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Reinforcing steel bar (rebar) is subjected to various levels of strains during service in reinforced
concrete (RC) construction. This work aims at understanding the effect of pre-induced plastic
strains on the corrosion behavior of a reinforcing steel bar (rebar) by doing electrochemical tests
(electrochemical impedance and potentiodynamic polarization) in freely aerated 3.5 pct NaCl
solution and cyclic salt-fog test. The interplay between the corrosion products and the corroding
tendency of the strained rebars as a function of exposure time is analyzed. The plastic strains
have strong effect on the composition of the rusts and polarization resistance of the rusted
rebars.
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I. INTRODUCTION

REINFORCING steel bars (rebars) used in rein-
forced concrete (RC) construction are subjected to
different levels of elastic and plastic stresses and asso-
ciated strains experienced during bending and cranking
operations at construction sites, in the case of bent-up
bars, stirrups or joints, or due to the action of structural
loads in service. The former results in high plastic strain,
but the effect is localized around the neighborhood of
bends and hooks,[1–3] whereas the latter operations
result in strain within its yield limit. However, the effect
of elastic strain is more widespread along the length of
the bars.[4] Though corrosion of the bars in concrete due
to carbonation or chloride-attack has been actively
studied,[5–8] the effect of such strains on the corrosion,
both in terms of corrosion products and the rate,
requires special attention.

Studies related to the corrosion of rebar in externally
loaded RC members have reported higher crack-widths
and deflections.[9–15] The combined effect of applied
elastic stress and chemical attack on steels was investi-
gated by Zhang et al.[16] in NaCl solution. The forma-
tion of micro-cracks in mortar due to external load has
influenced the corrosion activity of rebar.[17] In one of
their recent works, Li and Wu[18] have studied the degree

of corrosion of rebars due to salt-fog exposure under the
simultaneous action of tensile loads, and reported that
the extent of corrosion increases in the stressed rebar.
If it is closely observed in most of the research articles

relevant to the stress-induced rebar corrosion, rebar has
been subjected to stresses and strains within its elastic
region, leading to an increase in the corrosion suscep-
tibility. Interestingly, the effect of elastic stress on the
corrosion susceptibility has also been ascertained from
the mechanochemical theory proposed by Gutman,[19]

according to which the change in the electrode potentials
(Due

o) of iron under the influence of the additional
elastic stress is given by

Duo
e ¼ �DPVm

zF
½1�

where DP is the additional elastic stress on the member
(MPa), Vm is molar volume of the Fe (m3/mol), z is
valence of iron and F is Faraday’s constant (96485
C/mol). From Eq. [1], it can be clearly understood that
the higher the level of elastic stress, more negative would
be the electrode potentials in the member, which would
result in an increase in its corrosion susceptibility.
However, this may not be true universally since poten-
tial is a thermodynamic factor, whereas rate of degra-
dation is under the influence of kinetics of
chemical/electrochemical reactions taking place on the
surface of steel.
As mentioned earlier, apart from elastic strains,

rebars are also subjected to considerable amount of
plastic strains near bends and hooks (Figure 1(a)). The
impact of corrosion on the mechanical properties of
rebar subjected to such high tensile plastic deformation
has been examined by Apostolopoulos and Michalopou-
los.[20] They have studied the stress–strain behavior of a
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strained rebar after corroding it using salt-spray test and
observed remarkable decrease in the strength and
ductility of the steel due to the combined action of
corrosion and plastic strains.

On the other hand, Zhang and Poursaee[21] have
reported that steel specimens under tensile loads passi-
vate more rapidly in chloride-free pore solution com-
pared to those under compressive and no-loading
conditions. Due to rapid passivation initially, steels
under tension tend to form more protective passive
films, which has led to the recording of lower current

densities in the later stages. However, when the pore
solution is contaminated with chlorides, an opposite
behavior in the tensioned steels has been observed. In
addition, they have also reported that the effect of
tensile or compressive stresses in steel is more significant
than the influence of the passive layer in protecting the
steel from corrosion in the presence of chlorides.
From the brief review listed above, it is clearly evident

that very limited understanding on the impact of
pre-induced plastic strains on the corrosion behavior
of rebar is available in the literature. Moreover, the

Fig. 1—(a) A typical 90 deg bend of plain reinforcing steel bar. (b) Typical stress–strain variation of the rebar used in the study along with the
details of the notation followed for various levels of tensioning. (c) Rebars after pre-tensioning to various levels with specimen identity. (d)
Method of determining the maximum deflection in the bent cementite lamellae from its initial position using FE-SEM images. (e) Schematic
representation of the electrochemical test setup.
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research articles addressing the implications of plastic
strains have presented the behavior of the passive films
formed on steel in concrete pore solution[22,23] rather
than the inherent nature of the metal substrate under-
neath the film. This would, particularly, become crucial
from the viewpoint of RC construction. The steel bars
procured for construction are usually very long, and in
bent form while they are brought to the construction
sites (to facilitate the transportation of long bars). Later,
they have to be cut, bent to different shapes and stored
at sites before being placed in position for structural
purposes. Such bent-up bars, bends, hooks and stirrups
are very common in civil engineering structures, in
which plastic deformation is inevitable. Therefore, rebar
would be exposed to atmosphere in plastically strained
condition before concrete is placed around them. There
could be a situation of an aggressive marine environ-
ment (enriched with chlorides) near storage sites. Unlike
the elastic strains that are induced in rebar after casting
an RC member and subjecting it to external service
loads, the plastic strains in the steels at the bent portion
are induced prior to concreting. Therefore, in such cases,
they would be exposed to aggressive Cl- ions (example:
marine exposure) which may result in predominant rust
formation before passivating in high pH environment of
concrete. It is important to mention that though codes
and standards specify to avoid the contact of rebar with
aggressive agents during storage, it is highly impractical
to have rust-free rebar at construction sites. Practition-
ers often use some crude remedies to remove the rust on
bar (cleaning with wire-brush or using Clark’s solution,
etc.). Such practices could have long-term implications
as they affect the surface condition of rebar by inducing
scratches or defects. Thus, understanding the corrosion
behavior of the strained rebar in a chloride-contami-
nated environment (example: 3.5 pct NaCl solution) is
of paramount importance to highlight the special care
and attention required to create and handle bent rebars.

Furthermore, depending on the angle of bend and the
diameter of the mandrel used, the extent of plastic
strains in a rebar could vary over a large range. One
interesting aspect arising on the account of plastic
pre-straining at the bends is the damage that occurs to
the mill-scale, which is a thin adherent oxide layer on the
surface of a rebar.[24] As shown in Figure 1(a), at the
location of the bend (a trial test in the present work), the
scale has been damaged on account of plastic deforma-
tion (shown by dotted arrowhead), whereas the scale on
the unstrained portion has remained intact. Therefore,
for a meaningful comparison between the corrosion
behavior of the strained and unstrained rebars, surface
dissimilarity arising on account of mill-scale should also
be taken into consideration. Moreover, plastic strains
could also result in significant changes in the microstruc-
ture of the steel. The previous studies,[25–27] reporting
the changes in the microstructure of carbon steel due to
strain, are mostly related to its warm deformation. In
such cases, changes occur in steel before the final
product (rebar) is made. However, due to construction
operations, plastic strains are induced in the final
product itself, and hence, the associated changes could
be different from that of warm deformation.

Interestingly, critical examination of such changes has
never been studied.
To acquire a comprehensive idea of corrosion behav-

ior of strained rebar in an aggressive marine environ-
ment, apart from obtaining the electrochemical
information of diffused double layer formed at the
interface, it is equally important to examine their actual
corrosion behavior as a function of time. Thus, two
clear objectives have been finalized as part of the study.
To achieve these objectives, the experimental program
has been organized into two phases as shown in Table I.
While the electrochemical tests on bare rebar specimens
are part of Phase-I, Phase-II deals with the cyclic
salt-fog tests and the changes in their electrochemical
behavior as a function time. Thus, both the Phases-I and
II have been aimed at extracting the electrochemical
information of the strained steel in 3.5 pct NaCl
solution.
On an independent note, it is known that depending

on the availability of oxygen and moisture, a wide range
of corrosion products can form on reinforcing
steels.[24,28] Several researchers, including the present
authors, have reported the systematic changes in corro-
sion products formed on rebar steels in various exposure
conditions.[24,28–32] It has also been established that the
ratio of stable Goethite (a-FeOOH) to the sum of the
proportions of Lepidocrocite (c-FeOOH), Akaganeite
(b-FeOOH) and Magnetite (Fe3O4), i.e., a/c* indicates
the protective ability of rust,[32–35] and can serve as an
effective parameter to assess the corrosion tendency of
rusted steels.[32] The relationship between the corrosion
products formed during exposure and the electrochem-
ical properties of rusted mild steel has been reported by
Choudhary et al.[32] However, the nature of corrosion
products formed and their gradual transformation,
which are likely to be affected by the amount of plastic
strains in the steel, have not been documented.
To provide a fresh perspective to the problem, the

present research focuses on examining the corrosion
behavior of the rebars having various extents of pre-in-
duced plastic strains not only from an electrochemical
viewpoint, but also from the nature of the corrosion
products formed on their surfaces. Since the nature of
the corrosion products formed on steel serve as a
fingerprint of the corroding system, efforts have been
made to obtain the composition of the rust and correlate
it with the changes in the electrochemical behavior. It is
expected that a study of the effect of plastic strain on the
interplay between the electrochemical properties and the
composition of rust would help to better understand the
corrosion behavior of the very important component in
reinforced concrete structure, rebar.
Few aspects related to the test period in cyclic salt-fog

tests are worth mentioning in this context. In compar-
ison to other accelerated corrosion tests, the level of
corrosion that rebar undergoes in a given time period in
cyclic salt-fog test would be very high. This is mainly
due to the critical combination of the temperature,
humidity and high Cl- content inside the chamber.[36]

Thus, in salt-fog tests, the properties of rust (such as
composition, morphology and protective ability) and
the associated electrochemical properties of rusted steels
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change very rapidly. A close observation of the pub-
lished literature[31,32] would clearly indicate that the
changes in the rusted steel would saturate in 30 days due
to the stabilization of corrosion products, after which
the rust starts detaching from the rebar due to its flaky
nature. Thus, an exposure period of 30 days is consid-
erably high in salt-fog tests. Therefore, in the present
study, the experimental investigation carried out as part
of Phase-II is limited to 30 days. In such case, the
time-dependency of the corrosion products and the
corresponding electrochemical behavior of rusted rebar
are the important aspects that need to be addressed to
develop a comprehensive understanding. Accordingly,
tests in Phase-II have been aimed at estimating the
polarization resistance of the rusted rebar and correla-
tion with its corrosion products after exposing to
different time-periods in the chamber.

To avoid the usual crevice corrosion at the ribs of a
corrugated bar, plain round bars were used in this
research. Differentiating the corrosion due to plastic
strain from the crevice formation at the ribs of a usual
high tensile corrugated bar is impractical as both the
effects are coupled. Hence, to avoid this obscure
formation of crevice at ribs, steel bars without ribs were
chosen for the study. It is worth mentioning that in
principle, the carbon content of both plain rounds and
ribbed bars is nearly same, and their basic microstruc-
tural constituents comprise similar phases (ferrite and
pearlite colonies).[37,38] Hence, though the corrosion
behavior of bent ribbed and plain bars could be slightly
different, the fundamental understanding related to the
effect of strain remains same in both the cases. Further-
more, understanding the mill-scale related effects on the
plain bar is easy.

Electrochemical measurements on a series of strained
rebar specimens containing various levels of plastic
strains in freely aerated 3.5 pct NaCl solution include
open circuit potentials, electrochemical impedance spec-
troscopy and potentiodynamic tests. Finally, the paper
presents the variation in the protective abilities and the
electrochemical behavior of the rusted and strained
rebars in 3.5 pct NaCl solution as a function of time.

II. EXPERIMENTAL DETAILS

A. Specimen Preparation and Metallography

Specimens for the two phases of experiments were
obtained from 16 mm rounded mild steel, consisting
0.20 pct C, 0.16 pct Si, 0.46 pct Mn, 0.05 pct P, 0.11 pct
S, 0.04 pct Cr, 98.7 pct Fe (all are in weight pct) along
with other trace elements. The tensile stress–strain
behavior of the rebar was determined by testing three
500-mm-long specimens as per IS 1608:2005,[39] and a
typical plot is shown in Figure 1(b). It has been found
that the material has yield and ultimate strengths of
350±2 and 565±5 MPa, respectively, with the lower
yield point at 0.2 pct strain level. Details of the extent of
tensioning used in the study and the corresponding
notation followed in this paper are given in Figure 1(b).
The bars were strained to the required levels in a

Universal Testing Machine (Tinius Olsen Model
2000SL) at a strain rate of 0.0025 s�1. The final
diameters after tensioning were obtained using Eq. [2],
and found to be in good agreement with the physical
measurements carried out using Vernier calipers.

di � df
di

¼ ls �
dl
l

½2�

where di and df are the initial and final diameters of the
rebar, respectively, dl

l is the plastic (or residual) strain in
the strained rebar and ls is the Poisson’s ratio of steel,
which is taken as 0.30.[40] While the specimen P1 was not
strained for reference, the specimens, P2–P6, were
strained to a level of 1.5 pct, 2.2 pct, 5.0 pct, 10.0 pct
and 15.0 pct, respectively, and are pertaining to various
zones in the stress–strain curve as shown in Figure 1(b).
Figure 1c shows the unstrained and strained rebars used
in the study.
The total number of bars strained up to a certain level

was four, and out of which one rebar was used to
generate specimens for each of the following tasks in the
work: (a) metallographic observations, (b) electrochem-
ical measurements on bare specimens in phase-I, (c) to
obtain the corrosion products in phase-II, and (d)
electrochemical measurements on rusted specimens in
phase-II. For each task, triplicate specimens having a
thickness of 5 mm were cut from the strained and
unstrained rebars (P1–P6). These specimens were taken
from the central portions of rebar to avoid any end
effects arising on account of gripping in the tensile
testing machine. The specimens were cut from the bars
using a slow-speed automated saw. During the cutting
process, coolant was also used to avoid heating of the
specimen. Thus, the chances of stress relaxation in the
specimens due to the increase in temperature were
minimized. For microstructural observations, the
cross-sections of the specimens were mechanically
ground using emery papers up to 1200 grit size followed
by cloth-polishing using alumina suspension, and,
finally etched with 3 pct Nital. The lamellae structure
within the pearlite was examined using FE-SEM (Nova
NanoSEM 450) at an accelerating voltage of 20.00 kV.
In all the steels, the deflections in various cementite
lamellae were measured at several locations using the
scaled FE-SEM micrographs.
The physical process of deformation in fer-

ritic-pearlitic steels during tensile testing depends on
the mechanical properties of individual phases (ferrite
and cementite). During plastic deformation, load trans-
fer from ferrite to cementite occurs due to the inherent
differences in their mechanical properties.[41] This leads
to significant localization of stress in cementite, which
would ultimately cause the bending and/or fragmenta-
tion of the lamellae. Earlier work by Sharma et al.[42] has
clearly shown that the deformation without fracture
could align the cementite lamellae in fully pearlitic steel
(0.7 wt pct rail steel) along the loading axis as well as
bending of the cementite as observed during systematic
reciprocating wear analysis. In the present work, since
the loading is in plastic range, the stresses could
definitely lead to the bending of the cementite. Hence,
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the pearlite colonies near the periphery of the specimen
(outer edge) were examined to assess the deflections of
lamellae. This was particularly done to maintain the
uniformity in selecting the locations for acquiring
micrographs. Further, eight different spots spaced at
an interval of 45 deg (= 360 deg/8) on the circumference
of the rebar were chosen. At each spot, micrographs at
four different locations, each focusing a particular
pearlite colony, were acquired. Thus, a total of 32
pearlite colonies were examined in each rebar. In these
colonies, straight lamellae were not considered for
calculating the deflections in cementite phase. However,
all the lamellae, which had undergone bending either
moderately or severely, were considered in estimating
the average deflection.

The line joining the ends of a given lamella was
considered to be its initial position, and the deflections
were measured with respect to this line (Figure 1(d)).
The maximum deflection of a cementite lamella was
taken to be the representative measure of the effect of
plastic pre-tensioning. The average of all such maximum
deflections obtained from various lamellae was used for
comparison among the strained steels. It would be
worth mentioning that the steel specimens used in the
study were prepared from 12-m-long rebars belonging to
the same lot, and have similar composition. Therefore,
changes in their microstructures could solely be attrib-
uted to the extent of plastic pre-tensioning.

B. Electrochemical Tests

1. EIS and Polarization Studies
The electrochemical tests on the strained rebar spec-

imens in Phase-I were carried out to understand their
corrosion behavior in freely aerated 3.5 pct NaCl
solution. Apart from the control specimen (P1, 0 pct
strain), the specimens pertaining to five different levels
of tensioning (P2–P6) were tested. The curved surfaces
of the rounded specimens were having mill-scale in
either fully intact condition (P1), or partially or com-
pletely damaged condition depending on the level of
strain (P2–P6) (Figure 1(c)). The usual metallographic
polishing before electrochemical testing was avoided to
capture the macro-cell galvanic effects. However, to
understand the influence of damaged mill-scale in
facilitating macro-cell effects in the specimens pertaining
to zone-2, the P2 specimens without having scale on
their surface were also tested. To avoid any unwanted

damage to the specimen while removing the scale, the
surface was polished using ultra-fine emery paper
Grit-800. The surfaces of the specimens were cleaned
ultrasonically in acetone before performing the tests.
The necessary connections were made on the

cross-sections of the specimens, which were later coated
using standard epoxy lacquer (Araldite). Thus, the
interaction of cross-section with the electrolyte was
avoided using Araldite epoxy, and the curved surface
portion of the test specimen was exposed to electrolyte.
This was done to perfectly simulate the chloride-attack
phenomenon in rebar, which happened on the curved
section, but not on the cross-section of rebar. A
schematic representation of the test setup is shown in
Figure 1(e).
Tests were carried out in a round-bottom cell using

Parstat 2263 system at room temperature. Volume of the
electrolyte in all the tests was 400 ml. Three-electrode
setup was used where the specimens, platinum wire mesh
and saturated calomel electrode (offset potential with
respect to SHE: + 0.242 V) were the working electrode,
counter electrode and reference electrode, respectively.
Luggin capillary facilitating in directing the conductive
path between working and reference electrodes was used
(Figure 1(e)). Furthermore, the test setup enabled
proper sensing of current and voltage as no major
challenges with respect to the blockage of field lines
among individual electrodes were foreseen since the
electrolyte was highly conductive (3.5 pct NaCl solu-
tion). Initially, the specimens were immersed in the
electrolyte for 1 h to stabilize the open circuit potentials
(OCP). Then, to obtain the charge-transfer resistances
using EIS at free corrosion potentials, the specimens
were subjected to AC perturbation of 10 mV. Frequency
was swept from 100 kHz to 10 mHz. Results of EIS
were modeled and analyzed using an appropriate
equivalent electrical circuit (EEC) model available in
ZsimpWin software (Princeton Applied Research).
Dynamic polarization behavior was studied by sub-

jecting the specimens to over-potentials ranging between
– 250 and + 300 mV from their respective OCPs. The
negative and positive potentials with respect to OCP
enabled to record the cathodic and anodic polarization
curves of the specimens, respectively. A constant scan
rate of 0.5 mV/s was used in all the tests. Corrosion
current densities (icorr) of the steels were calculated using
Tafel extrapolation in case of systems which had
exhibited either activation or mixed polarization

Table I. Details of the Experiments Carried Out in the Present Study

Phase Experiments Objective

I electrochemical tests in freely aerated
3.5 pct NaCl solution

� to obtain the charge-transfer resistances (Rct) and the corrosion
current densities (icorr) of the unstrained and strained rebars

II cyclic salt-fog tests (3 hours
of wetting and 9 hours of drying)

� obtaining the following information related to the corrosion
products formed on the unstrained and strained rebar specimens
at the end of different exposure periods (5, 10, 20 and 30 days)
�Type and proportions of various corrosion products
� Rp behavior of the rusted rebars using linear polarization tests
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behavior. In case of corroding systems in which either
spontaneous passivity was noticed, passive current
densities corresponding to the onset of passivity (where
change in the slope of the anodic part occurred) were
estimated. Further, corrosion rates of the specimens
were calculated using Eq. [3] as per ASTM G102.[43]

Corrosion rate mm=yð Þ ¼
3:23� 10�3
� �

� icorrð Þ � EWð Þ
q

½3�

where icorr is corrosion current density in lA/cm2, EW is
the equivalent weight of iron considering valence to be 2
(= 27.92), q is the density of the steel (= 7.86 g/cm3).
Three specimens were tested for each strain level to
ensure repeatability, and average was used for compar-
ative assessment.

2. Salt-Fog Tests and Subsequent Electrochemical
Measurements

Tests in Phase-II (Table I) were carried out to examine
the corrosion behavior of the rebar specimens as a
function of time by placing them in a cyclic salt-fog test
chamber and accelerating the corrosion. Based on the
results in Phase-I as explained in the following sections,
only the unstrained (P1) specimen, and the specimens
prepared from P3 and P5 were tested in this phase.

A closed chamber conforming to ASTM B117[36] was
used in the study with 3.5 pct NaCl, and the specimens
were exposed to exposure periods of 5, 10, 20, and 30
days. Throughout the test period, the specimens were
subjected to two cycles per day, each comprising 3 h of
wetting and 9 h of drying periods. The chamber
temperature was around 35 �C after reaching the
steady-state conditions. Six different specimens for each
combination of straining and exposure period were
drawn, and while three of these were used for spectro-
scopic analysis, the other three were used for obtaining
the polarization resistance (RP) by carrying out linear
polarization of corroded specimens without disturbing
the rust by careful handling.

Electrochemical measurements were carried out on the
corroded specimens at the end of each exposure period.
Measurements included the OCP evaluation and mea-
surement of RP from linear polarization tests in 3.5 pct
NaCl solution. Linear polarization measurements were
taken after stabilization of OCP in a potential range of
± 20 mV at a scanning rate of 0.166 mV/s. However,
linear portion between± 5 mVwas only used to calculate
the polarization resistance (RP). At the end of a given
exposure period, rust samples were collected from the
corresponding corroded specimens using a spatula, and
were immediately prepared for Fourier Transform Infra-
red (FTIR) analysis. Apart from obtaining the qualitative
information of corrosion products from FTIR spectra,
quantitative analysis was also performed using the
Beer-Lambert’s law, i.e., the absorbance is equal to log
(100/T), where T is the transmittance (pct), as suggested in
earlier studies to determine the relative fractions.[24,32,38].

III. RESULTS AND DISCUSSION

A. Metallography

The change in the surface appearance of the strained
rebars clearly confirms the damage occurred to the
mill-scale as shown by arrowheads in Figure 1(c).
Hence, the actual surface conditions of differently
strained portions in a bend as indicated in Figure 1(a)
have been perfectly simulated in this study. As can be
seen from Figure 2(a), in general, the steel used in the
study has ferritic-pearlitic microstructure. Though the
orientations of different lamellae among pearlitic
colonies are different, the cementite lamellae are ori-
ented in a similar way in a particular colony, and
relatively less bent (almost straight). Figures 2(b)
through (g) shows the typical high-resolution micro-
graphs of different steel specimens (P1–P6). It can be
seen that in general, as the amount of plastic strain
increases, the bending in the cementite lamellae also
increases (Figures 2(b) through (g). The average max-
imum deflection of the lamellae obtained in various
strained steels is shown in Figure 2(h). The unstrained
specimen (P1) also shows some deflection in pearlite,
which can be attributed to the rolling process during the
manufacturing of bar. However, with the introduction
of permanent plastic strain (P2–P6), bending of the
lamellae increases.
It could be pointed out that the orientation of

pearlitic colony with respect to the loading axis during
the tension test is also an important factor. In this
context, it can be seen that lamella of some of the
unfavorably oriented pearlite colonies get deformed to
much greater extent, and this is clear from the micro-
graphs of specimens with higher level of plastic strains
(P4–P6) in Figures 2(e) through (g) and Figure 2(h). A
close examination of the lamellae for the specimens
P4–P6 at some locations (shown by dotted arrowheads)
in Figures 2(e) through (g) clearly confirms the local
fracture. While severely bent and fractured lamellae are
observed in the specimen P5 (Figure 2(f)), extreme
straining in specimens P5 and P6 caused significant
kinking in the cementite lamellae (Figures 2(f) through
(g)). In the latter, severe bending and fracture in the
lamellae are seen in the form of blunted fibers at some
locations (shown by dotted circle in Figures 2(f) and
(g)). Thus, it can be concluded that plastic pre-straining
the specimen has resulted in significant changes in the
shape and extent of bending in the lamellae present in
their microstructures.

c

Fig. 2—(a) through (g) Typical FE-SEM micrographs for the
as-received (a) and (b), and P2–P6 (c) through (g), respectively, and,
(h) the average maximum deflection of the bent lamellae in the
strained specimen with different levels of pre-induced plastic strains.
Pearlite colony (P), cementite (C) and ferrite (F). (1) Loading
direction is perpendicular to the plane of the micrographs (Z-axis);
(2) referring Figure 1(d) to ascertain the bending of the lamellae and
the maximum deflection measurements.
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B. Electrochemical Behavior of the Strained Rebars

Variation of OCP for all specimens in 3.5 pct NaCl
solution is shown in Figure 3(a). It can be seen that the
OCP has stabilized at values given in Table II almost at
the same time for all the specimens. In general, it can be
seen that the stabilized OCP values for the strained
steels are more negative than that of the unstrained steel,
and the values become more negative as the level of the
plastic strain in the specimen increases. This can be
attributed to the increased activity of the metallic

portion arising on account of changes in the surface
and the structure of the pearlitic colony as indicated in
Figures 2(b) through (g). It may also be pointed out that
an increase in the dislocation density has been reported
with the increase in strain,[40] which could also explain
the trend observed in this study. It is worth reiterating
that the OCP is the potential indicating the steady-state
potential where the cathodic reaction (here it is oxygen
reduction in neutral solution) and anodic reaction
(dissolution of Fe) rates are equal at open circuit
condition. Therefore, due to the inherent increase in

Fig. 3—(a) OCP variation with time. (b) Potentiodynamic polarization plots of the specimens in 3.5 pct NaCl solution. (c) Comparative
polarization behavior of P2 specimen with and without the scale in 3.5 pct NaCl solution along with P1 and P6. (d–f) Polarization behavior of
the specimens pertaining to zones-1, 2 and 3 in 3.5 pct NaCl solution.
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the dislocation density in steel with the increase in
pre-strain, more negative OCP has been obtained.

Dynamic polarization plots of the strained specimens
as well as the unstrained specimen in freely aerated
3.5 pct NaCl solution are presented in Figure 3(b), and
the typical polarization response of P2 specimen without
the damaged scale on its surface is shown in Figure 3(c)
(along with other plots to facilitate comparison). The
polarization responses of the specimens pertaining to
each individual zone are shown in Figures 3(d) through
(f).

Electrochemical parameters, such as corrosion poten-
tials (Ecorr), corresponding current densities (icorr) and
the corrosion rates of the strained specimens, are also
summarized in Table II along with the anodic (ba) and
cathodic (bc) Tafel slopes. It can be clearly inferred from
Figures 3(b) through (f) that the polarization behavior
of the rebars is affected by the level of plastic strain,
which is related to the extent of tension induced in the
bars, and also the level of damage to the mill-scale
(Figure 1(c)). As stated earlier, mill-scale is a flaky oxide
layer formed on the surface of rebars during hot-rolling
operation in mills.[24,44] From purely electrochemical
viewpoint, it is cathodic to steel.[44] Mill-scale could
cause large ohmic loss due to its high resistivity, and has
been reported to be loose and contain defects and
micro-cracks.[44,45] Nevertheless, it acts as physical
barrier to the deleterious agents, and could also delay
the onset of corrosion.[44,45] Due to plastic pre-tension-
ing, the scale on the rebar has undergone damage, as
shown in Figure 1(c). While the P1 specimen (zone-1)
has shown activation-controlled behavior with slight
signature of passivity at around 2 to 3 lA/cm2 current
density (Figure 3(d)), the P2 and P3 (zone-2), have been
observed to exhibit clear spontaneous passivity, and
their systems are not guided by concentration polariza-
tion (Figure 3(e)). The spontaneously passivating nature

of the system in P2 and P3 (zone-2) is due to the
macro-cell galvanic effect as explained in the subsequent
paragraphs. The cathodic branch in case of the speci-
mens P4, P5 and P6 (zone-3) is mixed-controlled with
increase in slope in the cathodic portion due to influence
from diffusion-controlled effect (Figure 3(f)). However,
the anodic portion does not show any signature of
passivity in the specimens of zone-3 (Figure 3(f)). In
addition, the Ecorr of the P1 (zone-1) is much higher as
compared to those of P4–P6 (zone-3). Furthermore, the
anodic current density of the P1 (zone-1) is also almost
two orders of magnitude less than those of the P4–P6
(zone-3) (Figure 3(b)), considering the fact that P1 and
P4–P6 show active anodic dissolution.
Closer examination also reveals that the specimens P2

and P3 show slight passivity (Figure 3(e)) as compared
to other specimens. The respective passive current
densities are listed in Table II. Interestingly, the break-
down in both the P2 and P3 specimens has occurred at
nearly same potentials (~ � 650 mVSCE) after passiva-
tion. The change in the polarization behavior can be
attributed to the nature of the surface in different
specimens. The fully covered metal with mill-scale in the
unstrained P1 shows active behavior, whereas the
specimens P2 and P3, which are taken from the yield
zone (Figure 1(b)), show spontaneous passive behavior.
Since the P2 and P3 are from the yield zone, the
passivity is surely related to (a) the Lüders band
formation, which is accompanied with the simultaneous
release of pinned dislocations in the Cottrell atmosphere
of mild steel, and also (b) to the presence of damaged
mill-scale on the surface. With increase in pre-straining
in the plastic portion of the tensile plot (zone-3 in
Figure 1(b)), the steel show active behavior again with
mixed-controlled corrosion behavior having larger effect
from concentration polarization for the oxygen reduc-
tion reaction (12O2 þH2Oþ 2e� $ 2OH�Þ. The very

Table II. Electrochemical Parameters of the As-Received (P1) and Strained (P2–P6) Rebar Specimens Extracted from the

Potentiodynamic Polarization Tests in 3.5 pct NaCl Solution

Specimen
OCP

(mVSCE)
Ecorr

(mVSCE)
ba

(mV/decade)
-bc

(mV/decade) icorr (lA/cm2) Corrosion rate (mm/y)

P1 � 606
(6)

� 667
(8)

64
(9)

110
(12)

1.64
(0.37)

0.0188
(0.004)

P2 � 644
(8)

� 780
(7)

* 55
(8)

4.56**
(0.16)

0.0523
(0.001)

P3 � 635
(4)

� 767
(8)

* 46
(11)

5.01**
(0.27)

0.0574
(0.003)

P4 � 689
(8)

� 740
(5)

45
(7)

155
(14)

7.11
(0.32)

0.0815
(0.003)

P5 � 685
(4)

� 728
(8)

50
(9)

190
(8)

9.57
(0.52)

0.1098
(0.006)

P6 � 680
(8)

� 713
(9)

53
(4)

320
(14)

12.52
(0.36)

0.1436
(0.004)

P2_without scale � 663
(7)

� 675
(6)

27
(10)

340
(18)

8.78
(0.45)

0.1007
(0.002)

Standard deviation is mentioned in brackets.
*Showing spontaneous passivity.
**Passive current densities for P2 and P3.
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change in corrosion control in the strained specimens is
characterized by the gradual shift of the plots to higher
current side (Figures 3(b), (d) through (f)).

Though reasonable low scan rate (0.5 mV/s) has been
used in the present case, there is difference in the OCP
and Ecorr values, however, within 100 mV. In general,
the Ecorr values of the strained specimens (P2–P6) have
been observed to be more negative than the unstrained
specimen, P1, which indicates thermodynamic instability
of the former specimens as a group (Table II and
Figures 3(d) through (f)). Interestingly, the Ecorr of the
specimens pertaining to zone-2 (P2 and P3) are more
negative as compared to those of zone-3 (P4–P6).
Moreover, at very high levels of plastic strains in
zone-3, the Ecorr has moved in positive direction, or in
other words, among the strained specimens, as the
amount of plastic strains increased, Ecorr has shifted to
more noble values (Figure 3(b)). This trend of ennoble-
ment among the strained specimens can be explained
based on a careful understanding of two factors, i.e.,
dislocation density and macro-cell galvanic activity
between scaled and un-scaled portions.

The specimens P2 and P3 are characterized with
partially damaged mill-scale (Figure 1(c)), which results
in greater tendency for the macro-cell galvanic activity
between scaled and un-scaled portions. Both the dislo-
cation density and the macro-cell activity aggravate the
thermodynamic instability in these specimens (P2 and
P3), and hence, more negative Ecorr has been obtained.
This macro-cell activity could also attribute to the
appearance of passivity in P2 and P3 (Figure 3(e)). At
higher anodic potentials, the exacerbated thermody-
namic instability (due to macro-cell activity) would
contribute in the formation of oxide layer on the rebar
surface, which eventually reflected in the form of
passivity in P2 and P3 (zone-2) specimens
(Figure 3(e)). As the amount of plastic strain increases
(higher levels of pre-tensioning), the dislocation density
also increases. But the possibility of macro-cell forma-
tion reduces due to complete removal of the mill-scale
on the surface. In case of P4 and P5 specimens, relatively
less presence of mill-scale reduces the effect due to
macro-cell formation (Figure 3(f)). As far as the P6
specimen is concerned, the scale has been totally
removed leading to the exposure of fresh metal
(Figure 1(c)), which shows the behavior of the strained
steel without the mill-scale. In this case, the comparison
of Ecorr values of the as-received P1 and heavily strained
P6 indicates that the Ecorr of the latter is lower than that
of the former. This is understandable since the first one
is completely covered by mill-scale (Figure 1(c)), and the
latter is completely free of mill-scale due to heavy
straining. The lower Ecorr in the P6 with respect to the
P1 can be attributed to the higher strain energy because
of higher dislocation density (Table II and Figure 3(b)).

In general, the damaged mill-scale promotes local
interactions between the scaled and the un-scaled
portions (as observed in the zone-2 specimens). While
the scaled portions tend to support more oxygen
reduction reactions, anodic dissolution occurs at the
un-scaled (bare) portions.[46] This translates the system
into thermodynamically (more) unstable condition, as

observed by more negative Ecorr values in the zone-2
specimens (P2 and P3) as compared to the other
specimens.
The above understanding related to the influence of

damaged mill-scale on the thermodynamic stability of
the P2 and the P3 specimens (zone-2) can be better
understood in Figure 3(c), which shows the polarization
behavior of the P2 without the damaged mill-scale along
with the results of the P1, the P6 and the P2_with scale.
From Figure 3(c), it can be inferred that the Ecorr value
of the P2_without scale is around � 675 mVSCE, which
is higher than the Ecorr of the P2_with scale and P6
specimen, which are � 780 and – 713 mVSCE, respec-
tively. This confirms that the increased thermodynamic
instability in the P2_with scale specimen is due to its
macro-cell effects arising on account of damaged mill-
scale. Furthermore, there is no passivity in P2 when the
damaged scale was not present on its surface
(Figure 3(c)), and this confirms that the passivity in
the P2 specimen with mill-scale is due to the local
corrosion cell formation. Thus, in the zone-2 specimens,
both the inherent tendency to corrode due to the
increase in dislocation density and the partially damaged
mill-scale contribute to the formation of corrosion
products. Hence, the surface of the specimen would
have more covering effect by the corrosion products
locally, which has been reflected in the form of passivity
at higher anodic potentials (Figure 3(b)).
Furthermore, there is a similarity in the anodic

branches of the polarization plots of specimens P1, P4,
P5, and P6, considering the fact that they show active
anodic dissolution (Figure 3(b)). However, it has already
been mentioned that the anodic current density of the P1
is almost two orders of magnitude less than those of the
P4–P6 specimens. Moreover, this can be comprehended
from the anodic slopes of the polarization curves of the
specimens (Table II). The anodic slope (ba) of P1, which
is the specimen having sound cover of mill-scale, as
mentioned in Table II, has been obtained to be higher
than those of the P4–P6 specimens not having the scale
(Table II). This essentially implies that higher potential
difference is required in case of P1 than in P6 to cause a
unit change (decade) in the anodic current density.
Thus, it can be understood that the oxidation rate in the
P4-P6 is higher than that in P1 due to the accumulation
of residual strain and the reduced inhibiting action of
the mill-scale toward polarization.
The cathodic slopes (bc) of the P2 and P3 (zone-2)

specimens are less than that of P1 (zone-1) (Table II). It
means relatively less over-potential is required to cause
unit activity in P2 and P3 (zone-2). This signifies the
tendency for the formation of local corrosion cells on
the P2 and P3 specimens due to uneven presence of
mill-scale on their surfaces (Fig 1c). This can be better
interpreted from Figure 3(c), which shows the polariza-
tion response of the P2 specimen in which the damaged
mill-scale was removed. The cathodic slope of the P2 in
the absence of scale (P2_without scale in Table II) has
increased significantly, and it is similar to the cathodic
slope of the specimen P6 (Figure 3(c)).
When the damaged mill-scale was removed (i.e., in

P2_without scale specimen), there is a larger influence of

614—VOLUME 52A, FEBRUARY 2021 METALLURGICAL AND MATERIALS TRANSACTIONS A



oxygen reduction reaction, which has reflected in the
form of mixed-control behavior with larger effect from
concentration polarization (Figure 3(c)). This is due to
the increased cathodic activity on the exposed cementite
(damaged due to straining) of P2 specimen (without
scale) on account of pre-strain (increased cathodic slope
in P2_without scale as compared to P2_with scale
(Table II)). It means the damaged mill-scale in the P2
specimen has influenced the enhancement of cathodic
reactions, and is more dominant than the corresponding
pre-strain effect. It should be noted that the pre-strain
induced in case of the zone-2 specimens is also consid-
erably low (Figure 1(a)). Therefore, dominant influence
by the pre-strain in the form of facilitating cathodic
reactions on fragmented cementite than damaged mill-
scale has not been exhibited in the P2_with scale
specimen. Hence, lower cathodic slopes in the P2 and
P3 specimens (Table II) have been obtained when
damaged scale was present on them. Instead, larger
anodic activity has been facilitated on their surfaces,
which can indeed be confirmed from the spontaneous
passivity (Table II and Figures 3(b), (e)). In brief, local
corrosion cell formation has greater influence than
pre-strain on the polarization response of the zone-2
(P2 and P3) specimens.

On the other hand, the bc values are higher in the
zone-3 specimens (P4, P5 and P6) as compared to others
(Table II). This confirms that there is a larger effect of
oxygen reduction reaction in the zone-3 specimens than
in other specimens. The fragmented cementite in zone-3
specimens due to higher pre-strain provides larger areas
for cathodic activity,[47] and facilitates oxygen reduction.
Moreover, there exists very little or no influence from
the mill-scale in zone-3 specimens (Figure 1(c)). This
denotes that the pre-strain in rebar has larger control on
the corroding mechanism in zone-3 (P4, P5 and P6)
specimens as compared to the zone-2 specimens (P2 and
P3). Finally, it is the combined effect of mill-scale and
strained microstructure (or cementite) on the polariza-
tion behavior.

Figure 4(a) shows the Nyquist plot of the specimens
along with the magnified high-frequency data. The
shapes of the depressed semicircles in the Nyquist plots
clearly indicate the effect of the straining in the
specimens. A careful observation of the high-frequency
response (Figure 4(a)) clearly indicates the influence of
mill-scale in the specimens P1, P2, and P3. The
distinctive appearance of their recorded response near
the real axis confirms the impact of high-frequency time
constant. The high-frequency response of the zone-3
specimens, on the other hand, has not shown any signs
of influence from high-frequency time constant indicat-
ing little or negligible influence of oxide scale. Thus,
though the signature of passivity is not prominent in the
polarization plot of the P1 (Figure 3(d)), its passive
behavior has reflected in the high-frequency data during
impedance analysis.

Figures 4(b) and (c) shows the Bode-magnitude and
Bode-phase plots for the specimens. In all the specimens,
the peak value of the Bode-phase has occurred in the
low-frequency region (Figure 4(c)). While the peak of
the phase in unstrained steel (P1) is not sharp (confirms

the presence of more than one maximum), the peaks of
strained specimens P2 and P3 are relatively sharper than
that of P1 (Figure 4(c)). The peaks in P4, P5, and P6, on
the other hand, have been observed to be very distinct
and sharp, indicating only one time constant in the
process (Figure 4(c)). This also signifies the gradual
reduction in the influence of mill-scale at the rebar-metal
interface due to its damaged condition.
Given the presence of mill-scale (Figure 1(c)) either in

fully intact or partially damaged condition, the equiv-
alent electric circuit-1 having two time constants as
shown in Figure 4(d) has been used in the EIS analysis
of P1, P2, and P3. Constant phase element (CPE) has
been used to model the capacitance instead of pure
capacitor, whose reactive term of the impedance is given
by Eq. [4].

ZCPE ¼ Q�1 jxð Þ�n ½4�

where Q is the admittance of the CPE, j is the imaginary
unit representing the complex nature, n is the dispersion
coefficient and x is the angular frequency. Qox and Qdl

indicate the admittances of oxide layer and double layer,
respectively. Accordingly, the equivalent circuit-1 can be
represented as Rs(Qox(Rox(QdlRct))), in which the two
time constants are RctQdl and RoxQox. While the
low-frequency time constant RctQdl in Figure 4(d) cor-
responds to the double layer behavior, the high-fre-
quency time constant RoxQox is associated with the
oxide scale. It is worth to mention that though the oxide
scale is adhered to the metal substrate, it typically has
pores and defects.[44,45] In the present study, the elec-
trolyte is aggressive (3.5 pct NaCl solution), and there-
fore, the scale itself would not be stable in the
electrolyte. In such cases, the transport of electrolyte
from the scale’s outer surface toward the metal–scale
interface would occur easily through the connecting
pores at a much rapid rate. Therefore, the capacitive
reactance of the oxide layer, which is typically a delayed
contribution to the effective resistance of the oxide layer,
does not precede the double layer formation at the
metal–electrolyte junction. Hence, the double layer
formation has been assumed to happen in series with
the resistance of oxide layer. Earlier works related to
modeling the EIS data of carbon steels having mill-scale
have also used similar circuit that has two time
constants,[44,45] in which the RC loop of double layer
was assumed to be within the RC loop of oxide layer.
On the other hand, the EIS data of P4, P5 and P6 has
been fitted using a simplified Randles circuit (Rs(QdlRct))
(equivalent circuit-2 shown in Figure 4(d)), as the
specimens do not have significant influence of mill-scale
(Figure 1(c)) and the passivity is also absent
(Figure 3(f)). The EIS data have followed a very good
fitting with both the circuits (v2 in the order of 10-3), i.e.,
Rs(Qox(Rox(QdlRct))) and Rs(QdlRct) in which Rs is the
solution resistance, Qox and Rox are the constant phase
element (CPE) and resistance of the oxide layer on the
steel, and, Qdl and Rct are the constant phase element
(CPE) and charge-transfer resistance of the double
layer. The fitted spectra are shown along with the
measured spectra in Figures 4(a) through (c).
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The quantitative information of the electrochemical
parameters obtained from the data-fitting analysis is
given in Table III. Since the dispersion coefficients are in

the range of 0–1 (Table III), it can be inferred that all the
specimens have exhibited mixed behavior between ideal
resistor and capacitor. The values of Rox in the P1, P2

Fig. 4—(a) Nyquist, (b) Bode-magnitude, (c) Bode-phase plots of the specimens in 3.5 pct NaCl solution along with the fitted spectra. (d)
Equivalent circuits-1 and 2 used to fit the spectra. (e) Comparative corrosion behavior of the specimens in 3.5 pct NaCl solution. (1) Different
legends in Nyquist and Bode plots are the actual experimental data points and the black lines are the fitting results. (2) In (e), (i)corr values
corresponding to P2 and P3 specimens are their passive current densities.
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and P3 (Table III) have reduced, indicating the damage
occurred to the mill-scale on account of pre-straining.
This effect has also been reflected in the form of a
simultaneous increase in the admittance (Qox) of the
oxide layer in them (Table III). The admittance of the
double layer (Qdl) formed at the interface has also
increased in the order of P1, P2 and P3. This denotes the
increased tendency of the active sites in P2 and P3 to
exchange ions with the bulk electrolyte as compared to
that in P1.

In general, the Qdl values of the strained specimens
that do not have mill-scale (P4, P5 and P6) have been
observed to be higher than that of the unstrained steel
(P1) (Table III), suggesting the higher number of active
sites in the former than the latter, and also the greater
tendency of the strained steels to exchange ions with the
bulk electrolyte. However, the Qdl values of the speci-
mens P4, P5 and P6 (zone-3) are lower than that of
zone-2 (P2 and P3) (Table III). This could be under-
stood as a manifestation of the damaged mill-scale in P2
and P3. The presence of mill-scale in damaged condition
would influence the active sites in P2 and P3, and
resulted in exhibiting more tendencies to exchange ions.
This increase in the capacitance behavior of the speci-
mens P2 and P3 as compared to other specimens, has
also reflected in the form of leftward shift of character-
istic frequency (frequency corresponding to maximum
phase angle) in the Bode-phase plot (Figure 4(c)).

The charge-transfer resistance of the specimen is
dependent on the number of active sites present on the
surface, and indicates the inherent tendency of a given
active site to corrode. A comparative assessment on the
effect of pre-induced plastic strains on the icorr and the
Rct is shown in Figure 4(e). A steady increase in the icorr
and the corresponding decrease in the Rct can be seen.
The corrosion tendency of the rebars, which is a kinetic
property, primarily depends on the nature of the
reactions occurring on the electrode surface, and hence,
influenced by its condition.[48] The damage to the
mill-scale on account of introduction of plastic strains
renders the underlying steel more susceptible to

corrosion. Moreover, the extent of galvanic coupling
between the cementite and ferrite, in which cementite
acts as cathode and ferrite acts as anode, is also an
important factor that influences the corrosion rate.[47]

The fragmented cementite due to higher levels of
pre-tensioning (Figures 2(b) through (g)) would result
in higher cathodic activity. This has been confirmed
from the shift of cathodic branches in the polarization
curves of the strained specimens. While the effect is
directly noticeable in the zone-3 (P4, P5 and P6)
specimens (Figure 3(f)) due to the little or no influence
of mill-scale, the impact in zone-2 specimens has been
noticed only when the damaged mill-scale is not present
(Figure 3(c)). A simple corollary in the context of
galvanic coupling in the microstructure helps in under-
standing the increased metal dissolution due to frag-
mentation of cementite. In the strained specimens,
effectively more cementite portions are exposed to the
electrolyte due to the fragmentation and kinking
(Figures 2(c) through (g)). Cementite is relatively nobler
than the ferrite in typical ferritic-pearlitic steel,[47] and
hence, more cathodic portions would be exposed to
electrolyte. Accordingly, the number of cathodic reac-
tions increases in the strained specimens, which need
electrons. These electrons have to come from the anodic
site. Therefore, neighboring ferrite (Fe-phase), which is
relatively anodic in nature, has to supply the electrons to
the cathodic cementite. Thus, in brief, the increased
cathodic activity due to fragmentation/bending of
lamellae demands higher metal dissolution, and hence
higher corrosion tendency has been observed in the
strained specimens. Thus, the present results comply
with the mechanochemical theory proposed by
Gutman.[19]

On the other hand, the increase in the dislocation
density upon pre-tensioning can be mainly attributed to
the Lüders band formation in specimens with interme-
diate plastic strains for the zone-2,[49,50] and the dislo-
cation pile-ups at the grain boundaries in the specimens
with higher plastic strains for the zone-3.[51–53] It is well
understood that the pinning of dislocations near the

Table III. Different Electrochemical Parameters Obtained After Fitting the Relevant Equivalent Circuits to the EIS Data of the

Steels in the 3.5 pct NaCl Solution (Error Pct) is Mentioned in the Parenthesis

Specimen
Rs

(X cm2)

Qox

(X-1sn cm-2)
(x 10-4) nox

Rox

(X cm2)

Qdl

(X-1sn cm-2)
(x 10-4) ndl

Rct

(X cm2)

P1 11.72
(4.8)

12.91
(6.8)

0.81
(0.5)

10.64
(7.3)

42.25
(9.8)

0.62
(4.8)

2205
(5.2)

P2 8.99
(4.2)

26.01
(9.2)

0.88
(0.1)

9.78
(1.1)

147.10
(6.3)

0.68
(3.2)

1757
(7.1)

P3 9.92
(3.5)

78.74
(13.1)

0.95
(0.1)

5.75
(8.1)

179.93
(10.2)

0.77
(13.2)

1410
(3.2)

P4 7.84
(2.7)

NA NA NA 69.19
(4.1)

0.74
(2.4)

1128
(7.7)

P5 8.73
(2.4)

NA NA NA 62.72
(3.7)

0.79
(2.0)

882
(5.7)

P6 9.00
(2.2)

NA NA NA 66.94
(3.7)

0.78
(2.0)

750
(8.6)

For P1, P2 and P3, Rs(Qox(Rox(QdlRct))), and for P4, P5 and P5, Rs(QdlRct)were fitted; NA: Not applicable.
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vicinity of interstitial carbon atoms (point defects) in
mild steel results in the locking of lattice strains in the
Cottrell atmosphere, and therefore, tensioning the rebar
beyond its yield limit would result in the local freeing of
the point defects in the grains,[49,50] contributing to the
release the strain energy accumulated due to such point
defect interactions. However, due to creation of new
dislocations, which has reflected in the form of slip lines
(Lüders bands) in the specimens pertaining to zone-2,
the energy of the system increases.[51] Thus, the increase
in dislocation density occurs simultaneously with the
Cottrell relaxation in zone-2, and at higher levels of
pre-strain (in zone-2), the relaxation in Cottrell atmo-
sphere becomes insignificant as compared to the increase
in dislocations.[51,54] Accordingly, there will be a net
increase in the free energy leading to the thermodynamic
instability. In the present study, this effect has been
reflected in the specimens with intermediate plastic
strains (zone-2).

It has been understood that the inflection region
between the end of yield plateau and start of the
strain-hardening zone (i.e., P3) is not only characterized
with fully annihilated Cottrell atmospheres but also with
the formation of Lüders bands, and this effect alters the
surface finish due to the presence of stretch marks on the
specimens, resulting in significant structural varia-
tion.[49,50] The variation of the exposed surface in the
P3 as compared to other strained specimens can be
clearly comprehended from Figure 5, which shows the

FE-SEM images of some polished specimens that have
been obtained without etching. The Lüders band for-
mation is clearly visible in Figure 5(b). This could also
attribute to the passivity in the polarization plot in case
of the P2 and P3 (Figure 3(e)) as explained in the
subsequent paragraph. At high levels of pre-induced
plastic strain, the dislocation density near the grain
boundaries increases,[49–54] and thus, results in signifi-
cant thermodynamic instability in the specimens per-
taining to zone-3. This can be better comprehended by
reiterating the fundamental understanding on the
response of carbon steel when subjected to uni-axial
tension load.[49,50] Under an applied uni-axial tensile
stress, the already existing dislocations and the new
dislocations generated by Frank-Read sources move
through the crystal lattice until they encounter a grain
boundary. These boundaries act as impeding borders to
the dislocation movement, and thus prevent the dislo-
cation propagation. As the stress levels increase, more
dislocations reach the boundary, leading to the forma-
tion of dislocation pile-up. Thus, the strain energy
imparted to the rebar through uni-axial tensioning is
stored in the form of piled-up energy near the grain
boundaries, and ultimately cause the instability in the
specimens.[40,50]

The Lüders band formed in the form of stretch marks
in zone-2 specimens (Figure 5(b)) leads to the variation
in their surface locally. Thus, the passivity phenomenon
in the polarization scan of the specimens belonging to

Fig. 5—High-resolution FE-SEM images obtained without etching the surface of polished (a) P1, (b) P3 and (c) P5 specimens. Distinctive
surface appearance of the P3 specimen (Lüders band) can be seen.
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the zone-2 (Figure 3(e)), which is primarily due to
presence of partially damaged mill-scale, could be
influenced by the formation of stretch marks (Lüders
band) on the surface. On the other hand, in the zone-3
specimens, dislocations accumulate near the grain
boundaries (known as dislocation pile-up),[51,52] and
the specimens are not characterized with any stretch
marks on the surface due to the increase in the
dislocation density as shown in Figure 5(c). Further,
mill-scale is absent in zone-3 specimens, and thus, there
is no surface covering effect in them. Hence, the
specimens pertaining to zone-3 have not exhibited
passivity during the potentiodynamic polarization scan
(Figure 3(f)).

C. Corrosion of the Strained Rebars Under Salt-Fog
Tests

In general, the rebar specimens having pre-induced
plastic strains have shown higher icorr and lower Rct than
the unstrained specimens in the Phase-I (Figure 4(e)). To
understand the corrosion behavior of the strained steels
from the viewpoint of nature of the corrosion products
formed, studies have been carried out using the speci-
mens of the unstrained and pre-strained rebars. The
specimens, P1, P3 and P5, have been chosen for the
purpose, since P3 and P5 represented specimens with
intermediate and high levels of plastic strain and P1 is
the as-received specimen.

Typical FTIR spectra of the rust samples collected
from the specimens subjected to different exposure
duration in salt-fog are shown in Figures 6(a) through
(d), and the FE-SEM micrographs of some selected
rusted surfaces are shown in Figures 7(a) through (f).
Existence of a phase in a given rust sample has been
confirmed by observing the dips in the FTIR spectrum
at the respective characteristic wavenumbers.[55]

Table IV summarizes the corrosion products found in
the rust samples along with their transmittance values
(pct). Strong and sharper dips at the wave numbers of
480, 620 and 1020 cm-1 in FTIR spectrum correspond to
Fe(OH)2, c-Fe2O3 and c-FeOOH, respectively.[55] The
relatively broader dips in the range of 630–700 cm�1 and
800–900 cm�1 in the spectra indicate the presence of
b-FeOOH and a-FeOOH, respectively.[55] From
Figures 6(a) through (d), it is clearly evident that the
observed wavenumbers are noticeably closer to their
characteristic values.

Figures 8 and 9 show the evolution of the OCP with
time and the over-potentials as a function of the current
densities in freely aerated 3.5 pct NaCl solution in the
rusted steel specimens (P1, P3 and P5) after exposing to
different time-periods in the salt-fog chamber, respec-
tively. The stabilized OCP values and the corresponding
RP values obtained using the procedure described in
Section IIB(2) are summarized in Table V. In general,
the rust formed on the strained rebars (P3 and P5) shows
nobler behavior (relatively positive OCP) compared to
the control unstrained rebar (P1). Particularly, the OCP
of the rusts formed on P3 has been observed to be nobler
than the remaining.

1. Variation in the compositions of the rusts
as a function of time
Cyclic wetting and drying of the steel specimens inside

the fog chamber has promoted continuous dissolution
followed by hydrolysis of iron throughout the test
period.[56] Indeed, this effect is reflected in the form of
predominant dips of Fe(OH)2 in all the samples
(Figures 6(a) through (d)). However, for a given steel,
the intensities of the dips of Fe(OH)2 have increased till
Day-20 followed by a subsequent drop. c-FeOOH and
a-FeOOH have been identified in all the samples,
whereas b-FeOOH has been observed only in the
samples collected on Day-5 and Day-10. Conformingly,
flowery structure of c-FeOOH[30] and sharp crystalline
form of a-FeOOH[33] have been observed in the SEM
micrographs of the rusted surfaces (Figures 7(a) and
(b)). Particularly, it can be observed from Figures 6(a),
(b) that there is an increase in the transmittance values
of b-FeOOH from Day-5 to Day-10 in all the steels, and
this confirms its gradual transformation into other
oxy-hydroxide or oxide form. It should be borne in
mind that the direct interaction of chloride ions with Fe
is required for the formation of b-FeOOH.[24] After the
surface is fully covered with corrosion products (in
between Day-5 to Day-10), there exists very limited
possibility for the chloride ions to attack fresh metal
surface. This could also contribute to the absence of
b-FeOOH in the rust samples collected after Day-10.
On the other hand, c-Fe2O3, a stable oxide form of

iron, has not been observed in any of the samples
collected on Day-5 and Day-10. However, its presence in
all the samples collected on Day-20 and Day-30 has
been noticed. Thus, the presence of the oxide phases in
the rusts and the corresponding decrease in the oxy-hy-
droxides in Day-20 and Day-30 rust samples have
confirmed the gradual stabilization of rust with time. In
other words, the initially formed c-FeOOH in all the
steels could have transformed either into
stable a-FeOOH or c-Fe2O3 with time. Significant
presence of crystalline and whisker forms of
a-FeOOH,[32] and sandy-grain structure of c-Fe2O3

[32]

can be clearly seen in Day-20 and Day-30 rusted
surfaces (Figures 7(c) through (f)).
Indeed, the transformation of c-FeOOH that forms

on the metal surface in neutral solutions into other
stable forms of rust has been reported in the litera-
ture.[56–60] However, the above transformation depends
largely on the feasibility for oxidation and dehydration
processes to occur in the corroding system.[56] It should
be noted that in the present study, the corrosion tests
have been performed in a controlled environment
(salt-fog chamber), and therefore, the variations in the
relative presence of different phases can be solely
attributed to the tendency of the rebar surface to
support the transformation process, which is different
for different specimens due to the presence of different
amounts of plastic strain.
The temporal variations in the relative proportions of

phases can be better interpreted using the a/c* ratio of
the rust. Previous researches on the mechanism of
formation of corrosion products and their subsequent
stabilization have reported the a/c* of rusts, indicating
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the protectiveness of the rust adhered on the speci-
mens.[32–35] Values of a/c* ratio are calculated based on
the quantitative fractions (determined using the proce-
dure described in Section IIB(2)) and given in Table V.

A comparative assessment of the change in a/c* of
rusts formed on the different strained steels pertaining to
their respective exposure periods is shown in
Figures 10(a) through (c), from which it can be clearly
inferred that there is a decrease in a/c* ratio of the rusts
from Day-5 to Day-10 in all the samples. This effect has
pronounced in all the steels irrespective of the amount of
plastic strain present in them. The initial reduction of a/
c* can be attributed to the formation of unstable rust on
the specimens, as the phases are nascent at Day-10.
Choudhary et al.[32] have also reported an initial
reduction of a/c* of rusts formed on mild steels.
Furthermore, it has been clearly established in the
literature that the corrosion on the rebar starts as a
localized attack at specific sites during the initial stages,

and gradually evolves as uniform corrosion on its
surface.[32] Conformingly, in this study, localized rust
formation at selective sites on the surfaces has been
noticed in the Day-5 specimens, which can be clearly
comprehended from Figure 7(a).
The freshly formed rusts during the initial stages

consist of porous constituents, like c-FeOOH and
b-FeOOH, in substantial amounts (Table IV), and
therefore, a strong possibility for the differential con-
centrations of oxygen and chlorides on the same surface
of the specimens would exist. Thus, the rust formed
initially at selective locations promotes a galvanic action
between the freshly exposed metal portion and the
locations having rust.[32] In a nut-shell, along with the
chloride ions available in the chamber, the galvanic
action has facilitated further corrosion on the surface.
Interestingly, a/c* values are nearly same for all the
steels at this stage (Day-10). The extensive formation of
rust, yet not in the stabilized state, would probably have

Fig. 6—FTIR spectra of rust samples collected from different specimens (P1, P3 and P5) after (a) 5 days, (b) 10 days, (c) 20 days and (d) 30 days
of salt-fog exposure.
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kept the effect of pre-tensioning out of sight on Day-10.
A steady increase in the protective ability (a/c*) of rusts
can be observed in all the steels from Day-10 to Day-30
(Figures 10(a) through (c)), which is a result of gradual
transformation of unstable corrosion products into
stable form.

2. Variation in the electrochemical behavior of rusted
steel specimens as a function of time

Comparative OCP behavior and the RP of various
rusted specimens are shown in Figures 10(a) through (c).
Irrespective of the extent of pre-tensioning, OCP,
indicating the thermodynamic stability of the rusts
formed on different specimens, has shifted to more
positive values (Figures 10(a) through (c)). This indi-
cates the gradual reduction in the tendency of the rusted
metal surface to exchange the ions with the bulk
electrolyte due to the stabilization of the rust. The

potential would adjust itself depending on the formation
of different rust phases (soluble and protective) as well
as the thickness of the rust layer formed during the
salt-fog exposure. However, at this moment, it is not
clear which one would influence more on the change in
OCP. Hence, data in Figure 10 are the result of
combined effect from the thickness and rust phases on
the potential and RP values.
The RP values of the specimens show a reduction at

the Day-10 exposure level (with respect to Day-5 level),
and a steady increase after that, as reported in the
literature.[32] This behavior can be attributed to the
tendency for the galvanic coupling between the electro-
chemically dissimilar phases, such as cementite lamellae
and ferrite in pearlitic colonies playing crucial role in the
initial stages. Moreover, it has been discussed earlier
that the specimen exposed for 5 days shows localized
attack with rust formation at some location, leaving

Fig. 7—FE-SEM images of the rusted P3 specimens obtained after (a) 5 days, (b) 10 days, (c) 20 days and (d) 30 days of salt-fog exposure. SEM
micrographs of the rusted surfaces of (e) P1 and (f) P5 after 30 days of exposure. These are representative observations.
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other regions relatively rust-free (Figure 7(a)). This
creates a galvanic couple between rusted portion, which
acts as cathode, and exposed region acting as anode.
The specimens at the end of Day-10 are characterized
with uniform rust formation on their surface, and it is
interesting to note that the RP values of the Day-10
specimens for all the steels tested are nearly equal. This
would have manifested in the form of a reduction of the
polarization resistance at Day-10 as compared to Day-5.
This is also in line with the observation made by
Choudhary et al.[32]

Beyond the Day-10 period, once the specimen is
covered with rust, further electrochemical behavior
would expectedly depend on the rust layer formed on
the specimens. This rust layer tends to ‘protect’ the
metal surface causing an increase in the RP and the OCP
value shifting to nobler levels, after the Day-10 exposure
(Table V). The increase in the RP values is also
corroborated by the considerable amounts of oxide
forms of rust (c-Fe2O3) in Day-20 and Day-30 samples,
which are relatively less porous than the oxy-hydroxide
forms. Substantial amounts of oxy-hydroxide forms
have been noticed in the rust samples of Day-5 and
Day-10 specimens (Figures 6(a) through (d) and
Table IV). It can, thus, be stated that the stabilization
of the corrosion products plays an instrumental role in
obtaining higher RP values in Day-20 and Day-30
samples, due to longer exposure period.

The variation in the corrosion tendencies of the rusted
steels over time as discussed above, confirm that their
interaction with the neighboring environment depends
on the nature of the corrosion products formed on the
steel surface.[59,60] In fact, a strong correlation between
the protection afforded by the corrosion products as
measured by the a/c* ratio, the OCP and the polariza-
tion resistances (RP) has been observed in the study
(Figures 10(a) through (c)). It can be seen that in all the
cases, the initial decrease in a/c* from Day-5 to Day-10
has been accompanied with an increase in the OCP and
a corresponding decrease in the RP. It should be borne
in mind that relatively non-protective rust would allow
more oxygen and moisture to reach the metal surface,
and promote further corrosion. Thus, the gradual
stabilization of corrosion products during the later
stages (Day-10 to Day-30) has not only been character-
ized by obtaining higher protectiveness of the rust (a/c*)
but also by the accompanying steady increase in the
polarization resistance of the rusted steel (Table V).

3. Effect of plastic strains on the nature of the rust
The effect of plastic strains on the electrochemical

properties of the rusted steels can be comprehended
from Figures 10(d) through (f). It can be seen from
Figure 10(d) that the RP of Day-5 specimens decreases
in the order of moderately strained—heavily strained—
unstrained. Moreover, considerable differences in the
composition of the rusts formed on various strained
specimens at the end of Day-5 have also been noticed
(Table IV). Both the RP values of the Day-10 cor-
roded-strained specimens and the protective abilities of
their rusts have been obtained to be nearly equal.
However, the a/c* of the rusts and RP values of the

corroded specimens at the end of Day-20 and Day-30
have again observed to decrease in the order of:
moderately strained—heavily strained—unstrained
(Figures 10(e), (f)).
In general, the results from the salt-fog tests have

shown that irrespective of the exposure period, the rusts
formed on the strained specimens have higher protective
abilities (a/c*) and lead to a recording of higher
polarization resistances (RP) of the specimen. This
behavior could be due to their high initial corrosion
rates, which would have led to more rust formation that
eventually results in higher proportion of stabilized rust
on the surface of the strained specimen.
The protective ability (a/c*) of the rusts formed on the

moderately strained specimen (P3) have been observed
to be higher than that of heavily strained specimens in
all the cases (Table V). The rusted specimens with
moderate levels of pre-induced plastic strains have
always shown higher polarization resistances than the
specimens of heavily strained and unstrained steels.
Thus, results in Phase-II clearly show that the corrosion
products formed on the P3 specimens are more stable,
which has reflected in the form of passivity in
Figure 3(e).
In brief, the results of the protective behavior of the

rusts obtained in Phase-II are the manifestation of
relatively higher initial corrosion rates in the strained
steels, and thus, they are in coherence with their
polarization behavior (RP and icorr) in Phase-I. The
peculiar behavior of the P3 has been ascribed to the
feasibility for the galvanic process to occur on its surface
due to the partial damage occurred to the mill-scale and
also to the Lüders band formation. However, higher
corrosion rates on the account of plastic strains are
mainly due to the damage to the cementite lamella that
has led to the increase in the metal dissolution rate.
Ennoblement of the rebar at high levels of plastic strain
has been attributed to the complete removal of mill-
scale, which has eventually reduced the galvanic effect
between the scaled and un-scaled portion. In addition,
the investigation carried out on the nature of the rusts
formed on the moderately strained steels in Phase-II has
shown their inherent tendency to form stable corrosion
products, and thus, confirmed their passivation
behavior.
In general, it is clear that the pre-induced plastic

strains in the rebar result in significant formation of rust
on its surface. Even in the absence of pre-strain, the
surface of the rebar is usually covered with an oxide
scale (i.e., mill-scale), and could be covered with
corrosion products on the surface in harsh environment.
When such rebars are put in the formwork before
concreting, the passivation phenomenon can be
expected to be affected as the bare metal does not get
exposed to high pH concrete environment. This is
primarily because the formation of passive layer on the
rebar in concrete, which is semi-conducting in nature, is
largely influenced by its surface condition.[61,62]

The nature of the corrosion products present on the
rebar surface also influences the passive layer forma-
tion, as they have varying electrochemical characteris-
tics. For instance, steel sample (bare metal) has been
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reported to be least noble in potential followed by
Magnetite (Fe3O4) and Hematite (Fe2O3) in both
chloride-free and chloride-contaminated Ca(OH)2
solution.[63,64] The anodic currents for Hematite and
Magnetite samples have also been reported to be lower
than that of Wustite (FeO) in chloride-free pore
solution.[63] The existence of oxy-hydroxide component
in the corrosion product could effectively increase the
anodic currents on oxidized steel samples.[63] Thus, the
passive currents are influenced not only by the presence
of oxides on rebar but also by their composition.
Furthermore, it is rational to conclude that the amount
of corrosion products could also be as influential as
their nature, as far as the formation of passive layer is
concerned. However, it is very difficult to segregate the
effect of such phenomena. So, the analysis carried out
in the present study is based on the formation of
different rust phases, considering the fact that the
dissolving rust phases or formation of protective rust
phases would finally come in contact with the corrosive
ions in the electrolyte. However, the discontinuous

presence of corrosion products on the rebar could also
be influential in the passivation phenomenon. The
possibility for the formation of local corrosion cells if
the corroded bar gets into contact with bare rebar in
concrete cannot be ignored. The oxidized portions
could support the cathodic reactions due to their higher
nobility as compared to bare metal, and therefore,
larger the extent of pre-oxidation, more would be the
risk for bare metal.
The passive layer formation in concrete is plausibly

more related to the stable nature of the corrosion
products formed on the surface of rebar. Since the
oxides formed on the strained specimens of P2–P6
(zones-2 and 3) have shown higher protectiveness than
unstrained (P1) specimens (zone-1) (Table V), the
surface conditions in corroded P1 specimen would
facilitate better passive layer formation as compared to
the strained specimens. However, the influence of
pre-existing mill-scale, whether it is fully covered or
partially damaged (due to straining) could definitely

Table IV. Values of FTIR Transmittance Peak Intensities of Different Phases Present in the Rust Samples

Rebars Duration

Rust Phases [55] and Transmittance Values (Pct)

c – FeOOH
(1020 cm-1)

a – FeOOH
(800-900 cm-1)

b – FeOOH
(630-700 cm-1)

c – Fe2O3

(620 cm-1)
Fe(OH)2
(480 cm-1)

Unstrained (P1) Day 5 86.0 85.0 74.0 73.0
Day 10 87.0 91.0 82.7 82.1
Day 20 73.6 92.0 80.0 82.0
Day 30 91.0 82.0 80.0 83.0

Moderately strained (P3) Day 5 94.0 80.0 66.0 77.0
Day 10 93.0 93.0 83.0 85.0
Day 20 91.0 93.0 85.0 86.5
Day 30 82.0 82.8 87.8 85.3

Heavily strained (P5) Day 5 94.0 88.0 77.0 80.0
Day 10 96.0 94.0 82.0 83.0
Day 20 78.0 86.0 80.0 94.0
Day 30 87.0 88.0 85.0 91.0

Presence has not been found.

Fig. 8—Variation of OCP with time for the rusted specimens in 3.5 pct NaCl solution taken (a) after 5 and 10 days, and (b) after 20 and 30
days of salt-fog exposure..
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have influence when they are embedded in concrete, and
this can be subject of serious analysis in future.

Similar phenomenon of increased corrosion activity
of X100 pipeline steels in bicarbonate solution due to
plastic strains has been reported by Xu et al.[53] How-
ever, a closer examination has revealed that the X100
steel used in the aforementioned study does not contain
any yield plateau region, and neither the effect of scale
has been considered by the authors.[53] Moreover, the
slight increase in the corrosion resistance near the
junction of yield and strain-hardening regions has been
ignored.[53] The present results exclusively depict the
corrosion behavior of rebars, which are generally
subjected to enormous amounts of pre-induced plastic
strains at bends and hooks in reinforced concrete (RC)
structures.

IV. CONCLUSIONS

Electrochemical measurements carried out on the
rebar specimens in 3.5 pct NaCl solution have shown
that pre-induced plastic strains tend to decrease their
corrosion resistance. The increase in the corrosion
tendencies of the strained rebars is mainly due to the

changes in the surface condition arising on the account
of the damage to the mill-scale and also to the changes
occurred to the cementite lamellae, which has resulted in
more cathodic activity. Higher levels of pre-strain have
resulted in severely bent, fractured and kinked cementite
lamellae, which have led to the increased metal disso-
lution. In addition, the specimens strained till the
easy-slip zone (zone-2) of the stress–strain curve have
exhibited passivity due to the formation of local
corrosion cells between scaled and un-scaled portions.
On the other hand, the specimens pre-tensioned till the
strain-hardening zone (zone-3) have not shown any
passivity, and have been observed to experience larger
impact from concentration polarization due to negligi-
ble influence from the mill-scale.
The corrosion potentials (Ecorr) of the strained rebars

are more negative than the unstrained ones. The Lüders
band formation and the increase in dislocation density
near the grain boundaries (grain boundary strengthen-
ing) are the contributing factors for the thermodynamic
instability in the specimens pertaining to zones-2 and 3,
respectively. However, ennoblement of the strained
rebars at high levels of plastic strains has been noticed,
and this is due to the reduction in the galvanic effect
between the scaled and un-scaled portions in zone-3

Fig. 9—Linear polarization measurements of the already corroded specimens in 3.5 pct NaCl solution after (a) 5 days, (b) 10 days, (c) 20 days
and (d) 30 days of salt-fog exposure.
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Table V. a/c* Ratio and the Electrochemical Measurements of Rusted Rebar Specimens in 3.5 pct NaCl Solution Under Different

Levels of Exposure

Exposure Time (days)

Unstrained (P1) Moderately Strained (P3) Heavily Strained (P5)

OCP (mVSCE) RP (X.cm2) a/c* OCP (mVSCE) RP (X.cm2) a/c* OCP (mVSCE) RP (X.cm2) a/c*

5 � 616 100.8 0.36 � 607 134.5 0.46 � 612 124.4 0.41
10 � 581 69.5 0.28 � 579 70.7 0.29 � 589 65.7 0.27
20 � 587 72.3 0.61 � 571 95.1 0.75 � 574 84.9 0.71
30 � 580 110.5 0.77 � 570 140.4 0.95 � 575 116.9 0.85

Fig. 10—Variation of the a/c* ratio, OCP and RP after different exposure durations for the rusted steels (a) P1, (b) P3 and (c) P5. Typical
comparative behavior of various rusted steel specimens (having different levels of pre-induced plastic strains) after (d) 5, (e) 20 and (f) 30 days of
salt-fog exposure.
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specimens. Furthermore, the investigation carried out
on the nature of the rusts formed on the various strained
rebars has confirmed the formation of relatively
stable corrosion products after certain period of time.
The variation in the RP values of the corroded-strained
rebars has been observed to follow a very good
correlation with the corresponding protective abilities
(a/c*) of the rusts.
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