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An experimental study is carried out in this paper to evaluate the corrosion performance of mild steel
reinforcing bars (MS), high strength steel reinforcing bars (HS), epoxy-coated steel reinforcing bars
(EC), and high-chromium steel reinforcing bars (HC) under harsh environmental conditions.
Reinforcing bars (rebar) of 16 mm diameter and 310 mm length were embedded in cylindrical concrete
samples of 60 mm diameter and 350 mm length, and subjected to a Southern Exposure test for sixteen
months. The open circuit potential (OCP) was monitored during the exposure period until corrosion ini-
tiation. The linear polarization resistance (LPR), electrochemical impedance spectroscopy (EIS), and Tafel
plot techniques were employed to assess the corrosion rates on the rebar surfaces. The macrocell corro-
sion current was monitored by connecting the corroding rebar with an external stainless steel bar of the
same size. The polarization resistance of the HC was found to be 1.5 times higher than that of the MS. The
EIS technique showed that EC, even with damaged epoxy coating, has the highest resistance to chloride
attack. The macrocell current of HC rebar was 48% less than that of MS during the active corrosion state.
The LPR, EIS and Tafel plots analysis provided the current densities, which were close to each other; indi-
cating the validity of these techniques to study the problem at hand. The corrosion rates from electro-
chemical methods were compared against the ones calculated by gravimetric methods. The
quantitative results from this research may be used in service life prediction of concrete structures with
different types of rebar. Extensive analysis of the results indicates that the corrosion resistance of the
evaluated steels was in the following decreasing order: EC, HC, MS, and HS.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

repair cost of the damaged infrastructure due to the corrosion is
reported to be up to 3% of the gross domestic product (GDP) of

Corrosion of reinforcing steel bars (rebar) in concrete is a major the developed countries [1,2], and it is up to 5% in the Middle East
cause of civil infrastructure degradation around the world. The where harsh climates such as high temperature, humidity and air-
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borne chlorides are encountered [3]. To overcome corrosion related
degradation, it is recommended to improve the quality of concrete
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and use more concrete cover to prolong the initiation phase.
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Employing corrosion resistant rebar such as epoxy coated steel
rebar (EC), high chromium steel rebar (HC), and stainless steel
rebar (SS) with higher chloride threshold could delay the initiation
and slow down the progression of corrosion. The epoxy coating
provides a physical barrier against the chloride ions and retards
the initiation of corrosion. Moreover, it has a higher resistance to
electric charge; hence, no macro-cells are formed unless defects
are generated within the rebar [4,5]. The high chromium steel
standardized under ASTM A1035/A1035M-16b has a chromium
content up to 9-11% and a carbon content of 0.1% [6]. The
microstructure consists of untransformed nano-sheets of austenite
between laths of dislocated martensite and the formation of car-
bides is avoided. This results in a steel alloy with improved corro-
sion resistance and high strength [7].

Several field and laboratory studies carried out to evaluate the
corrosion performance of EC in concrete yielded mixed results.
However, it is widely accepted that the durability of reinforced
concrete (RC) structures improves when EC is used [4,8,9,64]. Pyc
performed a field study on 18 concrete bridges after 7-20 years
of service life [8]. It was observed that the epoxy looses its adhe-
sion with the steel surface over time due to the moisture ingress.
However, KeBler et al. suggested otherwise after evaluating the
parapet of a 24 years old EC-reinforced-concrete bridge in Switzer-
land [4]. After 24 years of service life in a region with XD3 exposure
conditions according to EN 206-1 [10] (i.e., an average 10 days rain
per month), it was observed that the epoxy coating was in good
condition with a shining green color, and no damage or disbond-
ment was noticed due to moisture. Erdogdu et al. tested EC in com-
parison with mild steel rebar (MS) under seawater and a synthetic
solution with 3% NaCl~ [11]. EC was used in three conditions, as-
received, and with 1% and 2% controlled damage. The damage
was generated by removing the coating in 6 x 6 mm squares using
a hand grinder. After two years of exposure under chloride envi-
ronment, no signs of corrosion was observed on the undamaged
EC. The EC with 1% and 2% damage had negligible corrosion in
the damaged area [12].

In case of HC, the manufacturers suggest that its corrosion resis-
tance is similar to that of SS. However, several studies carried out
to evaluate the corrosion resistance of HC in comparison to low
carbon MS and SS, have found that its corrosion resistance is higher
than that of MS; however, lower than that of SS [13-16]. Nachiap-
pan and Cho observed that the corrosion rates of HC are sensitive
to the chloride concentration [15]. It was observed that when bare
rebar of HC and MS are placed in 0.1% chloride solution, the corro-
sion rate of MS is 12 times higher than that of HC. However, when
chloride contents are increased to 3%, only 3-times higher corro-
sion rate was observed for MS compared to HC. Two times higher
corrosion currents are observed on MS compared to HC embedded
in concrete after 132 days of exposure to a chloride solution.
Mohamed et al. reported that the lifespan of RC structures could
be enhanced by 10-30 years by employing HC than MS [21]. This
conclusion was based on the assumption that chloride attack at
the surface of concrete is 0.25 M and the concrete diffusion coeffi-
cient is 9.4 x 1072 m?/s. Fahim et al. evaluated the performance of
MS, HC, 316 LN SS, 304 SS, and XM 28 SS in simulated concrete
pore solutions and un-cracked and cracked concrete medium
[22]. It was observed that the alloy composition of all steel rebar
plays a significant role in the chloride threshold values that initiate
corrosion, the passive layer composition and the corrosion rates. In
the experiments performed on mortar samples, the HC showed a
corrosion rate of 50-60% of that of MS. However, SS with higher
percentage of chromium, nickle and nitrogen, out performed HC
in terms of corrosion resistance in all mediums.

The corrosion performance of EC is normally evaluated by visual
inspection, half-cell potential (HCP) and linear polarization resis-
tance (LPR) techniques [8,9,11]. The LPR applies a direct current,

which may not be able to pass through the epoxy and hence might
lead to erroneous results. Furthermore, the models to predict the
service life of RC structures are heavily dependent on the corrosion
rates of reinforcement after the corrosion initiation [18-21]. Stud-
ies are carried out to evaluate the corrosion of MS, HC and EC in
either simulated concrete pore solutions or in concrete block/
slab/prism samples. The block samples do not allow for uniform
polarization of the rebar during the electrochemical testing.

In this study, a comparative corrosion performance of four types
of concrete reinforcements, MS, HC (9% Cr content), EC, and high-
strength steel rebar (HS) that is locally manufactured in Qatar, is
presented. Although, higher strengths were achieved by changing
the chemical composition of the steel (higher carbon and chro-
mium contents), corrosion resistance of these steel alloys needs
to be investigated. A sample geometry is selected such that the
environmental corrosion and the error in estimating the polarized
surface area during electrochemical tests are minimized. The
parameters used for numerical modeling of corrosion in RC are
established for MS, HS, and HC rebar. The electrochemical impe-
dance spectroscopy (EIS), which is proven to be the most suitable
approach to study the corrosion performance of epoxy coating
and the corrosion of underlying steel, was employed. The quantita-
tive results from this research may be used for service life predic-
tion of concrete structures. This comparative study also provides
engineers with data to select the type of rebar according to the
environmental conditions that RC structures will have to with-
stand during their lifespan. A comparison of three electrochemical
techniques for corrosion rate estimation is also provided.

2. Experimental program
2.1. Materials

2.1.1. Steel rebar

The studied MS, HS, HC, and EC conformed to BS 4449:2005 [63],
Grade 80 of ASTM A615/A615M-16 [19], ASTM A1035/A1035M-16b
2016 [6], and ASTM A775/A775M-17 23], respectively. The chem-
ical composition of the rebar, as provided by the manufacturers, are
given in Table 1. The yield and tensile strengths are shown in
Table 2. Initial weights of steel rebar were measured using a balance
with 0.01 g sensitivity. The EC were patched with epoxy at the ends
after cutting them at required lengths.

2.1.2. Concrete mixture proportions

The mixture proportions of the concrete used to cast the
samples are given in Table 3. Type I Portland cement, gabbro aggre-
gates with a maximum size of 10 mm, washed sand with
0-4.75 mm size and a polycarboxylate ether (PCE) based Epsilon
PC 485 superplasticizer were used as ingredients. The particle size
distribution of coarse gabbro aggregates and washed sand are pre-
sented in Fig. 1. A maximum aggregate size of 10 mm was neces-
sary due to the small sample dimensions. The concrete had a
flow spread of 535 mm with Tso of 7.8 s according to ASTM
C1611/C1611M-14 [24]. The interior surface of the cardboard
molds was waxed to prevent water absorption from the concrete
paste. The concrete compressive strength was obtained as
38 MPa from testing of six cylindrical samples of 100 x 200 mm
dimensions according to ASTM C39/C39M-15a [25] at 28 days.

2.2. Sample geometry

Twenty-four concrete cylinders 60 mm in diameter and
350 mm long were cast. One MS, HS, EC or HC having 16 mm diam-
eter and 310 mm length, was embedded at the center of concrete
cylinders. A concrete cover of 22.5 mm circumferentially and
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Table 1
Chemical composition of steel rebar as provided by manufacturers.
Steel Type Chemical Composition (%)
C Si Mn P S \% Nb Cu Ni Cr Mo N Ce
MS 0.200 0.140 0.660 0.011 0.014 - - 0.025 0.021 0.013 - 0.006 0.320
HS 0.300 0.240 1.160 0.014 0.017 0.015 0.028 0.016 0.027 0.029 - - 0.510
EC 0.230 0.130 0.720 0.007 0.010 - - 0.019 0.018 0.014 - 0.005 0.350
HC 0.100 0.410 0.570 0.011 0.009 0.270 0.019 0.160 0.100 9.540 0.020 0.019 1.150
Table 2 chloride containing water. The cylindrical geometry enables uni-
form polarization of rebar and eliminates the errors in the estima-

Mechanical properties of steel rebar as provided by manufacturers.

tion of polarized-steel-area during electrochemical tests. The steel
rebar was completely embedded in concrete to avoid environmen-

tal corrosion.

2.3. Accelerated aging conditions

The Southern Exposure test conditions, i.e., cycles of four days
of wetting by ponding under 15% NaCl~ solution followed by three
days of drying in the open air, were applied for 16 months. Samples
were immersed in a salt solution horizontally as shown in Fig. 2.
They were submerged at least 2 cm below the water surface during
the ponding period. The water containing chlorides penetrates
through concrete pores during the wetting period and the evapora-
tion during drying leaves chloride ions on the concrete surface.
This creates a chloride ion concentration gradient, enabling the dif-

fusion process to transport these ions to the steel-concrete inter-
face. The open circuit potential (OCP) (or half-cell potential, HCP)
was measured at regular intervals to determine the corrosion initi-

ation times of each type of rebar.

3. Testing methods

3.1. Concrete resistivity and sorptivity

Concrete resistivity was measured on cylindrical samples of
100 x 200 mm at 28 days of curing according to AASHTO TP 95
[26]. Measurements were performed on three cylinders to obtain
an average as recommended by the Standard. The samples were
in quasi-saturated state at the time of measurements. Table 4 pre-
sents the corrosion risk associated with the concrete resistivity val-
ues. At a resistivity higher than 20,000 Ohm-cm, corrosion risk is
negligible, while at resistivity less than 5000 Ohm-cm, very high

corrosion risk exists [26,27].

Steel Type Strength
Yield Strength Tensile Strength
MPa MPa
MS 561 664
HS 637 735
EC 597 678
HC 937 1158
Table 3
Concrete mixture proportions.
Constituents Units Quantity
Cement (CEM I) kg/m? 410
Washed sand, 0/4.75 mm kg/m> 962
Coarse aggregate, 0/10 mm kg/m? 951
Water kg/m> 159
Water-cement ratio - 0.45
Superplasticizer kg/m? 5.2
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| --=— Gabbro Agg. ../ "
--®-- Washed Sand ,/ i
80 | /.I II
.
J ! |
/ I
2 60+ |
» . I.‘
2 ! f
o H !
R 40 ]
[ !
J | !
! |
20 f
® "
/ /
E [ ] v
G 7/
. of . B-E-E l".-
0 BT — T —
1E-3 0.01 0.1 1 10 100

Particle size (mm)

Fig. 1. Particle size distribution of coarse aggregates (agg.) and washed sand.

25 mm at the top and bottom was provided. Six samples for each
type of steel were prepared to ensure that the variability in the
material properties and testing procedures is properly captured.
Samples were designated based on the type of steel, i.e., MS, HS,
HC, or EC followed by a number from 1 to 6, e.g., first mild steel
sample is designated as MS-1, and so on. A copper wire was con-
nected to rebar to establish the connection for electrochemical
measurements. In the case of EC, a 2 mm wide portion of the epoxy
was removed circumferentially to establish electrical connection to
the steel. Silicon paste was applied at connection to prevent
humidity and chloride ingress. After casting, the wire-concrete
interface was covered with silicon paste to prevent the ingress of

hh

Fig. 2. The samples immersed in 15% NaCl~ solution during wetting cycle of

Southern Exposure test.
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Table 4
Corrosion risk as a function of concrete resis-
tivity [26].

Resistivity (Ohm-cm) Corrosion Risk

>20,000 Negligible
10,000-20,000 Low
5000-10,000 High
<5000 Very high

The sorptivity is a measure of the moisture transport into unsat-
urated concrete, a good quality concrete shows low sorptivity. The
sorptivity of three concrete disk samples of 100 x 50 mm was
measured according to ASTM C1585-13 [28] after 28 days of
curing.

3.2. Chloride content

The chloride contents were measured at three locations, at
outer concrete surface, at middle of the sample, and at the steel-
concrete interface (i.e., at a depth of 22.5 mm), after 16 months
of exposure on four concrete samples according to BS 1881: Part-
124 [29]. One concrete sample from each category was broken
after all the electrochemical tests. This test yields the results in
chloride content by percentage mass of concrete. However, as it
is commonly adopted in literature, to present chloride threshold
values for corrosion initiation by percentage mass of cement
[30,31], chloride profiles were presented in both percentage mass
of concrete and cement.

3.3. Electrochemical tests

3.3.1. Half-cell potential
The HCP of steel rebar was monitored at regular intervals
against the saturated calomel electrode (SCE) as a reference. HCP

Table 5
Half-cell potential values for corrosion conditions [32].

HCP Values Corrosion Conditions

mV vs. SCE mV vs. CSE

Less than-426
Less than-276

Less than-500
Less than-350

Severe corrosion

High (higher than 90% risk
of corrosion)

Intermediate corrosion risk
Low (10% risk of corrosion)

—126 to —275
Higher than —125

—200 to —350
Higher than —200

Potentiostat |
CE RE (SCE) |

WE

Titanium grid

Wires connected to WE

values were recorded after wetting cycles with the samples placed
in water in quasi-saturated state. Readings were noted once the
HCP becomes stable. ASTM (C876-09 [42] relates the HCP to
the probability of corrosion of rebar in concrete. Table 5 shows
the ranges associated with low to severe risk of corrosion.

3.3.2. Linear polarization resistance

Once the corrosion initiation was determined based on the HCP
values, the corrosion rates were measured by LPR, EIS and Tafel
plots. These techniques were applied using the three-electrode
setup shown in Fig. 3. A working electrode (WE), that is the steel
rebar inside the cylindrical concrete samples, a counter electrode
(CE), that is a non-corroding titanium mesh, and a reference elec-
trode (RE), that is the SCE were used. During testing, the samples
were partially immersed into the water, this was to keep the sam-
ples quasi-saturated and to ensure the availability of oxygen at the
steel-concrete interface.

To obtain the LPR curves in this study, a £20 mV polarization
(OCP —20mV to OCP+20mV) with a scan rate of 0.167 mV/s
was applied on the steel rebar and the current response was
recorded. Gamry® 600 potentiostat was used for these
experiments.

3.3.3. Electrochemical impedance spectroscopy (EIS)

The EIS is a powerful technique to analyze the electrode (rebar)
charge transfer resistance, R, double layer capacitance, Cq, and
the electrolytic (concrete) resistance and capacitance, R.. A small
(5-25 mV) sinusoidal voltage, V(t) = Vysin(wt), at a selected range
of frequency, f = £2, is applied to perturb the corroding rebar. The
steady state current response, Iy = lpsin(wt + 0), is measured,
which has a phase difference of 6 from the applied voltage. The
impedance, Z = £ is then measured using Ohm'’s law [33-35]. In
this study, the EIS spectra is presented in the form of a Nyquist
plot, which shows the impedance in the complex plane of Carte-
sian coordinates, i.e., Z=Z'+jZ", where Z' and jZ" are the real
and imaginary parts and drawn on the abscissa and ordinate of
the plot, respectively.

Fig. 4a schematically presents the different physical interfaces
encountered in the steel reinforced concrete during the impedance
scan. From left to right are the bulk concrete resistance, the inter-
facial layer between concrete and steel rebar (rust products with
lime precipitation on the steel surface) and the double layer-
electrode interface. Depending upon the geometry of corrosion
system in concrete, the schematic of typical Nyquist plot for the
EIS spectra in RC is shown in Fig. 4b [35]. Three capacitive semi-
circles appear at different frequency ranges, at higher frequencies

Titanium grid (CE)

Concrete Sample

a) b)

Fig. 3. Three electrode set up: a) schematic, b) actual experimental set up.
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Fig. 4. a) Schematic of physical interfaces, b) Nyquist plot of corrosion system in steel RC.

bulk concrete characteristics are obtained, while the lower fre-
quencies provide the information on the rebar conditions. In some
cases, the diffusion of ions through the oxide layer coupled with a
Faradaic reaction is observed at lower frequencies on the steel sur-
face. Nyquist plots are compared to an equivalent circuit model to
extract the parameters, such as the R., R, Cq. In case of EC, the
epoxy coating resistance, Rgc, and capacitance, C, are also
obtained [12,64]. In this study, to obtain the EIS spectra, a voltage
of 10 mV was applied at a frequency range of 0.001 Hz-8 MHz to
the steel rebar using a Zehner® Zennium Pro potentiostat. The
ZMan™ 2.4 software was used to fit the experimental data against
automatically selected equivalent circuit models. Equivalent cir-
cuit models and extracted parameters are presented in Results
and Discussion section.

3.3.4. Tafel plot

The Tafel plot is an established technique to calculate the corro-
sion current, I, on a metal surface. Corrosion reaction rate is
quantified by log IvsE curves, also known as the polarization
curves [36]. A polarization of 200 mV from OCP (OCP to
—200 mV to OCP +200 mV) was applied to steel rebar with a scan
rate of 0.167 mV/s and the logarithmic response of the current, I,
was recorded. A Gamry® 600 potentiostat was used to obtain Tafel
polarization curves. The extrapolation of these curves was per-
formed to obtain the corrosion parameters such as corrosion
potential, E.o , corrosion current, I, anodic Tafel slope constant
B, and cathodic Tafel slope constants f.. From I, the corrosion
current density per unit area, iy in (A - cm~2 is calculated using
AI/S, where S is the polarized steel surface area. The Tafel polariza-
tion is a destructive technique and was performed after LPR and EIS
scans.

3.3.5. Macrocell current

Macrocell corrosion current was generated by connecting the
embedded steel rebar to an external equal sized SS through a zero
resistance ammeter (ZRA), Gamry® 600. The equal sized cathode
bar provides a cathode/anode ratio of 1. The SS and the concrete
cylindrical sample were placed inside the water. Electron flows
from the embedded rebar to the SS, simulating the connection
between the active steel and passive steel in RC during galvanic
(macrocell) corrosion. Measurements were carried out until a
steady-state macrocell current is reached.

4. Results and discussion
4.1. Concrete resistivity and sorptivity

The concrete resistivity was measured as 25.041 kQ - cm, which
indicates that the corrosion-risk associated with such a high

resistivity is negligible according to AASHTO TP 95 (2011)
[27,37]. The initial sorptivity of concrete was found as
0.0043 x 10* mm. s~'/2, which is in the range of values for normal
concrete reported in the literature [39,39].

4.2. Chloride profiles

Fig. 5 shows the chloride profile at different depths after
16 months of exposure. The average, minimum and maximum
chloride values over four samples are presented. Although the
tested concrete was the same for all the samples, a slight variation
in the chloride contents is observed. Since slices of 7 mm were cut
from the broken concrete samples, this variation could be due to
the irregularities in the cutting. Additionally, the extracted powder
sample could be from opposite end of 7 mm slice. The chloride
contents reached around 1% of concrete mass and 5.5% of cement
mass at the outer surface of the samples, as presented in Fig. 5.
At the steel-concrete interface, the chloride concentration reached
between 0.47% and 0.74% of the concrete mass and 2.5% to 3.7% of
the cement mass. These values are at least three to four times
higher than the threshold values for corrosion initiation of MS in
concrete [30].

4.3. Half-cell potentials

The HCP of MS, HS and HC are as shown in Fig. 6. HCP decreased
during the first few weeks, before becoming stable for a period of
time, then it dropped to more electronegative values. At the time
of LPR, EIS, and Tafel plot tests, the HCP of six samples varied from
—595 mV/SCE to —703 mV/SCE for MS, from —463 mV/SCE to
—573 mV/SCE for HC steel, and from —649 mV/SCE to —762 mV/
SCE for HS. According to ASTM C876-09 [40], the probability of cor-
rosion initiation on the steel surface is above 90% once the HCP
drops below —426 mV/SCE. The corrosion susceptibility for
uncoated rebar based on HCP was in the following order from high-
est to lowest: HS, MS and HC. The HCP of EC was also recorded;
however, the measured values were not representative, as they
were very electronegative, which is attributed to the corrosion at
the location of the electrical connection and the broken patched
ends of the rebar. It is believed that the water and chloride ions
penetrated through the silicone gel applied at the connections.
For these reasons, the HCP for EC are not presented in this study.

Similar HCP ranges were reported for MS and HC at an active
corrosion state by Fahim et al. [13] and in chloride contaminated
concrete and by Mohamed et al. [17] in a NaCl~ solution. The aver-
age drop in HCP values from a passive to an active corrosion state
was lowest for HC among the three types of uncoated steel rebar.
The smaller shift of HCP from passive to active corrosion state will
generate a lower electromotive force during macrocell formation



in the reinforcement mesh; hence, less macrocell corrosion

current.
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4.4. Linear polarization resistance

Fig. 7 presents the selected LPR curves for MS, HS and HC. HS
showed a quasi-linear behavior in the entire polarization range;
however, a nonlinear response started near —20 mV polarization

Fig. 6. Half-cell potential monitoring: a) MS, b) HC and c) HS.

for MS and HC as shown in Fig. 7a and b, respectively. Only the lin-
ear portion of the LPR curves was analyzed to calculate R,. Since in
LPR technique a 5mV to 20 mV of polarization is recommended
[41], the linear portion in these ranges could be analyzed to obtain
the polarization resistance.

The nonlinear portion near —20 mV is attributed to the experi-
mental set-up inside the water. Since the scan starts from —20 mV
from OCP, there could be some astray current between titanium
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mesh and water around this voltage. The average R, values over six
samples were 57 kQ.cm?, 39 kQ.cm? and 14 kQ.cm? for HC, MS
and HS, respectively. R, values lower than 230 kQ.cm? indicate
an active corrosion state [42]. The measured values were much less
than 230 kQ.cm?, especially for HS. This shows a higher corrosion
activity on the HS surface. In the active corrosion state, HC showed
1.5 times higher R, values than MS and at least four times higher
than HS, and hence indicating a higher resistance to corrosion
based on the corrosion rate. The average value and the standard
deviation of R, based on the measurements of six samples are pre-
sented in Section 4.5 in comparison with the values obtained from
EIS.

4.5. Electrochemical impedance spectroscopy

Fig. 8 shows the Nyquist plots of the studied rebar during active
corrosion state inside the chloride contaminated concrete. The MS,
HC, and HS showed a similar behavior. The EC had a slightly differ-
ent Nyquist plot shape than the uncoated rebar at higher frequency
ranges, i.e., towards the right of the Nyquist plot. The noise in EC
curves is due to the corrosion of connections. The frequency ranges
of each capacitive arc are indicated in Fig. 8. The space of the elec-
trochemical impedance spectra was found to be in acceptable range
since corroding rebar offer less polarization resistance, chloride
contaminated concrete also offers less resistance to electrical
charge. Therefore, the Nyquist plot gets closer to zero than for pas-
sive rebar and dry and chloride free concrete. Similar space spectra
were obtained by several other researchers [33,43]. Vedalakshmi
and Palaniswamy observed similar ranges of Nyquist plot in the
active corrosion state of rebar in concrete after 1135 days of condi-
tioning in a chloride solution [42]. Considering the physical impe-
dance phenomenon in RC, two proposed equivalent circuit

models, shown in Fig. 9, were fitted against the experimental
results. The resistive, R, and reactive, C, elements appear in series
or parallel in the circuit to simulate the physical impedance of the
RC system. The total resistance constitutes the bulk resistance of
concrete, the resistance of the rust product having lime (Ca(OH),)
precipitation, the resistance of the steel-concrete interface, and
the Warburg diffusion. Several researchers [33,35,44,45] have used
similar circuit models with minor differences. Since concrete is a
heterogeneous material and many intermixed interfacial regions
contribute to the impedance spectra, the capacitive arcs overlap
in the Nyquist plot. Further, the concrete and the steel-concrete
interface are not pure capacitors. That is why these capacitive arcs,
instead of being a perfect semicircle formed above the real axis (as
shown in Fig. 4b), they are depressed with their centers below the
real axis. To accurately model an equivalent circuit, these imperfect
interfaces and electrode-surface-roughness necessitate a constant
phase element (CPE), Q;, in place of a pure capacitor (see Fig. 9).
The CPE helps fit the circuit to the experimental spectra. From the
CPE, the capacitance of different elements is obtained according to
C=QR™ (1
where n is an index, varying from zero to one, which measures the
imperfection of the element. For a pure capacitor, n is equal to one
while for a pure resistor it is equal to zero.

The model in Fig. 9a shows that R and CPE(Q3) are in series
with R,, which is the resistance offered by the corrosion product
having lime precipitation. At the steel surface, the capacitance of
this layer, (Q,), is in-parallel with the electrode reaction, R, Qg.
Fig. 9b presents the circuit with the impedance of rust layer with
concrete products, R, Q,, which are in series with the electrode
reactions, Ry, Q.
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The arcs in the low-frequency range from 0.1 Hz to 1 Hz on the
right side of the Nyquist plot provide R and Cq. At further low
frequency ranges from 0.001 Hz to 0.1 Hz, W was observed in all
samples. The upward rise of the curve at approximately 45°, as
shown in Fig. 8, is an indication of the semi-infinite diffusion of
species such as oxygen, iron, hydroxyl, and chloride ions through
the oxide layer and towards the electrode, coupled with charge
transfer reactions. The Warburg impedance is calculated by

(2)

The middle arc in the frequency range of ~10 Hz to ~10 kHz is
attributed to the resistance and capacitance, R, and C,, of the con-
crete microstructure and its composition at the steel-concrete
interface. John et al. [47] and Lemoine et al. [44] proposed that this

arc is due to the calcium hydroxide (lime) precipitation on the steel
surface during the hydration of cement paste. Other researchers
have attributed this arc to the corrosion product layers having lime
precipitation [49,49]. The carbonated concrete, where calcium
hydroxide is consumed in the carbonation process, has a flattened
curve at the same frequencies [35]. The third arc at around
100 kHz-1 MHz frequency, is due to the bulk concrete resistance,
i.e., Ry =R, and the capacitance, C;(Q;) = C.. At a frequency range
of 1 MHz-8 MHz, another resistance, Ry, is observed. No physical
meaning is assigned to this resistance in the corrosion system
inside RC. Several researchers have disregarded this resistance
[35,44,46].

The EC at lower frequency of 0.001 Hz-0.1 Hz yields similar
conclusions to other rebar in terms of the electrode characteristics
R, Cq;, and W. However, in the 10 Hz-300 KHz range, the behav-
ior is different due to the epoxy coating characteristics, Rgp, and Cp.
The values of Rgp, and C,, are different than that of rust layer char-
acteristic, R,, and C, on the uncoated rebar. The charge transfer
resistance of EC is higher than those of MS, HC and HS, which indi-
cates a passive state of steel underneath the epoxy coating.

Fig. 10 shows the fitting of Nyquist and Bode plots of an MS
sample. Both circuits have good fitting with the experimental EIS
spectra.

The average values of the impedance parameters obtained by
fitting the model are provided in Table 6. The concrete resistance
was observed to be between 28 kQ.cm? and 47 kQ.cm?, while
the capacitance of the bulk concrete was between 103 yF - cm~2
and 107> uF - cm 2. The resistance, R,, of the rust products and
the lime layer on the steel-concrete interface was 6 kQ.cm?,
15 kQ.cm?, and 13 kQ.cm? for HS, MS, and HC steel, respectively.
While for EC, the value of Ry, was 80 kQ.cm?. The higher R,
for HC steel and MS than HS samples, indicates that the middle
arc observed in the Nyquist plot originated from the electrode sur-
face, and related to corrosion products and calcium hydroxide for-
mation on the steel surface. The capacitance of this second RC
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Table 6
Average values of electrochemical impedance parameters.

Re CPE (Q) n Ce Rz CPE (Q2) G Ret CPE(Qa) m3 Ca
kQem?  opmlsn - pF/cm? kQ.em?  opmlsn puF/cm? kQem?  opmlsn - Fjem? Q.cm?s™1?2
MS 39 2.12E-04 0.70 9.58E—-04 15 1.55E-04 0.65 4.07E-04 21 1.29E-02 0.38 6.00E—-04 0.058
HC 47 5.24E-04 0.45 3.76E-03 13 3.50E-04 0.70 3.58E-03 34 3.13E-02 0.51 4.55E-05 0.013
HS 28 5.56E-05 0.83 1.97E-04 6 4.49E-03 0.63 1.03E-01 13 7.42E-02 0.33 1.68E—-02 0.097
EC 30 5.06E—06 0.61 2.96E-05 80 3.72E-08 0.80 7.79E-06 136 1.60E-03 0.39 1.03E-05 0.039

element was 1.03 x 107! uF-cm=2, 4.07 10 uF-cm™2 and
3.58 x 10® uF - cm2 for HS, MS and HC, respectively. The HS sam-
ples showed a higher capacitance in this frequency range than MS
and HC. The EC showed the highest resistance for this arc; how-
ever, the lowest capacitance of 7.79 x 107 uF.cm=2 was also
observed. This is attributed to the insulation properties of the
epoxy coating. The values are normalized over the total embedded
area, i.e., the whole length of rebar. Since the EIS technique apply
alternating current (AC) impulse that can pass through the epoxy
coating, it is concluded that whole length of the EC was polarized.

The R, which is equivalent to R, was observed to be
136 kQ - cm?, 34 kQ - cm?, 21 kQ - cm? and 13 kQ - cm? for EC, HC
steel, MS and HS, respectively. Although, R, of EC was higher than
those of the other steel rebar, these values suggest a minor corro-
sion current was going through EC. These currents were generate
due to the corrosion of the electrical connections. The double layer
capacitance was obtained as 600 uF-cm=2, 45 uF.cm?,
1680 uF - cm~2 and 10 uF-cm~2 on MS, HC, HS and EC, respec-
tively. The higher capacitance of the double layer in the case of
HS and MS indicates the iron ion deposition on the steel surface
and a higher corrosion activity. The Warburg impedance coefficient
was found to be lower for HC than MS and HS. In the case of EC, the
impedance to diffusion through epoxy as a medium is less, which
suggests that species such as chloride and water might diffuse
through coating over time.

Although the LPR and EIS techniques suggest that the R,, values
were in close agreement (see Fig. 11), the EIS technique showed
slightly lower R, for uncoated rebar. The previous studies indicate
that the EIS provide higher values than LPR. Pradhan and Bhat-
tacharjee [50] have observed that EIS yields 9% higher R, values
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Fig. 11. Linear polarization resistance and charge transfer resistance calculated by
LPR and EIS techniques.
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than LPR. As the margins are very narrow, and the fact that R, mea-
surements are affected by humidity, temperature, and concrete
quality, the results from both techniques are in the acceptable
range in this study. In the case of EC, the R, was also measured
by LPR to validate the values obtained by the EIS technique. The
results are shown in Fig. 11. The results in this study indicate that
the EIS can be used to detect the corrosion of steel rebar under-
neath the epoxy coating and breakage or holidays in the epoxy.

4.6. Tafel polarization curves

Fig. 12 shows the Tafel polarization curves for all the samples of
MS, HC and HS rebar. The scatter in the results is due to different
OCP values. An interpretation of these curves was performed to
obtain the corrosion parameters. The anodic branch shows the
activation-controlled polarization indicated by the linear curve in
the Tafel region up to +200 mV. While, the cathodic branch showed
a sudden rise in the current values near —200 mV polarization,
which suggests the mass diffusion of oxygen and hydrogen. This
region was ignored while obtaining the Tafel slope constants,
instead the slope of the linear portion was considered. Mohamed
et al. [17] observed similar Tafel polarization behavior of MS and
HC. Akhoondan and Sagiiés [51] reported a modest concentration
polarization at higher potential values of around ~200 mV while
applying cyclic-polarization on conventional steel and 9% Cr rebar
in concrete. They obtained corrosion parameters that were consis-
tent with the literature and this study.

The statistical distributions of the measured I, 8,, and j. are
presented using box plots in Figs. 13-15, respectively. The average
leorr values were found as 1.78 yA-cm—2, 0.661 uA-cm~2, and
0.316 uA-cm=2 for HS, MS, and HC, respectively. The average
leor for EC was calculated using the EIS technique as
0.195 puA - cm~2, which is also presented in the same graphs for
comparison purposes. The corrosion current densities according
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Fig. 13. Statistical distribution of corrosion current density of the studied steel
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HS EC

to Andrade et al. [52] were found to be in the range of “low” for
EC, “moderate to high” for HC and “very high” for MS and HS.
The corrosion current of the HC was found to be half of that of
the MS in the active corrosion state. Similar ratio of corrosion cur-
rents between HC and MS has been reported by other researchers
[17,53].

The average values of g, were 416 mV/dec, 453 mV/dec and
497 mV/dec for MS, HC and HS, respectively. The average values
of p. were found as 152 mV/dec, 134 mV/dec and 162 mV/dec
for MS, HC and HS, respectively. These Tafel slope constants are
an indication of the reaction rate. The steeper the slope is, the
higher is the rate of that half-cell reaction. . is normally two to
three times lower than the f,. This is due to the higher reduction
rate of abundantly available oxygen at the steel-concrete interface.
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During the iron oxidation in the anodic polarization (i.e., towards
the positive potential), the electrons are forced out of steel and
Fe’* ions are freed at the steel-concrete interface. The already pre-
sent oxide layers block these ions to move away from the steel sur-
face and react with the hydroxyl; hence, building a positive charge
barrier on the steel surface. It becomes difficult to extract the elec-
trons out of the system; therefore, a reduced current and flattened
anodic slope of the Tafel plot are observed.

Fig. 16 presents a comparison of the corrosion current densities
on uncoated rebar calculated using the three electrochemical tech-
niques. The measured currents from each technique were found to
be in close agreement. In LPR and EIS techniques, to calculate ico
using icorr = %, the Stern and Geary constant B was recommended

as 26 mV and 52 mV for active and passive steel, respectively, in
[41]. In this study, the B was taken as 26 mV because all the steel
rebar were in an active corrosion state. Using B equal to 26 mV
yields i.o values close to those obtained from the Tafel plots. How-

 Bathe

be equal to 26 mV, both g, and g, needs to be significantly lower
than what has been observed in this study. With the values
obtained, B would be in the range from 42 mV to 53 mV for active
steel rebar. Other researchers [54-56] also reported higher values
of anodic and cathodic Tafel slope constants (than 120 mV/dec).
Hence, further research on Tafel parameters for steel rebar in con-
crete needs to be carried out in order to clearly understand the cor-
rosion kinetics.

ever, the constant B depends on 8, and [fc< = Jabe ) for its value to
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Fig. 16. Comparison of corrosion current densities from different techniques used.

4.7. Macrocell currents

Fig. 17 presents the macrocell currents for HS, MS and HC, until
after a steady state condition was achieved. HC showed the mini-
mum average macrocell current value of 67 puA, while MS and HS
had average values of 127 pA and 327 pA, respectively. The macro-
cell corrosion current density (per unit area) was obtained as
0.42 pA/cm?, 0.82 pA/cm? and 2.1 pAjcm? for HC, MS and HS,
respectively. Compared to MS, the HC generated 48% less current.
Cui and Krauss [16] observed 60% less macrocell corrosion in HC
compared to MS in chloride contaminated concrete block samples
with internally embedded cathode connected to corroding rebar
through a 10 Q resistor.
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4.8. Visual inspection and corrosion rate

Fig. 18 shows the rebar from each type of steel after extraction
from the concrete cylinders. The bars were cleaned chemically
according to ASTM G1 [57] and then by mechanical brushing.
The pits due to the chloride attack were visible on the steel sur-
faces. These pits were more frequent on MS and HS than on HC.
The weight loss on one rebar from each type was measured with
respect to the initial weight of the rebar. The total weight loss on
HS, MS and HC was 3.05g, 2.41¢g, and 0.7 g, respectively. The
peeled-off portion, and the patched edge of EC suffered corrosion
as shown in Fig. 18d. Humidity and chloride penetrated into the
patched epoxy and caused the corrosion (Fig. 18d). The rest of
the EC bar was in a healthy state, based on a knife-peel test [58]
with a rating of one, i.e., excellent state of epoxy with no breakage.
The knife blade was not able to penetrate or chip off the epoxy.

The corrosion rate in mm/year was calculated using the corro-
sion current measurements according

3272l EW
A (3)

and weight loss measurements according

Corrosion rate (mm/year) =

. Kw
Corrosionrate (mm/year) = ATD (4)
where I, is the corrosion current in pA, EW is the equivalent
weight of steel (55.87 g/mol), d/D is the density of reinforcing steel
in g/cm3, A is the steel surface area in cm?, K is a constant having a
value of 87,600 to obtain corrosion rate in mmy/year, and T is the
time of exposure in hours. The corrosion rates, I, (from Tafel
plots), were 0.042 mmy/year, 0.015 mm/year, 0.0073 mm/year and
0.0078 mm/year for HS, MS, HC and EC, respectively (see Fig. 19).
The gravimetric corrosion rates were 0.038 mm/year, 0.029 mm/
year and 0.0087 mmy/year for HS, MS and HC, respectively. It was
assumed that the corrosion was initiated after 8 months (approx.
half the exposure period). Although, HS and HC showed similar cor-

d)EC-4

Fig. 18. Visual inspection of steel rebar after extraction from the concrete, and after
cleaning according to ASTM G1 [57] and mechanical brushing. a) MS, b) HS, c) HC,
and d) EC.
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Fig. 19. Corrosion rate obtained from corrosion current density and gravimetric
weight loss measurements.
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rosion rates from both methods, the discrepancy in the corrosion
rates of MS is attributed to the rough estimation of the corrosion
initiation time. Additionally, the pitting formation could result in
an underestimation of the corrosion rates when measured through
electrochemical techniques.

5. A comparative discussion on steel rebar durability

Lower corrosion resistance of HS steel could be attributed to its
alloy composition having 0.3% carbon (C) and 1.16% manganese
(Mn). Mn is a more active metal than iron and forms oxide, which
facilitates the metastable pitting on the steel surface. Park and
Kwon [59] observed that with an increasing Mn content, the pit-
ting potential shifts towards less electronegative values, and the
passive film formed at the metal surface having Mn degrades
easily. Since Mn is more active, it creates a macrocell within the
matrix of metal and increases the corrosion rate on the steel sur-
face [60]. In addition, the increase in the carbon content has also
been linked to a decrease in the corrosion resistance of steel rebar
[61].

In case of HC, the lower corrosion potential is due to the fact
that few micro-galvanic cells form as a result of the microstructure
and composition with Cr and Ni. The Cr reacts with oxygen and
forms oxides, which protects the iron in the steel from corrosion.
Corrosion resistance of HC during the polarization in LPR and Tafel
plots at apparently active corrosion state is due to its microstruc-
ture, which is 100% packet martensite between untransformed
sheets of austenite. In addition, since austenite is a more corrosion
resistance phase; corrosion resistance of HC is higher. A more
stable passive layer is formed on the steel surface containing chro-
mium oxides. This passive film is less porous and requires a higher
chloride threshold to break down [13,15,17].

The double layer capacitance in case of MS and HS is very high.
Higher corrosion species containing iron ions could generate such
higher capacitance. Flis et al. [62] observed that with an increase in
anodic current (iron dissolution), the capacitance of the double
layer increases. An increase in capacitance is also observed when
there is dense packing of ions at the electrode surface. Vedalakshmi
and Palaniswamy [42] observed this double layer capacitance on
actively corroding rebar to be above 1000 uF - cm~2. The Warburg
coefficient is lower due to the passive layer formed on the HC sur-
face. Passive layer on HC contains lepidocrocite (FeOOH) and
hematite (Fe,03) [15], which are very dense and adhere well to
the steel surface, hence, lowers the ion diffusion. This is why the
Warburg impedance is higher in HC than MS, which has a mag-
netite (Fe304) as an oxide layer.
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6. Summary and conclusions

The durability performance of four types of concrete rebar in
terms of their corrosion resistance in harsh climatic conditions
was evaluated. Southern Exposure test conditions were applied
for 16 months by cyclically submerging the concrete cylinders con-
taining steel rebar in 15% sodium chloride solution and drying in
air. At the time of testing, the chloride ion concentration at the
steel-concrete interface was 3-4 times higher than the normally
considered threshold values for corrosion initiation of MS rebar.

The HCP suggested an active state of corrosion of the steel rebar
after 16 months of exposure. At active corrosion state, the HCP of
HC (—463 mV/SCE to —573 mV/SCE) always remained less elec-
tronegative than MS (-595 mV/SCE to —703 mV/SCE) and HS
(—649 mV/SCE to —762 mV/SCE). The HS showed a more elec-
tronegative potential than the other uncoated steel rebar, which
is attributed to the high carbon content. The EC had an HCP as high
as —745 mV/SCE, which is believed to be due to the peeled portion
of rebar at the electrical connections for testing.

The polarization resistance of steel rebar was obtained by LPR
and EIS. The HC, even though in an active state of corrosion, offered
1.5-2 times more resistance to charge transfer than the MS. This
means that the rate of corrosion of HC after initiation would be half
of that of MS. The EIS technique was found to be a reliable method
to assess the corrosion conditions of steel under the epoxy coating
in the EC. The EIS showed that R, for EC is higher than that of MS,
HS and HC. There was no corrosion underneath the epoxy even in
very high chloride concentrations. The polarization resistance sug-
gested by EIS for EC was less than what was obtained from a pas-
sive state of rebar. This was due to the corrosion of the patched and
electrical connection locations of the EC. The polarization resis-
tance from LPR measured a similar range of values as indicated
by EIS. This demonstrates that EIS could be used to determine
the epoxy health and corrosion of the steel underneath the epoxy
coating.

The average corrosion current densities from Tafel polarization
curves were 1.78 uA-cm—2, 0.661 yA-cm~2 and 0.316 yA - cm=2
for HS, MS and HC, respectively. The corrosion current density of
HC in the active state was half of that of MS and 1/6 that of HS.
The EIS technique indicated that the corrosion current density in
EC is 0.190 uA - cm~2, which is about 2.5 times lower than that of
MS, and this corrosion current was only observed at the patched
connections. Otherwise, the epoxy coating was in a healthy state
under a heavy chloride attack.

The HCP drop from passive to active state was lowest for HC in
comparison with the MS and HS during the macrocell formation.
This produces less electromotive force to drive electrons from
active to passive steel regions during the macrocell formation;
and hence, less macrocell corrosion current is generated. This
observation was verified by monitoring the macrocell corrosion
current in HC, MS and HS. HC generated 48% less macrocell current
than MS, given the same cathodic surface area was connected. In
the case of EC, the macrocell cannot be formed until there are
defects or holidays in the epoxy coating. The use of EC and HC is
expected to enhance the life of RC structures, especially, the
time-to-repair will be increased. Such corrosion resistant steel
rebar are more suitable for regions where humidity and chloride
concentration are higher, like the Middle East, where degradation
of RC structures has become a major issue.
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