.e.,
the distance/tip diameter, of L. The current at L distance, I7(L), can be
determined as:

IT(L) = {IT‘“S(L)HS(L) (1 - éﬁ%)} (€))

where Ig(L) is the kinetically controlled substrate current, and I?*" (L)
and I"(L) represent the tip currents corresponding to diffusion-
controlled regeneration of a redox mediator and an insulating sub-
strate (no mediator regeneration), respectively. For RG ~10, equation 1
can be rewritten as [23]:

0.7582943

1.683087
L

I"= 0.7449932 + + 0.2353042-e” 2)
1 —0.145437-L

0.4571825+ 14604238 1 0 43127356 L O-5768952+L
3

Is(L) can be expressed in terms of the normalized first-order rate
constant k as:

e (1) =

078377 0.68+ 0.3315¢ &
. . . e L
LL)= 1473 Q)
L<1 1) L+
+ & 110—40L
II'T“S—%L)) ratio in equation 1 can be calculated using Egs. (2) and (3).
T

Furthermore, I3(L) can be obtained using different values of L and .
Using the best theoretical approach curve, ke can be obtained as:
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Fig. 1. (a) Cross-sectional image of a TMT bar and the optical microscopic images of (b) tempered martensite phase, (c) bainite, and (d) pearlite microstructures.

Table 1

Composition of concrete simulated pore solution.
Compound mol/L
KOH 0.3
NaOH 0.1
Ca (OH), 0.03
CaS04.2H20 (gypsum) 0.003
K3 [Fe(CN)6] (Mediator) 0.0005

D
Kesr= e 5)

where D is the diffusion coefficient of the mediator and r is the UME tip
radius.

To measure the diffusion coefficient of potassium ferrocyanide in a
simulated concrete pore solution, the Randles-Sevcik [24] equation was
used. This equation predicts the peak current, iy, as a function of the
sweep rate (v) as:

nFvD

i,= 0.446nFCA RT

(6)

In Eq. (6), n is the number of electrons involved in redox reaction (Fe
(CN)6 3— +1le— « Fe(CN)g‘), F is Faraday constant (96500 C. rnol’l), C
represents the concentration of the electroactive species (0.5 mM, in this
study), A is the surface area of the working electrode (113.1 mm? in this
case), T indicates the temperature (the experiment was conducted at
ambient temperature, i.e., 297K), R denotes for the gas constant, and D
is the diffusion coefficient.

2. Experimental procedures
2.1. Materials

Thermomechanically treated (TMT) carbon steel bars with the
chemical composition of 0.310% C, 1.230% Mn, 0.018% P, 0.024% S,
0.290% Si, 0.230% Cu, 0.080% Ni, 0.016% Mo, 0.002% V, and 97.8% Fe
were used in this study. The TMT steel has three distinct microstruc-
tures, including tempered martensite, bainite, and pearlite, as shown in
Fig. 1. The features and separate microstructure within the bar cross-
section were ideal for investigating the passivation across different
microstructures.

Three identical samples were used for each test. Steel samples were
cut to the length of 10 mm from a TMT bar and mounted using two-part
cold epoxy at room temperature. The samples were progressively
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Fig. 2. The anodic peak values from CV tests for 0.5 mM potassium ferrocya-
nide in simulated concrete pore solution as a function of the square root of the
scan rate for different microstructures.

grounded using SiC sandpaper with 240#, 400#, 600#, 800#, and
1200# grids; then, they were polished using 1um alumina slurry. For
each test, a mounted steel sample was embedded in the SECM sample
holder, which allowed the solution to be poured on top of the sample.
The solution with the composition in Table 1 was used for all experi-
ments. This solution comprised the compounds used in simulated con-
crete pore solution [7], plus potassium ferricyanide (K3[Fe (CN)g]) as
the mediator. Samples were immersed in the solution for three days to
ascertain the formation of the passive layer [7,25].

3. Results and discussion

CV experiments with scan rates of 20, 50, 75, 80, 100 and 200 mV/s
were conducted on each microstructure. The anodic peaks from each
voltammogram were used to plot i, versus /v plots; these are shown in
Fig. 2. D, the slope of the plot, was determined as 6.81 x 107, 4.48 x 10~
7 and 4.37 x 107 em?s’! for martensite, bainite, and pearlite, respec-
tively, with certainty of more than 92% based on the least square
method.
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Fig. 5. Calculated keg at different times after exposure of a sample in
the solution.

3.1. Kinetics of the formation of the passive layer

Fig. 3 shows the results of the line scan test on a sample at different
times after immersion in the solution. Line scans began above the
martensite microstructure, continued through the bainite and pearlite
microstructures, respectively, and stopped in the middle of the sample.
A few minutes after exposing the sample to the solution, samples showed
higher currents, regardless of the microstructure. As time passed, the
current decreased, indicating the formation of the passive layer on all
microstructures. The exception occurred at the beginning of the expo-
sure, i.e., at 5 min, no significant change in current values was observed
on the different microstructures. This observation can be attributed to
extremely low current (pico Amp) beyond the system’s sensitivity.

Fig. 4 shows the approach curves of a sample at different times after
exposure to the solution. In Fig. 4, the X-axes are the normalized dis-
tance, which is the ratio of the distance of the UME tip to the surface of
the sample and the radius of the active area of the UME electrode. The Y-
axes show the normalized current, i.e., the ratio of the oxidation current,
recorded from near the surface, to the infinite current, recorded from the
bulk of the solution.

Results indicated that within a few minutes after immersion of the
sample in the solution, electron transfer occurred rapidly between iron
ions and the solution active species, and the steel surface acted as a pure
conductive surface [26,27]. However, after a few hours, the passive
layer started to form on the surface of all microstructures, leading to a
decrease in the tip current. Except for the beginning of the immersion, i.
e., 5 min, the martensite phase indicated a lower current than the
pearlite and bainite phases. This difference increased by increasing the
exposure time, showing the superior passive layer on martensite
compared to the other microstructures. To better understand the kinetics
of passivation over different microstructures, the kg was calculated for
all microstructures, and the results are summarized in Fig. 5.

A notable decrease in the kegr value was observed immediately after
exposure to the solution. This observation was ascribed to the fact that
the steel surface, regardless of the microstructure, was kinetically active
at the beginning of the exposure. Therefore, the electron transfer
occurred quickly between the steel surface and the ions in the solution.
During the formation of a passive layer on the surface of steel in concrete
pore solution, the ratio of Fe?*/Fe3* increases through the whole depth
of the passive layer [28,29]. Consequently, it was hypothesized that
within a few minutes after exposure to the solution, the UME constantly
collected current from the steel surface due to the release of the electrons
from the Fe — Fe?" + 2¢ reaction. With time, the passive layer grew,
and the ke decreased. Fe?t— Fe3* + e became the prevalent oxidation
reaction between the solution and the steel sample. The decrease in the
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kefr value can be attributed to a decrease in the number of released
electrons, i.e., 2 to 1 for each iron ion. The outward flux of Fe?* was
more than the diffusivity of 0. Thus, simultaneously, the oxygen va-
cancies were generated at the interface of the steel sample and the
passive layer [30]. As a result, as time progressed, the donor density of
the passive layer decreased [31], and the keg values moved toward a
relatively steady state, indicating the complete formation of the passive
layer.

When the passive layers were not stable at the beginning of the test,
fluctuations were observed in the keg values. Twenty-four hours after
exposure, however, the value became more stable. While the k.¢ values
for the pearlite and bainite microstructures were comparable, the
martensite showed considerably lower kg values than the pearlite and
bainite. These results agree with the approach curve test results, i.e., the
integrity of the passive film on the martensite was superior to the other
phases.

Results from both approach curves and kes showed that the
martensite had a more active surface than pearlite and bainite. This
activity led to the formation of a more rapid and stable passive layer on
martensite compared to the other microstructures. It was hypothesized
that several factors could potentially explain this observation. As shown
in Fig. 1b, martensite has an entangled and complex microstructure with
finer grains than bainite, Fig. 1c, and pearlite, Fig. 1d. Both pearlite and
bainite had distinct cementite and ferrite phases in their microstructure.
Cementite can act as the site for cathodic reactions in the microgalvanic
cell formed between the ferritic and cementite phases [32]. However, in
the much more complex microstructure of martensite, the anodic and
cathodic reactions had a more difficult time to occur. As a result, the
overall corrosion rate, i.e., current, on the martensite was lower than
that on pearlite and bainite. Additionally, their microstructural features
led to a relativity similar passive layer on both pearlite and bainite.

4. Conclusions
It can be concluded that:

e SECM provided valuable insights into the reaction kinetics and
spatial distribution of passivation across the heterogeneous micro-
structure of the steel sample.

Forming the passive layer is a time-dependent process. The kinetic
activities were initiated shortly after exposing the steel sample to a
simulated concrete pore solution with the mediator. However, after
one hour, the passive layer began to form on the surface of each
microstructure and remained stable.

e The passivation in steel samples was influenced by its microstruc-
ture. Martensite demonstrated superior passivation behavior
compared to pearlite and bainite, probably due to its complex fea-
tures. It is hypothesized that the formation of galvanic coupling be-
tween ferrite and cementite in pearlite and bainite is responsible for
the inferior passive film on these two microstructures compared to
martensite. Nonetheless, this hypothesis requires further
investigation.

Understanding these relationships between microstructure and
passivation behavior is crucial for developing more corrosion-
resistant steel for reinforced concrete structures. The insights
gained from this study can guide the optimization of steel micro-
structure with enhanced durability and safety.

It should be noted that the objective of this study was to use a high-
throughput approach to examine the kinetics of the formation of the
passive layers on different microstructures. While the results indi-
cated that the passive layer formed faster, which probably was more
stable on the martensite than the pearlite and bainite, the integrity of
that layer is not studied in this work.
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