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Abstract: The pitting corrosion behavior of HRB400 steel in various simulated concrete environments
was investigated by the combination of polarization curves and statistical method. The results indicated
that the chloride concentration threshold ([C1™ ]y,) for pitting of the steel was greatly affected by pH when
the applied potential exists, which is always caused by random stray current. The interaction of applied
potential and chloride concentration on the pitting behavior was discussed. Finally, pitting-risk-evaluation
diagrams were built up, which could be easily used to assess the pitting risk of reinforcing bars under
the chloride-containing environment with stray current.
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1. Introduction

As one of the most basic building materials in widespread use during the past decades, reinforced
concrete has endured many extreme conditions and shown long term durability [1]. It will remain
one of the most important architectural forms for human society in the foreseeable future. However,
the serviceability life loss of reinforced concrete structures caused by accidental damage or lack of
durability is still a serious problem in the world. The most common cause of these deteriorations is
the corrosion of the embedded reinforcement [2,3]. Generally, the embedded steel bar is protected
from corrosion by a passive film resulting from the chemically inhibitive influence of hydroxyl ions in
concrete [4]. However, this passive film is prone to breakdown by the ingress of acidic gas (such as
COy) and aggressive ions (such as C17) [5]. Moreover, chloride ion is considered to be the primary
cause of rebar corrosion in concrete, and it exceeds the carbonation of concrete [6-8]. It is believed that
rebar corrosion can be ignored, or the service life of the reinforced concrete can be satisfied when the
chloride concentration in the concrete is bellow some critical value. This certain critical value is then
one of the most decisive input parameters in the current building life evaluation model [9]. Therefore,
the issue of the chloride-induced rebar corrosion is a hot spot [10-13].

According to the competitive adsorption theory [14,15], chloride induced corrosion and pH value
are closely related. Numerous researchers [16-20] have confirmed that the corrosion initiation can be
triggered when the ratio of [C1”]/[OH™] outnumbers a certain critical value in the reinforced concrete
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structures. In other words, there is a critical concentration of chloride ions for pitting corrosion at
a specific pH value. Unfortunately, the critical values reported in the documents [17,20-22] cannot reach
a consensus. The certain critical values results are discrete, and some results are even contradictory [9].
Moreover, the results are surprisingly different under the same test conditions in laboratories when
performed by different researchers [15,23,24]. Such a large divergence may be partially due to the
random nature of the pitting itself, and the small number of data employed by some researchers.
Thus, the method of statistics and probability analysis are introduced to the study on the critical
chloride concentration and the corresponding corrosion phenomenon [25,26]. Meanwhile, there is
other uncertainty in determining the critical chloride concentration by the sudden change of the pitting
potential. Once corrosion pits initiate, they usually propagate rapidly, indicated by the sharp rise of
current density at electrode potentials just beyond the critical pitting potential, which is a characteristic
fingerprint of a given metal depending on the chloride concentration [5,11,27,28]. It is worth mentioning
that random stray current may exist for reinforced concrete structures that are near a direct current
supply (such as a subway line) [29]. This would affect the potential of the reinforcing steel in a manner
which may be beyond the pitting potential under certain chloride concentrations. Therefore, it is still
necessary to enhance the basic research on the corrosion of reinforcing steel in concrete under applied
potential circumstances caused by random stray current through statistical methods.

In this work, statistical methods based on the potentiodynamic polarization technique were
employed to assess the corrosion risk of reinforcing steel in concrete simulation solution at the different
pH values under various applied potentials. Meanwhile, for certain pH values, the relation between
applied potentials and the corresponding critical value of chloride concentration is established to
assess the corrosion risk of reinforcing steel when it is affected by stray current.

2. Experimental

2.1. Electrodes and Solutions

The electrode materials employed in this work were hot-rolled rebar steel (HRB400), which is
widely used in construction. The specimens were processed into cylindrical shapes (diameter 9 mm,
length 10 mm), then all faces were ground with #1000-mesh SiC abrasive paper. A copper wire lead
was soldered to one end of the samples. Both ends of the samples were covered with an epoxy resin,
leaving a free surface of about 0.60 cm? exposed. The reinforced specimen’s working face was finished
step by step to #2000, with diamond polishing. Then the specimen was etched with 4% nitric acid
alcohol solution. The micrograph was observed by metallographic microscopy.

Before the measurements, the specimens were degreased ultrasonically with acetone, and then
rinsed with alcohol and dried in cold air. The unexposed edges were coated with a masking paint to
prevent crevice corrosion between the epoxy mount and the electrode prior to be tested. All solutions
were made from analytical grade reagents and distilled water. The base solution of saturated Ca(OH),
was used to simulate a high alkaline concrete environment. Sodium chloride was added to the base
solution to yield various chlorine concentrations. Saturated NaHCO3; and NaOH solutions were used
to adjust the pH of the base solution to 12.5, 12.0, and 11.5. All tests were carried out at 25 + 1 °C with
a water bath.

2.2. Electrochemical Measurements

Electrochemical measurements were performed in a conventional three-electrode electrochemical
cell on a IM6ex electrochemical workstation (ZAHNER, Kansas City, MO, USA). The prepared electrode
acted as working electrode. A platinum sheet was used as counter electrode and an Ag/AgCl as reference.
All electrochemical measurements were conducted after the working electrodes were immersed in the
test solutions for 3.5-4.0 h to reach a stable open circuit potential (OCP). Potentiodynamic polarization
curves were measured from —10 mV versus OCP to the potential at which the anodic current density
increased abruptly with a scan rate 20 mV/min. The breakdown potential value is determined when
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the anodic current density reaches 107* A/cm? [30]. All potentials reported here were transformed to
the ones referred to standard hydrogen electrode (SHE).

2.3. Corrosion Morphology Measurements

The samples were immersed in a corrosion-product-removing solution, which is made up of
hexamethylenetetramine, concentrated hydrochloric acid and deionized water [31]. The corrosion
morphology was observed by metallographic microscopy after electrochemical experiments.

2.4. Statistical Analysis

Due to the statistical nature of the pitting process, the pitting potential should be determined
by statistical methods which are similar to the methods used for stainless steel [32]. In the present
work, an anodic potentiodynamic polarization curve is used, and pitting potential is selected as an
evaluation indicator. The critical chloride concentration was analyzed by using the statistical method
of cumulative probability. The pitting potential cumulative probability P (which unit is 1) is defined as
an index to evaluate the corrosion tendency of the reinforcement. Firstly, all pitting potential data were
arranged in order from the smallest to the largest value. Then the value P is defined as follows:

P=i/(N+1) )

where i is the rank in the ordered pitting potential value (i =1, 2, 3, ..., n) and N the total number of
pitting potential data. The pitting potential is determined at P value of 50%.
2.5. Establishment of the Relationship between Applied Potential and Chloride Concentration

The corrosion risk of rebar under the polarization condition was analyzed by statistical method.
In this way; statistical pitting potentials under various chloride concentrations were determined for the
rebar in the simulated concrete environment at a certain pH. Their relationship was indicated by the
curves between statistical pitting potentials and chloride concentrations.

3. Results and Discussion

3.1. Microstructure of the Sample

The chemical composition of HRB400 steel is C 0.25 wt %, Si 0.80 wt %, Mn 1.6 wt %, P 0.04 wt %, S
0.04 wt % and Fe balanced. The metallographic observation image of this steel was shown in Figure 1.

Figure 1. Metallographic micrograph of HRB400 steel.

The Figure 1 indicated that the grains were equiaxed and homogeneous in the size of about 10 pm.
The structure contains two microconstituents: proeutectoid ferrite (white) and pearlite. No obvious
metallurgical defects were observed.
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3.2. Effect of pH on the Passivation Behavior of Reinforcing Steel

For the reliability of the data, repeated experiments were performed. Since the experiment was
reproducible in a chlorine-free environment, each set of data was repeated five times. Figure 2 depicts
the effect of pH on the anodic polarization curves for the samples in saturated Ca(OH), solution
without chloride ions. It showed that in the anodic polarization region, passivation zones appeared,
whose current densities remained stable in the order of 107° A/cm?, and the breakdown potentials
decreased with the increase of pH. But it seemed to contradict the conventional understanding.
Traditionally, the higher the pH value, the more positive the breakdown potential is, which is indicated
that the corrosion resistance of steel is enhanced. Numerous investigations [33-36] have demonstrated
the fact that the carbonation of concrete (where pH decreases) always renders corrosion of reinforcing
steel. Due to the presence of an oxygen evolution reaction, there is an upper limit value of the steel
pitting potential, which is the oxygen evolution potential of the system.
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Figure 2. Anodic polarization curves for reinforcing bars’ in simulated concrete pore solutions with
various pH values (a). The corrosion morphology after the polarization test (b), and the water Pourbaix
diagram (c).

At the sufficiently high electrode potentials, water molecules dissociated to liberate oxygen by the
following anodic reaction:

2H,0 — O, + 4H" + 4e” )
H* + OH™ — H,0 )
H, + 20H™ — 2H,0 + 2e~ @)

According to the Pourbaix diagram for water (Figure 2c) at 25 °C [37], with the increase of the
pH of the solution, the equilibrium potential of the oxygen evolution linearly decreased. That is,
the higher the pH value, the easier the oxygen evolution is, which is indicated by the following specific
relationship (5):

Ee =1.229 + 0.0148 x IgPo, - 0.0591 x pH )

where E is the equilibrium potential of the oxygen electrode, Po, is the partial pressure of oxygen.
Therefore, the diminished breakdown potential of HRB400 steel is not an indicator of corrosion
enhancement under higher pH environment without chloride ions. The current mutation at the
breakdown potential is just due to the vast evolution of oxygen. This can be demonstrated by the
corrosion morphology (Figure 2b) after the polarization tests. However, with the continuous evolution
of oxygen, the long-term consumption of OH™ significantly declined the local pH of rebar surface,
thereby rupturing the instability of the passive film on the steel surface [38].



Coatings 2020, 10, 505 5o0f 14

3.3. Effect of the Chloride Threshold on the Passivation Behavior of Reinforcing Steel under Certain
pH Circumstance

To investigate the chloride threshold level ([CI™]g,) of steel in concrete, the saturated Ca(OH),
solutions with pH 12.5, 12.0 and 11.5 were used to simulated the concrete environment. Figure 3a—d
depicts the anodic polarization curves of HRB400 specimens in simulated concrete pore solutions at
various concentration of chloride ion (0.05, 0.1, 0.2 and 0.4 mol/L) at the pH 12.5.
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Figure 3. Anodic polarization curves for reinforcing bars in simulated concrete pore solutions with
various concentration of chloride ions at pH 12.5; (a) 0.05 mol/L, (b) 0.1 mol/L, (c) 0.2 mol/L, and (d)
0.4 mol/L. (e) shows the pitting corrosion after the anodic polarization test.

The Figure 3a—d showed that the steel can be passivated in all these test solutions. Compared
with the previous conditions (without chloride ions), pitting corrosion occurred after the current
mutation at the “breakdown potential” (Figure 3e). When the concentration of chloride ion was low
(0.05 mol/L), the pitting potentials centered around 0.9 V for the twenty replicate test data. With the
increase of the chloride ions concentration, the breakdown potentials gradually shifted toward the
negative direction (from 0.9 to 0.4 V), and the discreteness of replicate data was strikingly enhanced.
This indicates that the pitting corrosion of the steel under these circumstances is a random process
with great uncertainty. Therefore, an investigation result from a small amount of electrochemical test
data may render a misunderstanding of the rebar corrosion. It may also be one of the reasons that the
[Cl™ ]t reported in the documents [17,20-23] cannot reach a consensus.

In order to accurately determine the [Cl™ ]y, on the passivation behavior of reinforcing steel,
the statistical method was employed based on a set of 20 replicate polarization tests. Figure 4 illustrated
the cumulative distribution of pitting potentials for the samples at the pH 12.5 circumstance with
various chloride concentrations. The pitting potential distributions exhibited linear behavior, indicating
that the distribution of the pitting potentials followed a normal probability distribution [39].
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Figure 4. Cumulative probability distribution of pitting potential of reinforcing bars under different

chloride concentration at pH 12.5.

It can be seen in the Figure 4 that with the increase of chloride concentration, the pitting
potentials decrease toward the negative direction, and the distribution of pitting potentials under
each chloride-containing solution becomes more and more scattered. For the 0.05 mol/L chloride
concentration, the pitting potential is almost around 0.9 V, which is similar to the condition without
chloride ions (0.89 V). When the chloride concentration reaches 0.1 mol/L, the cumulative probability
distribution of the pitting potential shows two-segment characteristic, indicating that the pitting
potential is affected by two factors, that is, the random characteristics of pitting itself and the upper
limit of the oxygen evolution potential. When chloride concentration reaches 0.4 mol/L, the effect
of the oxygen evolution is minor, and the cumulative probability showed the random distribution
characteristics similar to the “F” shape, indicating that the scattered pitting potential distribution is
mainly caused by chloride ions [40]. Therefore, [C]™ ]y, is about 0.1-0.2 mol/L at the pH 12.5. Similarly,
Figure 5 shows the polarization curves of HRB400 specimens in simulated concrete pore solutions

containing various chloride concentration at the pH 12.0.
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Figure 5. Anodic polarization curves for reinforcing bars in simulated concrete pore solutions with
various concentrations of chloride ions at pH 12.0; (a) 0.003 mol/L, (b) 0.005 mol/L, (c) 0.01 mol/L,
and (d) 0.03 mol/L. (e) shows the pitting corrosion after the anodic polarization test.
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When the chloride concentration is as low as 0.003 mol/L, the pitting potential is almost around
0.96 V, which is similar to the condition (0.99 V) without chloride ions in Figure 5. This value of
the current density decreases one order when compared with that under the condition of pH 12.5.
With the increase of chloride concentration, sever pitting can be observed (Figure 5e) and the pitting
potentials greatly decrease. Simultaneously, the pitting potentials distribute more and more randomly.
The change of cumulative probability can be seen in the Figure 6.
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Figure 6. Cumulative probability distribution of pitting potential of steel bar under different chloride

concentration at pH 12.0.

Itis a regular pattern, similar to the result at the pH 12.5. For the 0.003 mol/L chloride concentration,
the oxygen evolution dominates before the passive film breakdown, leading to little pitting occurring.
With the increase of chloride concentration, the pitting potential begins to be below the oxygen
evolution potential. According to the experimental results, there are about 40% of the samples in which
the pitting potential of the steel bar under the condition of the 0.005 mol/L chloride concentration was
lower than the oxygen evolution potential. It increases to 70% when the chloride concentration is
increased to 0.01 mol/L. This illustrated that the chloride threshold level at the pH value of 12.0 was
about 0.005-0.01 mol/L. The result indicates that the pitting corrosion of the steel bar is greatly sensitive
to the change of pH.

Figure 7 presents the polarization curves of HRB400 specimens in simulated concrete pore
solutions containing various chloride concentrations at the pH 11.5. The pitting potential of the
sample was in agreement with the value of the oxygen evolution potential (1.06 V) under the condition
of 0.0005 mol/L chloride concentration. When the chloride concentration was beyond 0.003 mol/L,
the pitting potential of the sample markedly diverged from the oxygen evolution potential. Figure 8
depicted the corresponding cumulative probability of pitting potential under various conditions,
which showed the similar behavior as above. In the same way, it can be seen that [Cl™ ]y, of the
specimen at the condition of pH 11.5 is 0.001 mol/L.
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Figure 7. Anodic polarization curves for reinforcing bars in simulated concrete pore solutions with
various concentrations of chloride ions at pH 11.5; (a) 0.0005 mol/L, (b) 0.001 mol/L, (c) 0.003 mol/L,
and (d) 0.005mol/L. (e) shows the pitting corrosion after the anodic polarization test.
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Figure 8. Cumulative probability distribution of the pitting potential of steel bar under different

chloride concentration at pH 11.5.

The average values of the pitting potential (Ep;;) for each of the twenty repeated data with various
chloride concentrations at three pH conditions were shown in Figure 9. The relationship between them
is well corresponded to the Equation (6), which has been demonstrated by many investigations [32,41],

Epit =Ey—- blOg[Cl_]

(6)

where Ej and b are constant parameters. It can be seen that the slope of the plot apparently decreased
with the decrease of pH value, indicating that the decrease of pH value would greatly enhance
the pitting sensibility of steel bar to chloride concentration. This is due to the autocatalytic nature

of pitting [42].



Coatings 2020, 10, 505 9of 14

12 o pHI115
L e pHI2
1ok e pHI125
E S T Linear Fit
@ 08 -
»
-
Sot
]
$ 04|
<
- L
4
< 02
00 E 1 | M | .l.

1E-3 0.01 0.1 1

CI” Concentration (mol/L)

Figure 9. Variation of the average value of pitting corrosion potential with chloride ion concentration
at various pH values.

When a pit initiated, the inner environment became enriched in ferrous cations and anionic
species, such as chloride, which electromigrated into the pit to maintain charge neutrality by balancing
the charge. The enriched ferrous cations would hydrolyze to decrease the inner pH. The high chloride
concentration and low pH accelerated the pitting growth. While [OH™] in the solution increased,
the competitive electromigration between CI~ and OH™ would markedly diminish the enrichment of
CI™ and the hydrolysis by the formation of insoluble hydroxide in the inner of a pit, leading to the
death of pitting.

3.4. Probability Estimation of the Chloride Threshold on the Pitting Corrosion of Reinforcing Steel with
Different Potential

It is ascertained, as above-mentioned, that both the chloride ions and pH would greatly affect the
pitting corrosion of steel bars in concrete environment. The cumulative probability distribution of steel
pitting potential can be used well to determine the critical concentration of chloride ion, and it can
roughly predict corrosion trends. However, it is difficult to assess the pitting probability of the steel bar
in specific changing conditions (such as the potential offset of the steel bar which is caused by a stray
current [38,43] in the environment with different chloride concentration). In order to easily assess
the pitting probability of reinforcement in different applied potential range and different chloride
concentrations, multifactor statistical probability diagrams at pH 12.5 were established as shown in
Figure 10. The top view direction is on the axis of pitting probability, and the color scale indicates the
value of the pitting cumulative probability. The horizontal axis denotes the chloride concentration,
and the vertical axis is the applied potential Eap, This applied potential is in comparison with the
pitting potential, which is determined by the polarization curve. According to Equation (6), the product
of Epit and [C]7] is as follows:

Epit X [CI"] = (Eg = blog[CI™]) x [CI"] 7)
Suppose Y = Ep;; X [C17], then

ay

a/Cr] = —bloge+ Ey—blog[CI"] = Eg —blog(e[CI"]) >0 (8)

This indicates that with the increase of chloride concentration, Y increases. Y can be considered as
the area constituted by E,pp and chloride concentration in Figure 10. In the combined Equations (6)
and (8), the low applied potential environment has a markedly higher [C]™]y,. That is, it is safe for
a steel bar in a higher chloride concentration environment at lower applied potential. This is very
consistent with some investigations on the cathodic protection of steel bars under chloride-containing
environments [44,45]. Figure 10 shows that, even if the applied potential is no more than 0.5V,
the probability of the pitting corrosion of the reinforcement is 50% when the chloride concentration
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is 0.15-0.2 mol/L. When the chloride concentration is high (0.4 mol/L), the probability of the pitting
corrosion occurs more than 80%. To ensure that the probability of the pitting corrosion of the steel
structure is less than 10% [46], a safe zone was marked in blue and a danger zone was marked in red in
Figure 10. Although the diagram does not provide the information of the actual corrosion rate, it can
be easily used to assess pitting tendency in a chloride ion environment at pH 12.5.

Danger

Applied Potential (V vs SHE)

N
0 0.05 0.1 0.15 02 025 03 035 04
CI” Concentration (mol-L")

Figure 10. The top viewport of variation of the pitting probability with the potential and CI~
concentration at pH 12.5 (the data from other literatures: ¥<: the chloride in the security zone on
the reinforcing steel at pH 12.5. A: the chloride in the pitting corrosion of reinforcing steel at pH
12.5.[11,15,18,24-29]: the corresponding document with the data.). The top view direction is on the
axis of pitting probability, and the color scale indicates the value of the pitting probability.

Moreover, it could make the radically different [C]™ ]y, reported in the documents reach a consensus.
Some [CI™ ]y, reported in [21,28,33,47-52] were marked in Figure 10. It can be seen that most of these
[C]™ ]i, are in the safe zone, indicating that the diagram can be employed to assess the pitting corrosion
of steel bar in chloride-containing environment. Especially when the steel bar was affected by a stray
current, the pitting tendency can be effectively predicted in certain chloride concentration environments.
The pitting cumulative probability-applied potential-[C]1”] diagrams at the condition of pH 12 and
11.5 are also built up in the same way (Figures 11 and 12). When the pH decreases to 12 (Figure 11),
the probability of pitting corrosion reaches 50% in the chloride concentration of 0.03 mol/L under the
applied potential value of 0.5 V.

0.6

o
in

Applied Potential (V vs SHE)
(=]
=

e
%

2
0.005 0.01 0.015 0.02 0.025 0.03
CI" Concentration (mol-L")

Figure 11. The top viewport of variation of the pitting probability with the potential and CI~
concentration at pH 12.0. The top view direction is on the axis of pitting probability, and the color scale
indicates the value of the pitting probability.
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Figure 12. The top viewport of variation of the pitting probability with the potential and CI~
concentration at pH 11.5. The top view direction is on the axis of pitting probability, and the color scale
indicates the value of the pitting probability.

In order to ensure that the corrosion probability is less than 10%, the safe range of chloride ion
concentration is greatly reduced to 0.007 mol/L (pH = 12). When the pH value is further reduced to
11.5 (Figure 12), the safe range of chloride ion concentration is even reduced to 0.001 mol/L. In fact, it is
difficult for reinforced concrete to avoid the neutralization during the long-time service. The pitting
corrosion risk of steel bars, therefore, would apparently increase with the elapse of time, especially
under the condition of stray current.

Generally, the pitting-risk-evaluation diagrams (Figure 10) were built up by the combination
of potentiodynamic technique and statistical probability. These diagrams not only conform to the
various [Cl™ ]y, reported in the documents [17,20-22], but make it easy to assess the pitting risk of steel
bars under the chloride-containing environment with stray current. Furthermore, we try to set up
the pitting risk evaluation method under the condition without the effect of applied potential (that
is, without the effect of a stray current) by electrochemical noise technique. This work is going on in
our lab.

4. Conclusions

In this work, the pitting corrosion behavior of HRB400 steel in various simulated concrete
environments was investigated by the combination of polarization curves and statistical method.
At the applied potential, the [Cl™ ]y, of the steel was greatly affected by pH. At the pH value of 12.5,
12.0, 11.5, the steel corrosion critical chloride ion concentration of the value is about 0.1-0.2, 0.005-0.01
and 0.001 mol/L, respectively. The pitting-risk-evaluation diagrams are built up, which can not only
satisfy the various [C]™ ]y reported in the documents, but make it easy to assess the pitting risk of steel
bars under the chloride-containing environment with stray current.
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