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1. Introduction

Within the high alkaline environment of concrete (pH > 12.5),
black steel rebar is generally well protected against corrosion by
a passive oxide film. The partial or complete loss of the passive
layer, known as depassivation, may lead to excessive rates of cor-
rosion and premature failure of reinforced concrete structures.
Chlorides are well known to cause depassivation, if they are pres-
ent in sufficient concentration, however, reported values of thresh-
old chloride concentrations for rebar depassivation in concrete
cover a wide range and have a large degree of uncertainty [1,2].
Understanding the underlying variability in threshold values is
important for service-life-based design and for the prediction of
the remaining service life of concrete structures.

Currently, there is no comprehensive explanation for the vari-
ability of measured chloride-depassivation thresholds (henceforth
“chloride thresholds”), but it is believed to depend on a large num-
ber of factors: the alkalinity of the pore solution [3-9]; the pres-
ence of auxiliary ions such as sulphates, sodium and potassium
[10-16]; rebar surface conditions [6,8,17]; the properties of the re-
bar-concrete interface [18,19]; chloride binding in concrete [20-
22]; and oxygen availability around the reinforcement [5,18,22-
24].

Experimental studies to isolate the mechanism of chloride
depassivation of black steel rebar in concrete are challenging be-

* Corresponding author. Tel.: +1 613 5202600x2984; fax: +1 613 520 3951.
E-mail address: burkan_isgor@carleton.ca (O.B. Isgor).

0010-938X/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.corsci.2010.02.016

cause it is difficult to control confounding variables, because of
the long waiting times (months) required due to the slow ingress
of chloride into concrete, and because of the difficulty in measuring
chloride concentrations in the vicinity of the rebar surface. There-
fore, most experimental studies of chloride thresholds have been
done using relatively small-scale bench-top devices in which the
sections of rebar are submerged in solutions that simulate the
chemical environment most often found in extracted pore solu-
tions. These bench-top experiments usually include standard elec-
trochemical procedures, which can be done relatively quickly
under conditions for which the control of variables is relatively
easy; thus, bench-top experiments are widely used to study chlo-
ride threshold of steel in concrete. However, it is often difficult to
relate the results of these experiments to rebar in service.

For example, a portion of chloride threshold data have been ob-
tained from laboratory experiments in simulated solutions on
highly-processed (e.g. polished and/or pickled) steel specimens or
on relatively small exposure surfaces (typically smaller than
2 cm?), that were machined from rebar samples [4,10,25-27].
These experiments provide information on the effects of solution
chemistry on the pristine steel surface, but, because the surfaces
are processed to eliminate the deformities (ribbing), defects and
mill-scale found in service conditions, these experiments are not
ideal to draw practical conclusions about rebar depassivation in
concrete [6,8,28,29]. Fortunately, it is not necessary to test rebar
of lengths typically used in service, which can be several meters,
because the resistivity of concrete is relatively high (typically lar-
ger than 100 Q-m), so that the electrochemical processes on the re-
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bar surface take place on a scale of several centimetres [30]. Hence,
rebar specimens of a few centimetres provide representative
lengths, provided they are long enough to contain sufficient sam-
pling of all the surface characteristics (e.g. ribbing, defects and
mill-scale).

Cutting specimens to lengths of a few centimetres introduces
freshly cut surfaces that are relatively large fractions of the total
specimen surface area. These freshly cut surfaces will most likely
have a different and confounding chloride threshold, so some care
must be taken to isolate the ends of the specimens. Effective coat-
ing of the ends would eliminate this problem; however, our initial
attempts to coat the ends with a non-conductive epoxy were foiled
by corrosion in the crevices between the rebar and the epoxy in the
presence of chloride. Similar difficulties have been reported by oth-
ers [8,18,31]. In this study, we report a method to coat the cut ends
of rebar specimens that effectively eliminates crevice corrosion.

The cylindrical nature of rebar suggests that the standard flat
counter electrodes used in most other studies, in which the speci-
mens are generally small, polished and flat, be replaced with a co-
axial cylindrical electrode. This co-axial geometry provides a rela-
tively uniform radial electric field at the rebar surface. Thus, in this
study, we introduce an experimental electrochemical setup in
which a short section of as-received rebar, coated at both ends, is
immersed in simulated concrete pore solution, and surrounded
by a co-axial counter electrode. In addition, in our study the refer-
ence electrode was connected by a very small glass tip that was de-
signed to minimize the distortion of the electric field.

The main objective of this paper is to measure chloride thresh-
olds of black steel rebar under conditions reasonably comparable
with those found in service conditions. Various electrochemical
techniques are used to follow passivation and depassivation of
as-received rebar specimens, with and without surface modifica-
tion, in simulated pore solutions as a function of chloride concen-
tration. A previous study [16] has shown the importance of pore
solution composition for the passivation of rebar; in the current
study, this result is extended to depassivation. The electrochemical
techniques will include free corrosion potential (FCP) measure-

2. Experimental setup
2.1. Synthetic pore solution

Two synthetic solutions were used in this study to simulate the
pore solutions found in concrete. The label “CH” refers to a satu-
rated calcium hydroxide solution, where “C” stands for calcium
and “H” stands for hydroxide; this is typically used as a pore solu-
tion surrogate. The solution referred as “CP”, where “C” stands for
concrete and “P” stands for pore, was prepared with typical con-
centrations of different anions and cations that can be found in or-
dinary portland cement concrete (OPC) pore solution [32-35]. The
CP solution contains small amounts of sulphate ions at the level
that is typically present in concrete pore solutions. In Table 2,
the concentrations of the different compounds that have been
added to distilled water to produce the CP solution are presented.
The actual concentrations of the anions and cations in solution
were measured using Inductively Coupled Plasma-Atomic Emis-
sion Spectroscopy (ICP-AES) (Model: Varian Vista RL).

2.2. Sample preparation

Two types of specimens were prepared for this study: as-re-
ceived and ‘turned-and-polished’. Both specimen types were cut
to 30 mm lengths from deformed black steel rebar of 10 mm nom-
inal diameter. The as-received surfaces were not prepared further.
The turned-and-polished specimens were turned on a lathe to re-
move the deformities and the mill-scale, and then ground to 600
Grit. The average area of the exposed rebar surfaces was
10.6 + 0.2 cm?, which was chosen in accordance with the recom-
mendations of Li and Sagues [28]. The elemental composition of
the black steel used in this study is shown in Table 1.

Table 1
Steel elemental composition.

ments, electrochemical impedance spectroscopy (EIS), linear polar- Element Weight %
ization resistance (LPR) and anodic polarization (AP). In addition, = =
some suggestions will be provided on how to report chloride Si 027
thresholds in terms of probabilities. Mn 1.10
The writers acknowledge that concrete provides a different Cr 0.05
environment for reinforcing steel from that of simulated pore solu- Ni 0.07
. . S Mo <0.01
tion. The reserve alkalinity of concrete originating from the hydra- cu 021
tion products of cement, the presence of alkalis and other chemical Al <0.005
compounds, and the pore structure of concrete are mainly respon- Nb <0.01
sible for this difference. Among these factors, the pore structure of v <0.005
concrete plays an important role: First, it creates a unique mass ;‘ :g'gggs
transport pattern for the ions in the concrete pore solution. Second, P 0.01
the individual pores may act as micro-environments that may S 0.03
show significant variation in chemical composition when com- w <0.01
pared with the bulk medium. Both of these factors can enable S 0P
. . Co 0.01
changes in the local chemistry of the pores to occur, hence, affect = <001
the depassivation and corrosion mechanisms of steel in concrete. Fe Balance
The study of these confounding factors is not within the scope of
this research.
Table 2
Concentrations of the species in the two test solutions (CP and CH).
Solution Added compounds (M) Measured ions (mg/l) pH ¢ (mS/cm) Do, "(mg/l)
Ca(OH), Na(OH) K(OH) CaSO, Ca?* Na* K* 502
cP 0.1 0.1 0.2 0.003 3 2232 8059 277 13.3 64.9 227
CH 0.1 0 0 0 814 3 0.4 2 12.5 8.82 228

" Conductivity of the solution.
" Dissolved oxygen.
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The ends of the rebar specimens were isolated to avoid the con-
founding effects of freshly cut surfaces, and in a way that was not
susceptible to crevice corrosion. Initial attempts to eliminate cre-
vice corrosion by coating the ends with epoxy or silicon glue
proved unsuccessful. It was found that a Teflon washer held tight
to the surface by plastic screws fitted into threaded holes ma-
chined into the specimen ends, as shown schematically in Fig. 1,
eliminated all visible signs of crevice corrosion in this study. The
top screw had a hole drilled axially in the middle to accommodate
a steel wire (Alloy: ER316L, Diameter: 0.9 mm) that was spot
welded to the bottom of the threaded hole and encased in a plastic
tube (see Fig. 1b).

2.3. Co-axial corrosion cell

The cylindrical geometry of the rebar was complemented with a
co-axial platinum mesh counter electrode that was used to pro-
duce a uniformly-distributed electric field around the exposed sur-
face of the rebar specimens. The mesh counter electrode was
longer than the rebar specimens as indicated in Fig. 2. The refer-
ence potential was provided by a saturated calomel electrode
(SCE) placed in the port connected to the main body of the cell.
The port was linked to the test region by a glass tube that termi-
nated with a thin tip situated between the working and counter
electrodes, and 5 mm away from the surface of the specimens.

3. Experimental program

A number of standard electrochemical techniques were used to
determine chloride thresholds for the depassivation of the surface
oxide films on rebar: free corrosion potential (FCP), electrochemi-
cal impedance spectroscopy (EIS), linear polarization resistance
(LPR) and anodic polarization (AP).

The rebar specimens were passivated in two beakers containing
the CP solution and another two containing the CH solution. In
each beaker, 24 as-received and 24 turned-and-polished rebar
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Fig. 1. Schematic illustration of rebar specimen: (a) Pull-out diagram, (b) cross
section.
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Fig. 2. Schematic illustration of the co-axial corrosion cell.

specimens were immersed for 2 weeks. The immersion time was
selected based on the results of previous tests that have shown
at least 8 days is required to achieve stable passive films on rebar
surfaces [16,36].

After the initial 2-week passivation, the chloride concentrations
in the solutions were increased at 7-day intervals for 2 months
(1400 h), as shown in Table 3, by adding sodium chloride (NaCl, re-
agent grade) and stirring. Before each chloride addition, three rep-
licate specimens of each type (as-received and turned-and-
polished) were removed and then immersed in the same solution
in the co-axial corrosion cell for sequential examination by EIS,
LPR, and AP. In parallel, the free corrosion potentials of other rebar
specimens in the CP and CH solutions were monitored continu-
ously. The pH, conductivity and dissolved oxygen of the solutions
were measured with a VWR SympHony SP90M5 before and after
each chloride addition; there were no significant changes in these
parameters during the tests; the averages of these measurements
are presented in Table 2. Further details of all the tests carried
out in the study are presented in the following sections.

3.1. Free corrosion potential (FCP)

A sudden drop of FCP of the rebar in the simulated pore solu-
tions is a simple indication of depassivation. The FCP in the passive
state is generally between —100 mV(SCE) and —200 mV(SCE),
whereas after complete depassivation, it drops below
—350 mV(SCE). In this study, free corrosion potentials of three rep-
licate as-received rebar specimens in the CP and CH solutions, and
three replicate turned-and-polished samples in the CP solution,
were recorded at 60-s intervals using a Gamry PC4/300 Potentio-
stat/Galvanosatat/ZRA and a Gamry Multiplexer. A saturated calo-
mel electrode (Model: Accumet) was used as a reference electrode.

3.2. Electrochemical impedance spectroscopy (EIS)

EIS tests were carried out on replicate rebar specimens (i.e., 3
replicate as-received specimens that were immersed in the CH
solution, 3 as-received from the CP solution, and 3 turned-and-pol-
ished specimens from the CP solution) 7 days after each chloride
addition, using a Gamry PC4/300 Potentiostat/Galvanosatat/ZRA.
To avoid extensive exposure to air, rebar specimens were trans-
ferred within seconds from the breakers to the co-axial corrosion
cell, which contained the same solution. The FCP was measured
for 60 min before the EIS measurement to ensure the stability of
the electrochemical system. If the FCP varied more than 10 mV
over an hour, the measurement was postponed until the potential
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The concentration of total chloride at each 7-day interval of the test for two solutions. These intervals correspond to the incremental shading used in Figs. 3-5.

Surface condition Solution Chloride addition increments (M)
Start 1st 2nd 3rd 4th 5th 6th 7th
As-received CcP 0 0.03 0.05 0.1 0.15 0.3 0.5 1
CH 0 0.003 0.005 0.01 0.02 0.05 0.1 03
Turned-and-Polished cpP 0 0.01 0.05 0.45 1.25 2 3 -

stabilized. The EIS measurements were done at the free potential,
with an AC voltage of 10 mV RMS, between 10° and 103 Hz at
10 equally spaced frequencies per decade.

3.3. Linear polarization resistance (LPR)

After completion of each EIS test, LPR measurements were con-
ducted on each specimen without modification of the experimen-
tal arrangement with a Gamry PC4/300 Potentiostat/
Galvanosatat/ZRA. The FCP was monitored for 60 min before the
LPR measurement to ensure the stability of the electrochemical
system, and if it varied by more than 10 mV, the measurement
was postponed until the potential stabilized. The LPR measure-
ments started 15 mV below, and ended 15 mV above, the FCP of
each specimen. The scan rate was 0.166 mV/s, as prescribed in
ASTM G5 [37]. Slower scan rates did not affect the results, which
is in accord with earlier work [10,38].

3.4. Anodic polarization (AP)

After the LPR measurements, anodic polarization curves of each
specimen were obtained without modification of the experimental
arrangement using a Gamry PC4/300 Potentiostat/Galvanostat/
ZRA. As for the EIS and LPR measurements, the FCP was monitored
for 60 min before the EIS test to ensure stability. The AP measure-
ments started at the FCP for each specimen. The potentials were
raised to 600 mV(SCE) in the forward (anodic) direction, and then
lowered to —100 mV(SCE) below the FCP in the backward (catho-
dic) direction. The scan rate in both directions was 0.166 mV/s,
which is as prescribed by ASTM G5 [37]. The choice of scan rate
is a compromise between accuracy and the time to complete the
measurement. It was found in this study that slower scan rates

did not change the results, which is consistent with other studies
[10,38,39].

4. Results

In this section, we describe the results of four electrochemical
techniques used to determine chloride thresholds. In each case,
negligible changes were observed in the electrochemical responses
up to a certain chloride concentration. Upon further addition of
chloride (as per Table 3) large changes were observed followed
by visible pits on the rebar surfaces. These changes define chloride
thresholds for rebar: reported chloride thresholds in this section
are thus upper limits for the chloride concentrations associated
with the large change.

4.1. FCP results

Figs. 3 and 4 present the FCP measurements, as averages of
three replicate as-received specimens, in the CP and CH solutions,
respectively. Fig. 5 presents the FCP measurements, as averages of
three replicate turned-and-polished specimens, in the CP solution.
In all cases, the FCP increases gradually during the early stages of
immersion and becomes relatively constant after approximately
10 days (i.e., 240 h). This is consistent with earlier studies that
showed the passive film on rebar stabilizes after approximately
10 days [16,36].

Once the passive films stabilized, the average FCP of the as-re-
ceived rebar was —169 mV(SCE) (see Fig. 3) in the CP solution,
and —156 mV(SCE) (see Fig. 4) in the CH solution. The average
FCP of the turned-and-polished rebar specimens in the CP solution
after stabilization was —220 mV/(SCE) (Fig. 5), which is significantly
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Fig. 3. Average free corrosion potential of three as-received rebars in the CP solution. Shading in the figure corresponds to the increments of chloride addition in Table 3.
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Fig. 5. Average free corrosion potential of three turned-and-polished rebars in CP solution. Shading in the figure corresponds to the increments of chloride addition in Table 3.

lower than the average FCP for the as-received specimens in the
same solution (i.e., —169 mV/(SCE)).

Figs. 3 and 4 show that the FCP remains relatively constant with
increasing chloride concentration until a threshold, [Cl]y, is
reached, and then the FCP decreases sharply: the threshold chlo-
ride concentrations are 0.1 M and 0.05 M for the CP and the CH
solutions, respectively.

The FCP of the turned-and-polished specimens in the CP solu-
tion as a function of chloride concentration is shown in Fig. 5. In
this case, the threshold occurs at higher chloride concentrations,
and the FCP does not fluctuate as much for chloride concentrations
above the threshold when compared with the corresponding re-
sults for the as-received specimens shown in Fig. 3. The chloride
threshold of the polished rebar specimens is approximately

1.25 M, which is significantly higher than the 0.1 M threshold ob-
served for the as-received specimens in the same solution
(Fig. 3). This result is consistent with earlier work that has shown
polishing increases the chloride threshold of rebar in concrete
[6,8,29].

4.2. LPR results

Polarization resistance was determined from the slope of the
polarization curve (voltage versus current) for applied voltages
of 15 mV relative to the FCP. The polarization resistances of the
rebar specimens measured with LPR are shown in Fig. 6. The chlo-
ride thresholds of as-received rebar in the CP and CH solutions are
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0.15 M and 0.05 M, respectively. The threshold for the turned-and-
polished specimens in the CP solution is 1.25 M.

4.3. EIS results

Fig. 7 shows distinctly different Bode and Nyquist plots for a
typical as-received specimen in the CH solution containing chlo-
ride at concentrations below (Fig. 7(a)), and above (Fig. 7(b), the
threshold value. Below the chloride threshold, the impedance (Z)
increases with decreasing frequency, as shown in the Bode plot

on the left of Fig. 7(a). Above the chloride threshold the impedance
is relatively constant at low frequencies in the Bode plot of
Fig. 7(b), and the Nyquist plot changes from ‘linear’ in Fig. 7(a) to
‘semicircular’ in Fig. 7(b). These EIS spectra are typical of passiv-
ated and depassivated rebar [8].

Modelling of the EIS results to equivalent electrical circuits was
used to reduce the data shown in Fig. 7. Fig. 8 shows the equivalent
circuit model that was used [8,27,40-44]. In this model, R; is the
solution resistance (~100 Q), R, is the polarization resistance and
Ccpe is a constant phase element. Using Gamry Echem Analyst
V5.3 software, the model parameters were determined by nonlin-
ear least-squares fitting of the real and imaginary components of
the impedance to the functional forms derived from the equivalent
circuit model.

The ability of the model to reproduce the measured spectra was
evaluated with the goodness-of-fit, E?, defined in the Gamry Echem
Analyst software (V5.3) [45,46].

0 i—f(0)2
i Z;[(yl flgvx)) ]
FPP=C 1

p— (1)
where y; is the measured impedance at the ith frequency, v;; f{v;) is
the impedance calculated from the model; n is the number of data
points; and m is the number of adjustable parameters in the model.
The standard-deviation errors in the measured impedances are as-
sumed to be constant fractions of the measurements, i.e., g; = €. y;.
Hence, the goodness-of-fit, E?, can be related to the reduced chi-

square error, y>:
E2 _ 82.;{2 (2)

Repeated EIS measurements on the same specimen showed
reproducibility approaching 6%, however, measurements on tripli-
cate specimens varied up to 15%; hence in this study, ¢ is assumed
to be 0.15. For each spectrum there are 80 data points and 4 model
parameters, therefore 76 degrees of freedom. Typical x? values
were 1.3 and thus P values were less than 0.05.

Determined polarization resistances of as-received rebar as a
function of chloride concentration are shown in Fig. 9. The polari-
zation resistances in this figure are relatively constant as chloride
concentration is increased until a threshold value is reached, after
which the resistances drop significantly. The thresholds for as-re-
ceived rebar are 0.15 M and 0.05 M in the CP and the CH solutions,
respectively. The polarization resistance of turned-and-polished
rebar in the CP solution are shown in Fig. 10. The chloride thresh-
old is 1.25 M.

The magnitudes of the polarization resistances obtained from
EIS are generally higher than those from LPR measurements; how-
ever, a strong correlation exists between the two. Thus, both mea-
surements are able to capture the chloride threshold. The
relationship between the polarization resistances measured by
EIS, RS® (k€ cm?), and by LPR, R,® (k€ cm?), can be expressed as:

In(R®) = 0.90 x In(R"®) + 0.31 (3)

with an R? value of 0.97.

4.4. AP results

Anodic polarization curves taken before chloride addition, re-
ported as the average of three replicates, are shown in Fig. 11(a)
for the CP and CH solutions. In Fig. 11, FCP is the starting potential
for the scan, and i, is the passive current density corresponding to
the inflection point of the anodic polarization curve for the forward
scan. The repassivation potential (Ep) is the potential in the back-
ward scan when the applied potential is removed. The forward and
backward scan directions are identified by arrows. As the chloride
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Fig. 7. Typical EIS results obtained for an as-received rebar sample in the CH solution with chloride concentrations (a) below and (b) above the chloride threshold.

Fig. 8. Equivalent electrical circuit (Randles circuit) used to model the EIS spectra.

concentration in the solution is increased, a pitting potential (Ep)
can be defined in the forward scan as the potential corresponding
to the sharp increase in current density that is accompanied by the
formation of pits on the rebar surface (see Fig. 11(b)).

If the potential is not high enough during the forward scan to
cause pitting, then the repassivation potential (E;p) is higher than
the initial FCP (Fig. 11(a)), which is generally explained to be be-
cause of the growth of a thicker, more protective, oxide during
the anodic scan. On the other hand, if pitting does occur, then E,,
is lower than the initial FCP as shown in Fig. 11(b). In this case, pit-
ting results in local destruction of the oxide so that it is less protec-
tive when the applied anodic potential is removed. Thus, the
occurrence of pitting can be determined by comparing the magni-
tude of E,, with initial FCP.

For the turned-and-polished specimens in the CP solution, pit-
ting could not be observed until large amounts of chloride were
added; for these specimens, the average pitting potential was
—512 mV(SCE), which occurred after 1.25M chloride addition.
The average FCP and the passive current density (i,) for as-received
rebar specimens after the formation of stable passive films were
—169mV(SCE) and 1pA/cm? for the CP solution, and
—156 mV(SCE) and 0.02 pA/cm? for the CH solution (Figs. 3 and
4). The pitting potentials identified in Fig. 11(b) decrease as the
chloride concentration increases. In addition, the pitting potential
of rebar in CP is higher than in CH.

A relationship between pitting potential and chloride concen-
tration was obtained by fitting to a logarithmic function of chloride
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Fig. 9. Polarization resistance (R,) determined from EIS measurements and
equivalent circuit modelling for as-received rebar samples. Note that the data for
as-received rebar are more scattered about the trend lines when compared with the
data from the turned-and-polished specimens as illustrated in Fig. 10.
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Fig. 10. Polarization resistance (R,) determined from EIS measurements and
equivalent circuit modelling for turned-and-polished rebar samples in CP solution.
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Fig. 11. Anodic polarization curves of as-received rebar in CH and CP solutions (a)
without chloride, (b) with chloride.

concentration [10,39,47-52]. The results shown in Fig. 12 give a
reasonable correlation with R? values of 0.92 and 0.83 for the CH
and CP solutions, respectively.

Assuming that pitting occurs once the FCP exceeds the pitting
potential, the pitting threshold, [Cl]ap (M), can be calculated using
the equations shown in Fig. 12 as follows:

—0.156 = —0.51 x log([Cl],p) — 0.44 = [Cl];
= 0.28M (CH solution) (4)

~0.169 = —0.58 x log([Cl],,) — 0.18 = [Cl],p
= 0.96M (CP solution) (5)

Note that the pitting thresholds are higher than the threshold con-
centrations for depassivation determined by the other methods de-
scribed previously.

5. Discussion
5.1. Chloride threshold determination technique

The chloride thresholds for depassivation obtained by the dif-
ferent electrochemical techniques used in this study are presented
in Table 4. The thresholds determined by FCP, EIS and LPR are sim-
ilar and much smaller than the chloride thresholds for pitting
determined with AP. Similar observations have been reported by
Li and Sagues [39]. The AP thresholds are higher because the dam-
aging effect of chloride is offset by the formation and repair of the
oxide by the applied anodic potential. Because applied potentials
are not routinely used in service, the threshold values obtained
from the FCP, EIS and LPR techniques should provide more repre-
sentative chloride thresholds for rebar in service conditions.

5.2. The effect of solution

The chloride threshold values for as-received rebar specimens
in the CP solution were consistently 2-3 times higher than those
in the CH solution. This is consistent with earlier work showing
chloride thresholds increase as the pH of the solution increases
[3,6,8]. In this study, we observed 2-3 times higher thresholds in
CP (pH 13.3) compared with CH (pH 12.5), but, this increase is low-
er than expected: larger changes in thresholds (up to 10 times)
have been reported in previous studies for similar pH variations
[7,8,53]. However, in these studies, the simulated pore solutions
did not contain sulphate ions. Chloride thresholds tend to be lower
in solutions with sulphate ions [10,25], and the passive films
grown in the presence of sulphate ions have different characteris-
tics [16,54]. The current study re-emphasizes the importance of
the composition of the simulated pore solutions in electrochemical
studies of rebar corrosion.

5.3. The effect of rebar surface condition

The chloride thresholds measured by FCP, EIS, and LPR are all
lower for as-received rebar when compared with turned-and-pol-
ished rebar. Li and Sagues reported similar results for rebar speci-
mens that had been sandblasted to remove the mill-scale [8].
Fig. 13 shows pitting potentials determined in the current study,
and those from previous work, in terms of the [CI”]/[OH"] concen-
tration ratio. Generally, modifying the rebar surfaces leads to high-
er chloride thresholds. The implication is that if the goal of an
experiment is to determine thresholds that will be representative
for service-life-based design and end-of-life calculations, then
any surface modification - turning, polishing, sandblasting -
should be avoided.

The significance of surface condition can be further demon-
strated with reference to Figs. 6, 9 and 10. Compared with the
turned-and-polished rebar, the as-received rebar showed greater
variability in polarization resistance. For example, in the figures
the data for as-received rebar are more scattered about the trend
lines when compared with the data from the turned-and-polished
specimens. Similar behaviour can be observed in the FCP above the
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Fig. 12. Pitting potential of as-received rebar in the CH and CP solution as function of chloride.

Table 4
Chloride thresholds obtained by different electrochemical techniques.

Rebar surface preparation Solution (Table 2)

Chloride threshold, [Cl]; (M)

FCP EIS LPR AP’
As-received CP 0.05-0.1 0.1-0.15 0.1-0.15 0.96
As-received CH 0.02-0.05 0.02-0.05 0.02-0.05 0.28
Turned-and-Polished CP 0.45-1.25 0.45-1.25 0.45-1.25 N/A

FCP, free corrosion potential; EIS, electrochemical impedance spectroscopy; LPR, linear polarization resistance; AP, anodic polarization.

" Calculated from the AP results as shown in Section 4.4 ([Cl]ap).
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Fig. 13. Pitting potentials from the current study and those reproduced from Li and
Sagues [39] and Mammoliti et al. [6]. As-received rebar specimens pit at lower
[CI7]/[OH] ratios than polished rebar specimens.

threshold for the specimens in the CP solution; in Figs. 3 and 5 the
FCP for the as-received specimens fluctuates much more than it
does for the turned-and-polished specimens. The inference is that
the turned-and-polished surfaces are uniformly the same every-
where, whereas the as-received surfaces are locally much more di-
verse and complex.

The importance of the as-received rebar surface suggests an
explanation for the wide range and uncertainty of reported in-ser-
vice chloride thresholds measured in similar concrete types under

the same environmental conditions [1,2]. The variability associated
with the chloride thresholds may be attributed to the variability in
the surface characteristics of the steel resulting from the variability
in fabrication and production; there is usually no strict quality con-
trol for the mill-scale on rebar. Preliminary studies implicate the
mill-scale as part of the explanation for the lower thresholds for
as-received rebar [55].

5.4. Observations before depassivation

The average passive current densities (i) of rebar measured in
the AP tests before chloride addition were significantly different
in the CP and CH solutions: 1 pA/cm? and 0.02 pA/cm?, respec-
tively, as shown in Fig. 11(a). In addition, the polarization resis-
tances measured by LPR and EIS were higher in CH solutions
(Figs. 6, 9 and 10). Lower passive current densities and higher
polarization resistances for the passive films in the CH solution
may suggest more resistance to corrosion. However, the passive
film in CH solution had a lower chloride threshold, which shows
that the resistance of the passive film to corrosion does not neces-
sarily mean that the film will be more resistant to chloride.

The FCP does not change significantly with chloride addition up
to threshold concentrations, as can be seen in Figs. 3-5. Similarly,
polarization resistances shown in Figs. 9 and 10 remain relatively
constant until the chloride thresholds and then drop. Thus, chlo-
ride is not systematically changing the electrical properties of the
film. For instance, if chloride were thinning the oxide film or mak-
ing it more porous, then we should observe the oxide film resis-
tance decrease; however, it remains relatively constant below
the threshold. Similar conclusions were drawn for iron depassiva-
tion due to chloride in mildly alkaline solution [56]. Hence, chlo-
ride-induced depassivation of rebar in highly alkaline solutions is
more likely caused by critical chemical conditions that lead to
depassivation. These critical conditions occur at lower chloride
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concentrations, as measured in the bulk solution, for as-received
specimens than turned-and-polished specimens, which suggests
that the local chemistry at the surface of the as-received rebar
may be different from that in the bulk solution.

5.5. Final thoughts

Reconciling measurements of chloride thresholds for black steel
rebar are complicated by a number of factors that include differ-
ences in specimen surface preparations, differences in synthetic
pore solutions, and different experimental methods. However,
even when the same experimental methods and specimen prepa-
ration techniques are used, there is a high degree of variability in
the chloride threshold values. This suggests that in addition to
reporting chloride thresholds, some indication of the variability is
also required.

Fig. 14 shows the cumulative probability of depassivation, Pp,
which is defined as the ratio of the number of depassivated speci-
mens to the total number of specimens, N = 24, for a given chloride
concentration. (A specimen was defined to be depassivated when
its FCP dropped below —250 mV(SCE). This value was chosen be-
cause pits initiate on the surface for specimens when FCP is lower
than —250 mV(SCE). Varying this value by 50 mV did not affect the
probability distribution.) Fig. 14 shows that the probability of
depassivation increases with chloride addition, and that the prob-
abilities are higher in the CH solution than in the CP solution.

The results shown in Fig.14, were fitted to the cumulative log-
normal probability distribution function:

Py = 0.5(1 +erf<%>) (6)

where [Cl] (M) is the chloride concentration, o (M) is the logarith-
mic standard deviation and pCly (M) is defined as

pCly = —log[Cl}; (7)

In the regressions each datum was weighted by the squared in-
verse of its estimated error, which was calculated in accord with
Poisson counting statistics. The pCly and ¢ obtained for the CH
solution were 1.16 + 0.07 and 0.45 +0.11, respectively, whereas
for the CP solution, pCly and ¢ were 0.74%0.1 and 0.4 +0.14,
respectively. The P values for the regressions were less than 0.05.

These values of pCly are the most probable logarithmic chloride
thresholds (i.e., the modes of the distributions), as well as the
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Fig. 14. Cumulative probability of depassivation for as-received rebar as a function
of chloride concentration. The curves in the figure were calculated from the
cumulative log-normal probability distribution function, equation 6, and values of
pClr and o, as described in Section 5.5.

medians and means because the probability of depassivation is dis-
tributed symmetrically (i.e., normally) in terms of the logarithm of
chloride concentration. However, if instead the independent vari-
able was simply chloride concentration, the distributions would
be skewed, and the mode, median and mean would no longer be
the same: the modes for the CH and CP solution are 0.023 M and
0.08 M, respectively; the medians for the CH and CP solution are
0.07M and 0.18 M, respectively; and the respective means are
0.12 M and 0.29 M. This begs the question: which of these means,
modes and medians should be used to characterize the threshold?
The answer is that any of these will work, as long as one other
parameter is included to complete the description of the distribu-
tion, (i.e., some parameterization of the width/variability). This
suggests that simple averages of chloride threshold measurements
might not provide reliable indicators of depassivation. For our pur-
poses, pCl; and o, and Eq. (6), were used to predict the probability
of exceeding the chloride threshold.

6. Conclusions

In this study, we used FCP, LPR, EIS and AP to determine chlo-
ride thresholds in an electrochemical cell in which short specimens
of as-received rebar were immersed in simulated concrete pore
solution, and surrounded by a co-axial counter electrode. We re-
port a method to coat the cut ends of the rebar specimens that
effectively eliminates confounding crevice corrosion.

Two types of rebar surface condition were studied: as-received
and turned-and-polished. Modification of the rebar surfaces, by
turning and polishing, led to higher depassivation thresholds: the
as-received specimens had lower chloride thresholds. The implica-
tion is that if the goal is to determine thresholds that will be rep-
resentative for service-life-based design and end-of-life
calculations, then any experimental surface modification should
be avoided. Modifying the rebar surface also led to reduced vari-
ability in polarization resistance, and reduced fluctuations in FCP
above the depassivation threshold. These results of surface modifi-
cation suggest that the variability associated with reported chlo-
ride thresholds may be attributed to the variability in the surface
characteristics of the rebar resulting from the variability in fabrica-
tion and production.

The variability in chloride thresholds for as-received rebar was
found to be well represented by a log-normal distribution. This
suggests that simple averages of chloride threshold measurements,
without reference to the underlying distribution, might not pro-
vide reliable indicators of depassivation. In this study, probabilities
of depassivation are reported in addition to chloride thresholds.

The relative constancy of electrochemical measurements below
the thresholds, and the dependence of the thresholds on the state
of the surface, suggests that chloride-induced depassivation of re-
bar in highly alkaline solutions is likely caused by the occurrence of
local critical chemical conditions at the surface of the rebar.
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