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The evolution of water-cooled scaled rebar corroded in concrete under alternate dry/wet corrosion
acceleration condition with 3.5% NaCl solution was studied by EIS, potential monitoring, SEM and
XRD techniques. The results show that the corrosion evolution of rebar undergoes uniform corrosion
in three stages. The initial stage is described as the charge transfer process, which starts from the
concrete curing period due to the porous scale of water-cooled rebar. The second stage is described as
the corrosion acceleration process which attributes to the gradually increase of scale pores caused by
Cl- penetration. The third stage is described as the steady corrosion process due to the diffusion
limitation through a thick rust layer.

Keywords: Scaled rebar, Corrosion evolution, EIS, Concrete, Chloride

1. INTRODUCTION
Chloride-induced corrosion of rebar in reinforced concrete is one of the major causes of
deterioration of reinforced concrete (RC) structures [1-3]. Specifically, in the splash zone of marine
environment, the alternating dry and wet corrosive environment accelerates the corrosion processes of
rebar in concrete, which leads to the durability of marine structures, such as cross sea bridge, seabed
tunnel, oil production platforms and offshore breakwater, decrease significantly [4-6]. Therefore,
evaluating the corrosion rate of rebar in concrete and understanding its corrosion processes under
alternating dry and wet conditions play important roles in predicting the service life of RC structures
and establishing the reasonable protection techniques.
At present, the researches on corrosion evolution of rebar in concrete mainly focus on bare
rebar. It is well known that in the high alkaline concrete environment that free of aggressive ions, such
as Cl-, SO42- and CO32- etc, a layer of compact passive film forms on the surface of bare rebar which
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can protect the steel from corrosion [7-8]. However, as this passive film is only a few tens of
Angstroms [9-10], it may be destroyed at local weak regions in the film if there are aggressive ions in
concrete and the content of the aggressive ions reach its threshold content [11-12]. Studies on
corrosion evolution of bare rebar in concrete show that the corrosion type of bare rebar in chloride
contaminated concrete gradually transform from the initial pitting corrosion to the uniform corrosion,
and the corrosion rate firstly increases and then decreases [13-15].
In spite of corrosion of bare rebar in concrete has been extensively studied, the scaled rebar is
widely applied in actual RC structures rather than bare rebar to simplify the descaling procedure and
save cost [16]. At present, limited researches on corrosion of scaled rebar in concrete all adopt
simulated concrete solution as the environment system. Xing reports that like the passivation of bare
rebar in high alkaline environment, the scaled rebar can also maintain in passive state. Furthermore,
the scaled rebar shows better corrosion resistance than the bare rebar against Cl- [17]. However, Ghods
reported that the scaled rebar is easier to depassivation than bare rebar in chloride contaminated
concrete [18-19]. It is because crevice corrosion happens to the scaled rebar. The disagreement may be
attributed to the different oxide scales on the rebar surface in the above two researches. For scaled
rebar, the oxide scale forms during the cooling process after finish rolling during the production of the
hot-rolled rebar. And the compositions and structure of the scale can be influenced by different cooling
processes [20]. According to the different cooling ways, the scaled rebar can be divided into the aircooled rebar and water-cooled rebar. Our previous studies show that the compositions of both rebar
scales consist of FeO, Fe3O4 and Fe2O3. The thickness of the scale is about 20 μm. However, the
structure and compactness of the scale differs significantly. The scale on water-cooled rebar is loose
and porous, and it shows weak bonding performance to the substrate. Therefore, it is easy for the
corrosive medium to penetrate and cause corrosion. However, the compactness and the bonding
performance of scale on air-cooled rebar are superior to those of water-cooled rebar. Therefore, the
corrosion resistance of air-cooled rebar in the atmosphere and concrete are better than those of watercooled rebar [20-22].
Obviously, the surface state of oxide scale will influence the corrosion evolution processes of
rebar in concrete with chloride under alternating wet and dry corrosive condition, and it will finally
affect the durability of RC structures. The current work focused on studying the corrosion evolution of
the water-cooled rebar in concrete under alternate dry/wet accelerated corrosion condition with NaCl
solution and evaluating the corrosion resistance of water-cooled rebar.

2. EXPERIMENTAL PART
2.1 Material and Procedures
2.1.1 Rebar sample preparation
The commercial 20SiMn hot-rolled rebar was used in the experiment, with chemical
composition (wt.%): C 0.17~0.25, Si 0.40~0.80, Mn 1.20~1.60, P 0.050, S 0.050. The rebar samples
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were machined into cylinders (Φ10mm60mm) and the surfaces were polished using 1200# sand
paper. The preparation of the water-cooled rebar simulates the on-line heating and cooling procedures
to obtain the same scale. The machined samples were heated to 1000°C for 10 minutes in the pipe
furnace under an anti-oxidizing flux protection, followed by cooling in water for 1 s. Then, the samples
were cooled in air to the room temperature.

2.1.2 Concrete sample preparation
RC samples (80 mm in diameter and 80 mm in height) were cast according to standard
experimental procedures using ordinary Portland cement 42.5 (with a water/cement ratio of 0.5 and
cement/sand ratio of 1/3). The schematic diagram of the electrode system is shown in Figure 1, and all
the length units are in millimeter. A three-electrode cell was used in this experiment. The working
electrode (WE) was the machined rebar sample. Both ends of the rebar were coated with dense epoxy,
leaving an exposed length of 40 mm. The rebar was positioned at the center of the concrete sample
with a cover thickness of 35 mm. The reference electrode (RE) was Cu/CuSO4 saturated electrode
(CSE) which was positioned 5 mm near the working electrode to reduce the IR drop between WE and
RE. In order to distribute the electrical signal uniformly, a 60 mm height annular graphite electrode
was used as the counter electrode (CE), which was positioned in the concrete with the cover thickness
of 11 mm. After demoulding at one day after casting, the concrete samples were cured in a standard
curing chamber at 20±1°C and ≥95% RH for 28 days. In order to avoid the non-uniform penetration of
solution, both ends of the concrete samples were coated with epoxy resin leaving 40 mm height profile
exposed.

Figure 1. Schematic diagram of the electrode system for reinforced mortar samples. (a) side sectional
view, (b) top sectional view.
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2.2 Dry/wet cyclic accelerated corrosion tests
Before the dry/wet cyclic tests, the samples were immersed in de-ionized water for 1 day which
was referred to as cycle 0. Then, 14 cycles of severe dry/wet cyclic corrosion tests were carried out to
accelerate the corrosion of rebar in mortar. During each cycle, the samples are dried at 80°C for 4 days
in a drying cabinet and then immersed in 3.5% sodium chloride solution (25°C) for 1 day. Both the
drying and immersing processes can make the mortar samples reach a constant weight.

2.3 Electrochemical measurement
After each dry/wet cycle, Ecorr and EIS were measured when the mortar samples were
immersed in 3.5% sodium chloride solution, using a PAR 273A potentiostat and a PAR 5210E lock-in
amplifier. EIS measurements were carried out at the open-circuit potential with a 10 mV perturbation
from 100 kHz to 10 mHz. All the measurements were carried out at room temperature (25°C). The EIS
results were fitted by ZSimpWin software based on the equivalent circuit models.

2.4 SEM Analysis
A HITACHI S3400N scanning electronic microscope was used to observe the surface
morphologies of oxide scale on the rebar before corrosion tests, the cross section morphology of the
corrosion products after 14 dry/wet cycles’ corrosion test and the corrosion morphology of the rebar
after removing the rust.

2.5 XRD Analysis
To analyze the compositions of the corrosion product, XRD experiment was carried out using a
Rigaku-D/max 2000 diffractometer by employing a Cu target under 50kV×250mA. The scan rate was
2°/min. The powder sample used for XRD analysis was prepared by grinding the corrosion products
scraped from the rebar surface.

3. RESULTS
3.1 Evolution of Ecorr
Figure 2 shows the evolution of Ecorr with dry/wet cycles for the rebar, which was measured
after each dry/wet cycle when the mortar was immersed in sodium chloride solution. The ASTM C876
standard [23] has determined three Ecorr levels to identify the corrosion probability of rebar in concrete.
That is, when Ecorr  -0.20V (vs. CSE), the corrosion probability of rebar in concrete is less than 10%;
when Ecorr  -0.35V (vs. CSE), the corrosion probability of rebar in concrete is more than 90%; and
when it locates between -0.35V (vs. CSE) and -0.20V (vs. CSE), the probability is uncertain. It is
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shown that Ecorr of rebar locates in the region in which the corrosion probability is larger than 90%
during all the dry/wet alternated cycles, which indicates that unlike the passivation of bare rebar in
high alkaline concrete, the water-cooled rebar has been corroded since the initial curing period.
Furthermore, Ecorr decreases from cycle 0 to 4, which implies that the rebar is easier to corrode with
increasing the cycles.
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Figure 2. Evolution of Ecorr with dry/wet cycles.
3.2 Evolution of the EIS spectra
Figure 3 shows the impedance Bode plots of rebar in mortar after each cycle of the alternate
dry/wet corrosion test. For the Bode |Z| plots, the high frequency impedance corresponds to the
solution resistance (Rs). The low frequency impedance corresponds to the total impedance, which
equals to the sum of the solution resistance (Rs), film resistance (Rf), rust resistance (Rr) and the charge
transfer resistance (Rct).
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Figure 3. Bode plots of water-cooled rebar in mortar for cycle1~cycle8 and cycle14. Solid lines
represent the fitting results. (a) Bode |Z| plot, (b) Bode phase plot.
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Figure 3(a) shows that the total impedance decreases sharply with increasing the cycles,
indicating an increase of the corrosion rate. After cycle 5, the change in the low frequency impedance
is very limited. At the same time, as shown in the Bode phase plot in Figure 3(b), the peak value of the
phase angle also decreases with increasing cycles, which indicates a decay of the capacitive impedance
of the surface film. As the capacitance of the surface film represents the penetrability of the film, this
decay of capacitive impedance means that the penetrability of the film increases with increasing the
immersion time and more ions can reach the matrix through the film to erode the steel [24, 25]. After
cycle 1, the phase angle occurs a diffusion tail at low frequency region, which indicates that the mass
transfer behavior occurs on the rebar/concrete interface [26]. After cycle 5, the peak value of phase
angle in the middle frequency decreases to a minimum value. The difference in the Bode phase plot
after cycle 5 becomes negligible.

3.3 Transformation of the concrete/rebar interface
The changes in the impedance spectra indicate that the corrosion of rebar undergoes
complicated evolution processes and exhibits different corrosion dynamic characteristics during
dry/wet cycles [27]. These corrosion evolutions correspond to changes of the interface state between
rebar and concrete.
The initial surface state affects the corrosion type and the corrosion process significantly.
Figure 4 shows the initial surface morphology of the oxide scale on rebar. It is obvious that many pores
distribute in the whole oxide scale. As the aggressive mediums such as water, oxygen and chloride
ions may penetrate through the pores in the scale reaching the rebar surface, the scale is thus
unfavorable against corrosion.

Figure 4. Surface morphology of the scale on water-cooled rebar.

Figure 5 shows the surface morphology of the rebar after curing. It is evident that many small
rust spots uniformly distribute on the rebar surface which indicates that uniform corrosion occurs on
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rebar during the curing period. The rust forms at the scale/ rebar interface and grows out of the scale to
damage the scale.

Figure 5. Corrosion morphology of the rebar after curing.

Figure 6. Corrosion morphology of the rebar after 14 cycles corrosion.

After 14 dry/wet cycles, the corrosion morphology is shown in Figure 6. Thick rust layer forms
on rebar surface. When took the rebar out of the concrete, most of the outer rust had pulled off with the
concrete, and only on some small area the initial scale was remained. The cross section morphology of
the corrosion product of the rebar is shown in Figure 7. The rust thickness is about 250 μm. The large
volume of rust induces some cracks and holes in the rust. Moreover, the scale looks porous and
damaged. The surface morphology of the rebar after removing the rust is shown in Figure 8. The
surface of the rebar looks flat, and small corrosion pits distribute uniformly on the whole surface, also
indicative of uniform corrosion.
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Figure 7. Cross section morphology of the corroded rebar.

Figure 8. Corrosion morphology of the rebar substrate after removing the scale.
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Figure 9. XRD patterns of the corrosion product formed on water-cooled rebar.
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Figure 9 shows XRD patterns of corrosion product formed on rebar. The phases of Fe, NaCl
and SiO2 examined in the XRD pattern are introduced from rebar substrate and the mortar during the
sample preparation. The corrosion product of rebar is composed of γ-FeOOH, Fe3O4 and α-FeOOH.
3.4 Analyses of the corrosion evolution processes
According to the characteristics of the electrochemical results and the surface states of the rebar
before and after corrosion, the corrosion evolution processes were analyzed by constructing the
interface structure models and the equivalent circuit (EC) models, as shown in Figure 10.

Figure 10. Interface structure models and the EC models for water-cooled rebar. (a) stage Ⅰ, (b) stage
Ⅱ, (c) stage Ⅲ.
The corrosion evolution undergoes three stages for the rebar. In the curing period of cycle 0,
the Ecorr locates in the high corrosion probability region, and the total impedance is only about 100
kΩ.cm2 (as shown in Figure 10(a)). That indicates that the rebar is in active corrosion state. During the
curing period, the concrete samples maintain in the constant temperature and humidity condition of
20°C and 95% RH. Water and oxygen can transfer to the concrete/rebar interface from the pores in
concrete. Furthermore, these mediums can also reach the rebar substrate through the pores in the oxide
scale. As the potential of rebar substrate and oxide scale is different, the corrosion galvanic cell forms
when the oxide scale acts as cathode and the rebar substrate acts as anode. Therefore, galvanic

Int. J. Electrochem. Sci., Vol. 8, 2013

2545

corrosion occurs on rebar. As the porous scale benefits the transportation of reactants and products to
and from the rebar surface in cycle 0, the diffusion process can satisfy the need of the electrode
reactions. Thus, stage Ⅰ (cycle 0) corresponds to the state that the rebar is in active state and the
charge transfer is the rate determining step of corrosion process. In the EC model, Rs stands for the
solution resistance of concrete pores between RE and WE, Rf the resistance of the surface film, CPEf
the constant phase element of the surface film, Rct the charge transfer resistance, and CPEdl the
constant phase element of the electric double layer. In the concrete system, the film capacitance and
electric double layer capacitance usually deviate from pure capacitance due to the dispersion effect,
and the constant phase element (CPE) is used instead of pure capacitance [28-30].
As corrosion proceeds, the penetration of Cl- and the volume expansion caused by corrosion
products enlarges the broken area of the oxide scale. Therefore, both the diffusion process and charge
transfer process are accelerated which leads to the obvious corrosion acceleration of the rebar.
Furthermore, with the gradually thickening of corrosion products on the anode regions of rebar, the
transportation of reactants and products become slower than the charge transfer. Therefore, the
diffusion process instead of the charge transfer process dominates the corrosion rate. According to the
EIS spectra, the phase angle plots present a diffusion tail at the low frequency region after cycle 1,
which also indicates that the mass transfer behavior occurs on the rebar/concrete interface. Stage Ⅱ
(cycle 1~4) corresponds to the state that the broken area on the scale is enlarged and a thin rust layer
forms on anode regions of rebar substrate. The rate of charge transfer increases faster than the
diffusion rate, and the diffusion process becomes the slow step of the electrode process as shown in
Figure 10 (b). In the EC model, Rf+r stands for the total resistance of the passive film and the rust,
CPEf+r the total constant phase element of the passive film and the rust, and ZW [31] the Warburg
resistance of the semi-infinite diffusion process.
With further increasing the dry/wet cycles, a thick rust layer forms on the rebar surface which
may block the diffusion of reactants and products. Stage Ⅲ (cycle 5~14) corresponds to the state that
the electrode process is controlled by the diffusion process through a thick rust layer, as shown in
Figure 10 (c). In the EC model, Rr stands for the resistance of rust layer, CPEr the capacitance of rust
layer, ZT barrier layer diffusion resistance [32].
3.5 Fitting results of EIS
The fitting curves are presented in Figure 3 as solid lines and the fitting parameters are listed in
Table 1. The resistances of Rf and Rf+r are expressed as R1, and the constant phase element of CPEf and
CPEf+r are expressed as CPE1.
Rs decreases in the earlier cycles, and it then increases in the subsequent cycles. It correlates to
the accumulation of salt transmitted to the mortar. The decrease of Rs is caused by the continuous
penetration and deposition of NaCl into the mortar during the dry/wet cycles. The penetrated NaCl
saturates the pore solution at cycle 3, and Rs changes a little from cycle 3 to 6. Thereafter, some of the
corrosion products fill the pores of the mortar, resisting to the penetration of ions and resulting in an
increase of Rs.
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Table 1. Fitting results of EIS data of water-cooled rebar
cycle

Rs
(kΩ.cm2)

CPE1-Y0×104
(Ω-1.cm-2.s-n1)

n1

R1
(kΩ.cm2)

CPEdlY0×104 (Ω1.
cm-2.s-ndl)

ndl

Rct
(kΩ.cm2)

0
1
2
3
4
5
6
7
8
14

1.42
1.03
0.67
0.41
0.40
0.38
0.36
0.59
0.54
0.48

0.20
1.45
1.91
5.40
10.93
16.74
27.38
24.07
20.80
16.04

0.90
0.65
0.50
0.41
0.33
0.28
0.17
0.24
0.27
0.24

3.29
2.69
1.25
0.29
0.20
0.18
0.16
0.17
0.14
0.18

0.18
3.48
54.84
187.0
279.4
326.6
343.3
272.0
256.5
233.6

0.61
0.45
0.77
0.78
0.84
0.78
0.74
0.83
0.77
0.70

103.30
5.91
1.22
0.33
0.11
0.08
0.07
0.07
0.07
0.07

W-Y0 ×104
(Ω-1.cm-2.s0.5
)

T-Y0
×104
-1.
(Ω cm-2.s0.5
)

T-B
(s-0.5)

χ2
×104

5.45
5.63
4.59
4.40
3.80

3.33
0.17
0.22
0.56
0.16
0.16
0.16
0.30
0.27
0.74

19.11
25.13
27.87
28.63
34.97
28.09
49.28
45.45
40.09

According to the evolution of R1 with dry/wet cycles, the corrosion resistance of the scale can
be analyzed. R1 equals to 3.29 kΩ.cm2 at cycle 0 and decreased sharply during stage Ⅱ. It indicates that
the resistant ability of the scale against the aggressive ions decreases and more aggressive ions can
transfer to the rebar substrate to corrode the rebar. From stage Ⅲ, R1 changes slightly with the dry/wet
cycles, which corresponds to the combined action of continuous decrease of Rf and increase of Rr with
the dry/wet cycles.
Similarly to R1, Rct also decreased sharply during stage Ⅱ and remained fairly constant in stage
Ⅲ. The decrease of Rct in stage Ⅱ indicates the acceleration of the charge transfer process. At the
meantime, the admittance (Y0) of ZW also increases gradually in stage Ⅱ, which corresponds to the
decrease of diffusion resistance. It means that the diffusion process also becomes easy. Therefore, the
corrosion of rebar is accelerated in stage Ⅱ.
The corrosion current density of the rebar can be calculated approximately according to the
Stern-Geary equation:
Icorr=B/Rct
where, Icorr represents the corrosion current density and B is the “Stern-Geary constant”. A
value of 52 mV and 26 mV is often used in the calculation of B for rebar in the passive and active
states respectively [33, 34]. According to the criteria for estimating the corrosion extent of rebar, as
shown in Table 2 [35], the rebar is in passive state when Icorr < 0.1μA·cm–2. Therefore, the passive and
active states can be distinguished by the value of Icorr. Figure 11 shows the evolution of Icorr with
increasing dry/wet cycles. The change of Icorr corresponds to the corrosion evolution stages of the
corrosion processes. It is verified by Icorr that the rebar is already in active state in stage Ⅰ (cycle 0),
and the corrosion rate in stage Ⅰ is relative low. Then the corrosion rate increases quickly in stage Ⅱ
(cycle 1~4) with increasing dry/wet cycles. A stable corrosion rate is reached in stage Ⅲ (cycle 5~14).
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Table 2. Criteria for estimating rebar corrosion conditions
Corrosion Rate (μA·cm–2)
Icorr < 0.1
0.1 < Icorr< 0.5
0.5 < Icorr< 1.0
Icorr>1.0

Extent of Corrosion
passive state
low to moderate corrosion
moderate to high corrosion
high corrosion
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Figure 11. Evolution of Icorr with dry/wet cycles.

4. DISCUSSION
According to the above analysis, the corrosion of water-cooled rebar undergoes three stages
with different characteristics. Comparing with the corrosion processes of bare rebar [13-15], the
corrosion processes of scaled rebar are notably characterized by the active state during the curing
period free of aggressive ions and the uniform corrosion type since the corrosion initiates.
For water-cooled rebar with oxide scale, the galvanic corrosion forms between the exposed
rebar matrix at the defects in scale and the surrounding intact scale area during the curing period of
stage Ⅰ, as discussed above. According to the Ecorr result, the corrosion potential is -0.1 V (vs SHE) in
the curing period. This potential is in the FeOOH stable region, as shown in the Pourbaix diagram of
Fe-H2O system (Figure 12) [36]. Therefore, at the exposed defects regions, the anode reactions that Fe
transforms to FeOOH occur, as shown in equations (1) to (3). At the scale covered cathode regions, the
oxygen reduction occurs, as shown in equation (4). Differing from the formation of a complete passive
film on bare rebar, the γ-FeOOH only forms at the defect regions in the oxide scale, which can not
protect the rebar from further corrosion. As there are a large number of defects in the scale, many
small corrosion pits distributed uniformly in the steel surface, as shown in Figure 5. Eventually, the
whole oxide scale is destroyed, and the uniform corrosion happens to the scaled rebar.
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Figure 12. Pourbaix diagram of Fe-H2O system

Anode reaction:

Cathode reaction:

Fe→Fe2++2e-

(1)

Fe2++2OH-→Fe(OH)2

(2)

Fe(OH)2+OH-→γ-FeOOH+H2O+e-

(3)

H2O+1/2O2+2e-→2OH-

(4)

In stage Ⅱ, when the corrosion product of γ-FeOOH exists on the rebar surface, the reduction
of γ-FeOOH shown as equation (5) will happen prior to the reduction of oxygen at the cathode [37]. As
this reaction can proceed without oxygen consumed, and it can consume Fe2+ and γ-FeOOH, the anode
dissolution reactions will be promoted. Furthermore, when Cl- exists in the concrete, it participates in
the anodic reaction by generating intermediate product, as shown in equations (6) to (7) instead of
equation (2). As the chloride ions are not consumed in the corrosion reactions, it can participate in the
anodic depolarization reaction. This action will accelerate the corrosion process. Therefore, Icorr
increases rapidly with the increase of the cycles.
Cathode reaction:

Fe2++8γ-FeOOH+2e-→3Fe3O4+4H2O

(5)

Cl- participating reaction:

Fe2++Cl-→[FeClcomplex]+

(6)

[FeClcomplex]++2OH-→Fe(OH)2+Cl-

(7)

Int. J. Electrochem. Sci., Vol. 8, 2013

2549

In stage Ⅲ, the rate controlling step of corrosion process is the diffusion process through a
barrier layer. As the reduction of rust continues acting as cathode reaction, the corrosion rate can thus
maintain a high value. Moreover, the γ-FeOOH and Fe3O4 will transform to more stable α-FeOOH if
the duration is long enough. Therefore, the corrosion product consists of γ-FeOOH, Fe3O4 and αFeOOH.
Among the three stages, the relative fast corrosion rate of stage Ⅱ and Ⅲ is both dominated by
the diffusion process. Therefore, diffusion of reactants and products, including OH-, Cl- and Fe2+,
through the concrete and the rust layer is the dominate process influencing the corrosion of rebar.
Control of diffusion by densification of the concrete and the rust layer or the initial oxide scale must be
effective to slow down the corrosion.

5. CONCLUSIONS
The corrosion behavior of rebar can be described as uniform corrosion, and it evolved from
slow rate corrosion stage, accelerated corrosion stage and constant rate corrosion stage. Furthermore,
the rate determining step of electrode reactions changes from charge transfer to diffusion process with
corrosion proceeds.
Comparing with the corrosion processes of bare rebar, the corrosion processes of scaled rebar
are notably characterized by the active state during the curing period free of aggressive ions and the
uniform corrosion type since the corrosion initiates.
During the long term corrosion process, the diffusion of reactants and products through the
concrete and the rust layer is the dominate process influencing the corrosion rate of rebar.
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