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Abstract

In the present research, the effects of various alloying elements and
microstructural constituents on the mechanical properties and corrosion behaviour
have been studied for four different rebars. The microstructures of stainless steel
and plain rebar primarily reveal equiaxed ferrite grains and ferrite-pearlite
microstructures, respectively, with no evidence of transition zone, whereas
tempered martensite at the outer rim, followed by a narrow bainitic transition zone
with an internal core of ferrite-pearlite, has been observed for the thermome-
chanically treated (TMT) rebars. The hardness profiles obtained from this study
display maximum hardness at the periphery, which decreases gradually towards the
centre, thereby providing the classical U-shaped hardness profile for TMT rebars.
The tensile test results confirm that stainless steel rebar exhibits the highest
combination of strength (≈755 MPa) and ductility (≈27%). It has been witnessed
that in Tafel plots, the corrosion rate increases for all the experimental rebars in 1%
HCl solution, which is well expected because the acid solutions generally possess a
higher corrosive environment than seawater (3.5% NaCl) due to their acidic nature
and lower pH values. However, all the experimental results obtained from Tafel and
Nyquist plots correlate well for both 1% HCl and 3.5% NaCl solutions.

Keywords: stainless steel, reinforced bar, TMT, microstructure, mechanical
properties, corrosion behaviour

1. Introduction

For the past few years, an inspection of reinforced concrete structures with steel
rebars has become a subject of research because concrete provides an alkaline
environment that is suitable for the spontaneous passivation of steel rebars. These
steel rebars act as a reinforcement when tensile loads are applied [1]. But, still, there
is a possibility of corrosion in these steel rebars when aggressive chloride ions are
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present in the environment [1]. Corrosion in rebars may result in surrounding
concrete cracking, reduction in the bond strength of the concrete and the rebars and
lowering the combination of strength and ductility [1–3].

Extensive research has been carried out to date on corrosion in steel rebars but a
modest solution can be the usage of stainless steels rebars as a partial or complete
replacement of the reinforcements in concrete. This solution is economically viable
because there may be a higher initial investment cost but this can be compensated
by low-repairing cost, less maintenance effort and most importantly long-range
services of the designed structures [4]. As per earlier studies, it is well established
that austenitic stainless steels can be considered as the common choices for rebars,
whereas there is a wide range of applications of the ferritic and the duplex stainless
steels that include structural components in the construction industries [1, 5].
However, it cannot be domineered that the austenitic stainless steels are expensive
due to the higher content of elements such as Ni and Mo. It has been reported earlier
that stainless steel eliminates chances of corrosion but does not rely on concrete
when it is subjected to the ingress of chlorides from marine environments. For the
last few years, plenty of research has been carried out in search of more economi-
cally friendly novel stainless steels as reinforcements [6–12]. It is also true that,
since the cost of these steels can be compared with the cost of common black steel
reinforcement rather than the cost of highly alloyed stainless steels, the use of low
alloyed stainless steel reinforcement has been accepted as economically more
convenient [6].

Thermo-mechanical treatment (TMT) has gained researchers’ attention for
producing high-strength steels with lean chemistry at a reduced cost with
excellent mechanical properties [13–16]. In TMT, simultaneous application of
heat and deformation causes microstructural refinements [16–18]. These materials
are highly used in the construction sectors for the construction of dams, bridges,
buildings, flyovers and also in various other structural materials [16, 19]. The
durability of these TMT rebars is an immense problem due to corrosion in
reinforced concrete structures, which is needed to be minimized as much as
possible to enhance the life of that structure. Substandard quality rebars can also
cause damage to the towers, buildings and other constructions in the seismic
zones. However, in reinforcement concrete, the presence of alkaline solution
protects the TMT rebars from corrosion due to the formation of a passive layer
over the steel surface [20–22]. However, encountering chloride solution in this
structure causes the breakdown of this passive layer. In the coastal and marine
areas, excessive level of chloride causes problems of chloride-induced corrosion,
thereby creating problems in corrosion resistance of the TMT rebars in the
concrete [23–27].

It is well established that corrosion of steel reinforcement bars primarily
depends on the stability of different phases that are likely to form in the cement
paste and the effectiveness of the oxide layer that forms on the steel bar surface,
that is, the passive layer [28]. It has been reported earlier that the concrete pore
solutions preserve a strongly alkaline medium due to the significant filling of cal-
cium hydroxide in the concrete pores depending on the hydration reactions of
cement. This alkaline environment is suitable for the formation of a stable passive
film on the rebar surface and thereby provides significant protection to the steel
rebar against corrosive environments [28]. However, chloride-induced corrosion
has been reported as a primary source for the local breakdown of this passive film
on the surface of the steel bars [28–30]. It is also known that the volume of rebar
increases when the corroded product forms on the rebar surface and results in
cracks in the concrete, thereby causing failure [27].
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This paper primarily emphasizes the study of mechanical and corrosion behav-
iours of different types of rebars in two different aqueous solutions. It is expected
that this study will provide valuable information regarding the improvement in the
design parameters and also the life cycle cost calculation of various structures as
well as towards the selection of the best-suited rebars for industrial and marine
construction purposes.

2. Experimental procedure

Four different steel rebars such as Fe-600, galvanized steel, stainless steel and
plain rebars were chosen for this study. The approximate diameters of these sam-
ples were 12 mm, 8 mm, 16 mm, and 11 mm, respectively. Notably, Fe-600 and
galvanized rebars are thermomechanically treated, whereas the other two (stainless
and plain) rebars were not subjected to thermomechanical treatment. The nominal
chemical compositions (wt. %) of all the rebar samples are given in Table 1. First,
the samples of suitable size were cut from these steel rebars as per the requirement
of optical, hardness, tensile and corrosion tests. All the samples were then tested in
an optical emission spectrometer (Thermo 3460) to analyse the chemical composi-
tions of the rebars. Standard metallographic sample preparation techniques such as
grinding (belt and paper) followed by polishing (coarse, fine and diamond) and
etching by using 2% nital and Snyder solutions were used to observe the micro-
structural constituents under an optical microscope (Leica) and scanning electron
microscope (SEM).

The etched samples were further used for the Vickers Micro-Hardness
Testing (Leica-VMHT) under 300 gf load and 20 seconds dwell time to
analyse micro-hardness profile throughout the cross sections with a particular
interval of distance. Hardness was measured on the sample surface as a function
of distance from the edge to edge, keeping an interval of 50 μm, and the
recorded variation in hardness values was then plotted. It is important to
mention here that the hardness profile instead of surface hardness was
recorded because the hardness values were expected to decrease from the
periphery to the centre. A universal testing machine (UTN-10) was utilized to
conduct the tensile test with a crosshead speed of 4.5 mm/min and a gauge length
of 65 mm.

The electrochemical measurements were performed using a working electrode
(embedded rebar specimen); a counter electrode (graphite) was placed to one
side of the rebar specimen and also an independent reference electrode; that is,
saturated calomel electrode (SCE) was used to observe the corrosion behaviour.
Precise electrode placement was not critical, since the conductivity of the
electrolytes was high. The equipment used to observe the corrosion behaviour of
the rebar samples was Origalys Potentiostat, combined with the Origamaster 5
module. Electrochemical impedance spectroscopy (EIS) was utilized in the fre-
quency range of 100 kHz–100 MHz with an AC voltage of 5 mV. The character-
istic capacitance of this frequency band was maintained in between 10�9 and
10�6 F/cm2 [10]. The rebar samples of standard size (area) were prepared and
then immersed in two different types of solution of 3.5% NaCl and 1% HCl. These
particular concentrations were chosen to simulate the saline conditions possible in
marine and acidic rain in industrial areas [31, 32]. In this context, it is important
to mention that the area was ≈76 mm2 for Fe 600 rebar, whereas the same for the
other three samples was kept at ≈75 mm2 for the EIS study.
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3. Results and discussion

3.1 Alloy composition

Table 1 shows the compositional analysis of the different types of TMT rebars
(IS 1786: 2008 for Fe 600 and IS 12594:1988 for galvanized). It has been already
reported that an increase in yield strength of reinforcing bars occurs by raising
carbon as well as manganese content or by microalloying. It is also true that higher
carbon content may cause lower weldability and ductility [13, 16, 23]. It is worth
mentioning here that all the steel rebar samples selected in the present investigation
contain a lower amount of carbon since a higher amount of carbon can cause
harmful carbide formation and pearlite formation in the as-rolled steels thereby
causing micro-galvanic corrosion [23, 33]. Major alloying elements other than car-
bon are manganese and silicon in the case of all the rebar samples. However, in the
case of stainless steel rebar (IS 16651:2017), apart from these two elements, chro-
mium and nickel are also present to enhance the ‘stainless’ property of this steel by
forming a stable and protective oxide layer to make them corrosion-resistant
[34–36]. In this context, it is imperative to mention here that the corrosion resis-
tance of the stainless steel rebar depends on the formation of the chromium layer
(≈5 nm thickness) and the content of chromium that keeps the rebar surface
electrochemically passive in corrosive environments [37]. It is well known that
manganese increases the hardenability and tensile strength of the steel [23, 33]. The
addition of silicon is beneficial to increase the hardness and strength. It also acts as a
deoxidizer during the casting of the rebar, thereby helps in reducing the casting
defects and allows sound steel castings [23, 38].

3.2 Microstructure analysis

3.2.1 Optical micrographs

Figure 1 shows the optical micrographs of different rebar samples
(cross section). Figures 1(a) and (b) reveals the optical micrographs of the Fe 600
and galvanized rebar samples, respectively, that exhibit intermediate zones with
three distinctly separate regions for both the samples. On the other hand, micro-
structures consisting of equiaxed ferrite grains for stainless steel (Figure 1(c)) and
ferrite-pearlite type for plain rebar (Figure 1(d)) have been observed throughout
the samples because these two rebars were processed through the conventional cold
rolling process and not subjected to thermomechanical treatments (TMT). The
presence of dark peripheral ring (edge/rim) consists of tempered martensite with
an intermediate narrow transition zone of bainite with a comparably grey core with
ferrite-pearlite microstructure as shown in Figures 1(a) and (b) [23, 33, 39, 40]. It
is imperative to mention here that in the TMT process, quenching of hot-rolled bars

Rebar specimen C Mn Si Cr Ni S P

Fe 600 0.30 0.23 0.16 — — 0.04 0.035

Galvanized 0.22 0.58 0.23 0.03 — 0.04 0.035

Stainless steel 0.022 0.65 0.36 12.98 0.09 0.008 0.021

Plain 0.126 0.526 0.175 0.007 0.018 0.046 0.078

Table 1.
Chemical composition (wt. %) of all the experimental rebar specimens.
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Figure 1.
Optical micrographs of different rebar samples (a) Fe 600, (b) galvanized rebar, (c) stainless steel and
(d) plain rebar.

Rim

Core
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Transition zone
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Pearlite
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(d)

Degenerated pearlite

Tempered
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Figure 2.
SEMmicrographs of Fe 600 rebar sample showing (a) transition zone, (b) core region, (c) outer rim region and
(d) pearlite at higher magnification.
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with water jet leads to the formation of martensite at the outer surface of the rebars.
The residual heat flow across their bar section during cooling results in the temper-
ing of the initially formed martensite with finer grains, which is self-tempering in
nature and also produces ferrite-pearlite with coarser grains or mixed microstruc-
ture in the core region [13, 33, 41, 42]. A clear boundary separating the outer ring
from the inner core is also visible in the case of TMT rebars (Figures 1(a) and (b)).
This boundary can be considered as the demarcation line between the tempered
martensite and ferrite-pearlite microstructures.

3.2.2 SEM micrographs

Figures 2 and 3 reveal the SEM microstructures of the Fe 600 rebar and galva-
nized rebar samples, respectively, consisting of the tempered martensitic rim at the
periphery as shown in Figures 2(c) and 3(c), along with a transition zone
consisting of bainite as shown in Figures 2(a) and 3(a), followed by a ferrite-
pearlite mixed microstructure in the core as shown in Figures 2(b) and 3(b). In this
context, it is noteworthy to mention here that the pearlite microstructure that is
shown in Figure 2(d) reveals the presence of degenerated pearlite in the case of the
Fe 600 rebar sample, which can be correlated with inadequate carbon diffusion
during cooling. Detailed discussion on the formation of degenerated pearlite and
bainite is available in the literature [23, 33, 39–44]. Figure 3(d) primarily reveals
pearlite microstructure at a higher magnification with greyish ferrite and whitish
cementite flake-like structures, which is completely distinguishable for galvanized
rebar samples.

Figure 3.
SEM micrographs of galvanized rebar sample showing (a) transition zone, (b) core region, (c) outer rim
region, and (d) pearlite at higher magnification.
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SEM microstructures of stainless steel rebar and plain rebar samples are shown
in Figures 4 and 5, respectively. These microstructures mainly consist of equiaxed
grains of ferrite separated by clearly visible distinct grain boundaries in the case of
stainless steel rebar sample as shown in Figure 4(b). It cannot be overruled that as
the carbon percentage is very low and chromium (ferrite stabilizer) percentage is
high for the investigated stainless-steel rebar, hence the microstructure is ferritic.
However, mixed ferrite-pearlite microstructures with no transition zone through-
out the sample have been observed for plain rebar. The lamellar configuration of
pearlite with some amount of resolved pearlite has been shown at a higher magni-
fication at the inset of Figure 5(b).

3.3 Mechanical properties

3.3.1 Hardness profile analysis

Figure 6 shows the hardness profiles of different types of steel rebar samples
(along the cross-sectional diameter). It has been reported earlier that the
hardness value of TMT rebar samples becomes maximum at the periphery due to
the presence of tempered martensite, which gradually decreases towards the

Figure 5.
SEM micrographs of plain rebar sample showing (a) no transition zone and (b) pearlite at higher
magnification.

Figure 4.
SEM micrographs of stainless steel rebar sample showing (a) no transition zone and (b) higher magnification
micrograph showing equiaxed ferrite grain.
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centre due to the formation of ferrite-pearlite mixed microstructure thereby
exhibiting the classical U-shaped profiles [13, 23, 45]. It has been observed that
the hardness value of Fe 600 and galvanized rebar samples in the periphery or outer
rim region is around ≈285 HV, which is an indication of the presence of the
tempered martensite or bainite phase [23, 45]. It has been also observed that the
hardness value of the transition zone is ≈220 HV for both TMT rebar samples due to
the presence of lower bainite, whereas for the core region or ferrite-pearlite region,
the hardness value is ≈200 HV for Fe 600 rebar and ≈180 HV for galvanized rebar,
respectively.

Figures 7(a) and (b) displays the comparative hardness variations for stain-
less steel and plain rebar samples, respectively. It is evident from Figure 7 that
the stainless steel rebar shows higher values of hardness (≈195 HV to 260 HV)
than the plain rebar (≈145 HV to 205 HV). Previous studies have confirmed
that the hardness value in steel samples predominantly depends on the carbon
equivalent value (CEV) [23]. It has been also reported that the weldability
primarily depends on CEV for carbon steel; that is, higher CEV leads to a hard
and brittle heat-affected zone (HAZ). The microstructure in the HAZ zone has
an important role in the mechanical properties of the weldment; therefore, CEV
is an important parameter for rebars [46]. Table 2 summarizes the estimated
carbon equivalent values of different rebar samples that were calculated by
using Eq. (1). It can be seen in Table 2 that the plain rebar sample shows the
lowest CEV (≈0.2163), thereby showing the lowest value of hardness among all
the samples. It is imperative to mention here that although the stainless steel
rebar consists of only equiaxed ferrite microstructure (Figure 4), due to high
carbon equivalent value and the presence of other alloying elements such as
Mn, Si, Ni (Table 1), and it shows a higher hardness value. It cannot be
domineered that Fe 600 steel rebar has a higher value of CEV (≈0.3383) than
that of galvanized rebar (≈0.3227), which results in a higher core hardness
value (≈196 HV) (Figure 6) when compared with that of galvanized rebar
sample (≈184 HV). The aforesaid two TMT rebars with CEV < 0.42 according
to IS 1786:2008 standard will exhibit superior weldability. However, the

Figure 6.
A comparison of hardness data among all the rebar specimens.
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Rebar specimen Carbon Equivalent Value (CEV)

Fe 600 0.3383

Galvanized 0.3227

Stainless steel 2.7323

Plain 0.2163

Table 2.
Estimated carbon equivalent value (CEV) for different rebar samples.

Figure 7.
Plots showing the variation of hardness with distance for (a) stainless steel rebar and (b) plain rebar samples.
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stainless steel rebar (ferritic grade) shows higher CEV (≈2.7323) because of
higher Cr content but it can be welded in accordance with IS 16651:2017.

CEV ¼ CþMn=6þ CrþMoþ Vð Þ=5f g þ
CuþNi

15

� �

(1)

(Where all the elemental values are expressed in wt.%)

3.3.2 Tensile properties

Table 3 summarizes the values of yield strength (YS), ultimate tensile strength
(UTS), UTS/YS ratio and ductility in terms of elongation percentage (% EL) of
different rebars. From Table 3, it is evident that the highest combination of
strength and ductility has been achieved for stainless steel, followed by Fe 600 rebar
among all the experimental rebars. It is a well-established fact that a higher CEV
leads to higher UTS variations (Table 2 vis à vis Table 3) [23]. Table 4 shows the
estimated ring diameter and area of tempered martensite in TMT rebars. It is
noteworthy to mention that a greater amount of tempered martensitic ring area
leads to higher strength (Table 3 vis à vis Table 4) in the case of Fe 600 rebar. The
estimated ring area of tempered martensite (≈39.56%) in Fe 600 rebar results in
higher strength and lower ductility compared with the galvanized rebars with
≈20.10% ring area. It has been also noticed from Table 4 that the area percentage of
tempered martensite ring increases with the increasing diameter of the tempered
martensitic rim. Plain rebar shows the maximum ductility due to the lower carbon
content, whereas stainless steel with the lowest carbon and higher Cr contents
having a completely ferritic microstructure and ferrite being a soft phase exhibits
somewhat lower ductility than plain rebar. From earlier research, it has been
observed that in seismic zones according to the ASTM A706:2006, UTS/YS ratio
should be kept ≈1.25 [23, 33]. Previous studies have confirmed that rebars with
UTS/YS ratio ≈1.19–1.24 provide greater advantages to their fatigue life [23, 47].
Therefore, it is clear from Table 3 that stainless steel rebar with UTS/YS value
≈1.20 can become a potential candidate for the seismic hazard zone, whereas the
other experimental rebars with lower values of UTS/YS ratio are expected to show
better load resistance capacity in the seismic zone [23, 48].

Rebar specimen YS (MPa) UTS (MPa) (UTS/YS) Elongation (%)

Fe 600 600 660 1.10 10

Galvanized 500 545 1.09 12

Stainless steel 630 755 1.20 27

Plain 409 470 1.15 29

Table 3.
Tensile properties of various experimental rebar specimens.

Rebar specimen Tempered martensite ring diameter (mm) Tempered martensite ring area (%)

Fe 600 1.38 39.56

Galvanized 0.67 20.10

Table 4.
Estimated ring diameter and area of tempered martensite in TMT rebars.
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3.4 Corrosion behaviour

3.4.1 Polarization curves

Figures 8 and 9 display the Tafel plots of different rebars in acid (1% HCl) and
seawater (3.5% NaCl) solutions. It can be seen from Figures 8(a) and (b) that in 1%
HCl solution, stainless steel rebar undergoes passivation, while other rebars show a
constant enhancement of anodic current density with increasing applied potential.
Generally, the state of corrosion in rebars can be classified as passive, active or

Figure 8.
(a) Tafel plots of different rebars in 1% HCl solution and (b) Tafel plot of stainless steel rebar in 1% HCl
solution.
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indeterminate (trans passive region), depending on the potential difference between
the steel and reference electrode. Figure 8(b) shows that the polarization process is
divided into the different zones for stainless steel at 1% HCl: (i) Cathodic region:
From the corrosion potential of �0.969 V to �0.519 V, current density gradually
decreases in the process. (ii) Activation region: Between�0.519 V and �0.275 V, the
current density gradually increases in this region as rate of metal dissolution is
higher than the rate of metal oxide formation and thereby accelerates the corrosion.
(iii) Active passive region: From �0.275 V to �0.176 V, the current density starts
decreasing here as the rate of metal oxide formation becomes greater than the rate
of metal dissolution and metal slowly starts moving towards the passive region. (iv)
Passive region: From �0.176 V to �0.058 V, metal undergoes complete passivation
due to formation of chromium oxide layers and the corrosion current density
becomes constant and corrosion resistance behaviour increases. (v) Trans-passive
region: Above �0.058 V to 1.021 V, the passivation film is punctured due to various
anodic processes, such as evolution of oxygen from water and/or the chromium
oxide dissolution through Cr3+ to the Cr6+ when metal suffers high anodic polariza-
tions; thereby, the current density increases in this region and corrosion resistance
again starts decreasing. It is evident from Figure 8(b) that the value of current
density is decreasing from point a to b, indicating greater ease of passivation by
forming a stable passive film, which is similar to earlier observations [49–51]. In this
connection, it is pertinent to mention here that Cr plays a major role during the
transition to passive states. It has been reported earlier that increasing the Cr
percentage can significantly decrease the corrosion current density values [49].
However, the analysis of the corrosion performance of different stainless steel
rebars in strongly acidic environments for long-time exposure is not only limited to
the effect of the elements that increase their nobility like Ni but also the effect of
elements that promotes their passivation, like Cr [49]. Earlier studies have shown
that the addition of both chromium and nickel to iron remarkably increases the ease
of passivation [49]. It is noteworthy to mention here that when the corrosion
medium changes from 1% HCl to 3.5% NaCl (Figure 8 vis à vis Figure 9), the anodic

Figure 9.
Tafel plots of the rebars in 3.5% NaCl solution.
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current density decreases as depicted by a shift of the curve along the X-axis
(current density) from a value of �3 A/cm2 to values of ((�4) to (�5)) A/cm2 due
to neutral nature of 3.5% NaCl solution and thereby showing enhanced corrosion
resistance of the different types of rebars in 3.5% NaCl solution. It is evident from
Figure 9, that the current density of Fe 600 rebar is more than the plain rebar; that
is, the corrosion rate of Fe 600 rebar is greater than plain rebar. Therefore, it can be
assumed from Figures 8 and 9 that although the corrosion resistance of Fe 600
rebar is higher than plain rebar in the acid medium and it is reversed in the case of
seawater. It has been also observed that the corrosion resistance of plain rebar is
more than galvanized rebar because the zinc coating at the surface of galvanized
rebar gets damaged due to penetration of chloride ions. In this context, it cannot be
overruled that the galvanized rebar undergone through thermomechanical treat-
ments leads to the formation of a finer rim of tempered martensite, which increases
the grain boundary area, thereby leading to a higher solution attack at the grain
boundary and reducing the corrosion resistance of galvanized rebars.

The corresponding polarization parameters determined by extrapolation
methods from the polarization curves (Figures 8 and 9) are summarized in
Tables 5 and 6. From Table 5, it can be seen that the corrosion potential values
were more positive for Fe 600, followed by plain and stainless steel rebars in 1%
HCl solution, whereas in the case of 3.5% NaCl solution, more positive corrosion
potential values have been observed for stainless steel followed by plain and Fe 600
rebars as evident in Table 6. It is well established that the higher values of corrosion
potentials lead to enhancement in the corrosion resistance properties [50, 52]. From
Tables 5 and 6, it is noticeable that the values of icorr were minimum for Fe 600
followed by plain, stainless steel and Galvanized rebars in both 1% NaCl and 3.5%
HCl solutions. It is well known that higher icorr values represent the higher corrosion
resistance behaviour of metal. Tables 5 and 6 also summarize the estimated values
of corrosion rates that were calculated by using Eq. (2) for all the experimental
rebars in both 1% HCl and 3.5% NaCl solutions. It has been observed that the

Rebars Corrosion potential

(V)

βa

(mV/dec)

βc

(mV/dec)

icorr
(A/cm2)

Corrosion rate

(mm/year)

Fe 600 �0.565 83.0 �279.4 0.0006219 7.225

Galvanized �1.056 400 �2.1 0.0089603 104.09

Stainless

steel

�0.588 126.9 �276.6 0.0012725 14.847

Plain �0.572 84 �222.5 0.0007222 8.390

Table 5.
Tafel plot data of five different rebars in 1% HCl solution.

Rebars Corrosion potential

(V)

βa

(mV/dec)

βc

(mV/dec)

icorr

(A/cm2)

Corrosion rate

(mm/year)

Fe 600 �0.779 356.1 �125.4 0.0000801 0.930

Galvanized �1.131 50.3 �2438.2 0.0002522 2.929

Stainless

steel

�0.527 253.3 �273.2 0.000133 1.545

Plain �0.666 108 �262.9 0.0000744 0.864

Table 6.
Tafel plot data of five different rebars in 3.5% NaCl solution.
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corrosion rate of all the experimental rebars is almost the same and very small in
3.5% NaCl as compared with 1% HCl solution. However, when the solution is 1%
HCl, mm/y values obtained from Table 5 show an increase for all the experimental
rebar samples, which is well expected because the acid solutions generally possess a
higher corrosive environment due to their acidic nature and pH lowering properties
along with the presence of water and air, which is not seen in case of 3.5% NaCl
solution due to its neutral nature [34, 53]. It is well known that a lower value of
corrosion rate depicts higher corrosion resistance behaviour of the samples.
According to Faraday’s law, the corrosion rate can be calculated by using the corro-
sion current density as follows [49, 52].

Corrosion Rate
mm

year

� �

¼ 3:16� 108icorrM
� �

= zFρð Þ (2)

where icorr is the corrosion current density in (A/cm2), M is the molar mass of
steel in (g/mol), F is the Faraday’s constant (96,500 C/mol), z is the number of
electrons transferred for each metal atom and ρ is the metal density (g/cm3).where
βa = Anodic Tafel slope (mV/dec) and βc = Cathodic Tafel slope (mV/dec).

Therefore, it is evident from these experimental results that the estimated values
of corrosion rate were the lowest for Fe 600 followed by plain, stainless steel and
galvanized rebars in acid solutions, but in the case of 3.5% NaCl solution, these
values were significantly reduced for all the rebars, which is an indication of better
corrosion resistance properties under marine environment.

3.4.2 Electrochemical impedance spectroscopy (EIS)

Figures 10 and 11 show the open-loop potential stabilities in the Nyquist plots of
the experimental rebars in 1% HCl and 3.5% NaCl solutions, respectively. To com-
pare with the results obtained from the polarization test (Figures 8 and 9) and also
to get a better correlation, EIS studies were further performed. It is evident from

Figure 10.
Nyquist plots of the experimental rebars in 1% HCl solution.
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Figure 10 that except stainless steel rebar, all other rebars are showing only one
semi-circular loop in the electrochemical impedance spectra, thereby indicating a
capacitive semicircle in the high-medium frequency range. The occurrence of two
semicircles in the electrochemical impedance spectra for stainless steel in 1% HCl is
due to passivation of the rebar surface, thereby indicating a capacitive semicircle
and an inductive loop in the high-medium and low-frequency ranges, respectively
[52]. The capacitive semicircle represents the active state of the interface between
the rebar and acid solution when the carbon steel is exposed to the corrosive
solutions [52, 54]. It is well known that stainless steel will form a trans-passive zone
after the damage of the passive layer, which is also evident in Figure 8(b). This is
due to the evolution of oxygen from water and/or the chromium oxide dissolution
through Cr3+ to the Cr6+ when metal suffers high anodic polarization [49–51]. For
this reason, in the Nyquist plot two loops are visible (one is bigger and the other one
is smaller). However, it cannot be overruled that the open-loop diameters in Fig-
ure 11 were maximum for the plain rebar sample, followed by Fe 600 rebar,
stainless steel, and galvanized rebar. In this connection, it is noteworthy to mention
here that the capacitive arcs overlap in the Nyquist plots (Figures 10 and 11) since
concrete is a heterogeneous material and many intermixed interfacial regions influ-
ence the impedance spectra. It has been already reported that these imperfect
interfaces and electrode surface roughness require a constant phase element (CPE)
instead of a pure capacitor to accurately model an equivalent circuit [55].

Tables 7 and 8 summarize the values of the resistance of the electrolyte solution
(Rs), the resistance of reinforced concrete (Rf) and CPE for all the rebars. It is well
established that polarization resistance (Rp = Rf + Rct) is an indicator to study the
corrosion resistance behaviour of carbon steel in corrosive environments [52]. It
cannot be overruled that except for stainless steel all the plots in Figures 10 and 11
exhibit only single-loop curves for all the other rebars, which generally do not
involve the charge transfer resistance (Rct). Thus, the higher values of Rf reveal a
higher value of corrosion resistance for the sample [52, 56]. Furthermore, the arc
diameter in the Nyquist diagrams can be considered as Rf and the reduction of the

Figure 11.
Nyquist plots of the rebars in 3.5% NaCl solution (seawater).
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arc diameter reveals a decrease in Rf values [52]. It is evident from Table 7 that the
Rf values were maximum for Fe 600, followed by plain, stainless steel, and then
galvanized rebars in 1% HCl solution, whereas in 3.5% NaCl solution (Table 8), it is
showing maximum values for plain rebar followed by Fe 600 and stainless steel
rebars with a slight variation (≈0.07) and then galvanized rebar, which is also in
agreement with Figures 10 and 11. Therefore, all the experimental evidence
obtained from the polarization and EIS studies under acidic and seawater solutions
are in good agreement and the corrosion resistance of all the experimental rebars is
higher in 3.5% NaCl than 1% HCl solutions.

4. Conclusions

The important conclusions drawn from this study are as follows:

1.Microstructures of all the TMT rebars consist of an outer martensitic rim with
an intermediate narrow bainitic transition zone followed by a ferrite-pearlite
inner core, whereas stainless steel and plain rebars show equiaxed ferrite grain
and ferrite-pearlite microstructure throughout the sample with no transition
zone between core and rim due to the absence of TMT.

2.Fe 600 and galvanized rebars exhibit classical U-shaped hardness profiles,
whereas stainless steel and plain rebars reveal a different variation at the edges
when compared with other rebars and the absence of the classical U-shaped
hardness profiles.

3.Stainless steel rebar shows the highest combination of strength (≈755 MPa)
and ductility (27%) among all the rebars followed by Fe 600 rebar
(≈660 MPa) in terms of strength. Plain rebar although showing lower values of
strength (≈470 MPa) shows the maximum amount of ductility (≈29%).
Therefore, it is expected that all the experimental rebars will show improved
performance in the seismic zones.

Rebar specimen Rs (ohm.cm2) Rf (ohm.cm2) CPE (μF.cm�2)

Fe 600 0.23956 13.435 105.58

Galvanized 1.6650 3.4911 2.7809

Stainless steel 2.0907 3.6110 2.8115

Plain 2.0284 10.445 30.402

Table 7.
EIS plot data of five different rebars in 1% HCl solution.

Rebar specimen Rs (ohm.cm2) Rf (ohm.cm2) CPE (μF.cm�2)

Fe 600 1.5403 4.7730 2.6929

Galvanized 1.4575 3.9449 1.5659

Stainless steel 1.8498 4.6947 2.6487

Plain 1.7141 5.5280 2.8562

Table 8.
EIS plot data of five different rebars in 3.5% NaCl solution.
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4.In the Tafel plot and Nyquist plot, stainless steel shows a different property in
1% HCl solution than the others. This is due to the formation of the trans-
passive zone via the evolution of oxygen from water and/or the chromium
oxide dissolution through Cr3+ to the Cr6+ when metal suffers high anodic
polarization.

5.In the Nyquist plot, a higher Rp value indicates higher corrosion resistance.
Also, the larger the radius of the capacitive loop, the greater will be the charge
transfer resistance, that is, corrosion resistance. It is also true that greater
current density (icorr) signifies a higher corrosion rate in the Tafel plot.
Therefore, it can be concluded that in both Tafel and Nyquist studies, Fe 600
rebar has revealed maximum corrosion resistance followed by plain, stainless
steel and galvanized rebars in 1% HCl solution, whereas in 3.5% NaCl solution,
plain rebar has shown maximum corrosion resistance and then followed by Fe
600 and stainless steel rebars with a minor variation and then galvanized
rebar.
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