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The corrosion evolution of rebar in concrete was monitored by electrochemical impedance spectroscopy (EIS)
under dry/wet alternated accelerated corrosion test. Four stages with different dynamic characteristics were
observed during the corrosion evolution. They were passive stage, local corrosion controlled by the charge
transfer step, accelerated corrosion controlled by the mass transfer step, and constant rate corrosion controlled
by the mass transfer step through a barrier layer. X-ray diffraction (XRD) analysis showed that the corrosion
product of rebar in mortar was composed of a-FeOOH, ~-FeOOH and Fe3O,4. The corrosion mechanisms of
all four stages were discussed and the corrosion reactions were proposed according to the corrosion product

and corrosion evolution characteristics.
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1. Introduction

It is well known that corrosion of reinforcing steel
bar (rebar) is the most important cause of concrete
degradation. The rebar is initially in passive state
due to the formation of passive film on its surface in
the high alkaline condition (pH value 12.5-13.5) of
the pore solution in concretel!!. However, the passive
film can be destroyed by aggressive mediums (such as
chloride, sulfate) or by an acidification of the envi-
ronment near the rebar (carbonation)!®?. Once the
passive film is destroyed, the corrosion will be ini-
tiated and proceed, which will induce continuously
forming and accumulating of rust on the rebar sur-
face. It has been known that a mass of accumu-
lated rust may lead to a powerful internal expansion
force which has two breakage effects on the concrete
structurel*9]. First, the expansion force can crack the
concrete structure. Second, it may extrude the rust
out of the concrete along the seam between the rebar
and the concrete, and thus reduce the binding force

1 Corresponding author. Ph.D.; Tel.: +86 24 23915912; Fax:
+86 24 23894149; E-mail address: jhdong@imr.ac.cn. (J.H.
Dong).

between the rebar and the concrete.

The corrosion of rebar in concrete is a compli-
cated process. Although some studies have focused
on the corrosion of rebar in concrete, the corrosion
evolution of rebar in concrete, especially the corrosion
dynamic characteristics from initial passivation to a
thick rust layer covered state is not fully known up to
now!®. It will be very helpful to monitor the corrosion
evolution of rebar in concrete for understanding the
corrosion mechanism, evaluating the corroded extent
and predicting the service life of reinforced concrete
structure. Among a lot of electrochemical measuring
techniques, electrochemical impedance spectroscopy
(EIS) has been proved to be a powerful tool for mon-
itoring the corrosion process of rebar in concretel”!.
It provides not only the electrochemical dynamic in-
formation which reflects passivation, charge transfer
step and mass transfer step of the electrode process,
but also the resistance and the dielectrical properties
of the surface film on rebar. Because the service life of
reinforced concrete is usually from several decades to
hundreds of years, the corrosion of rebar in concrete
is very slow. Therefore, it is necessary to accelerate
the corrosion process in laboratory investigations.
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Fig. 1 Schematic diagrams of the electrode system for reinforced mortar samples: (a) side sectional view, (b) top

sectional view (unit: mm)

The aim of this paper is to study the corrosion evo-
lution of rebar in concrete by employing EIS method
under the dry/wet alternated accelerated corrosion
environment contaminated with chloride. Equivalent
circuit (EC) models were used to interpret the dy-
namic characteristics during the corrosion evolution
of rebar in concrete.

2. Experimental
2.1 Material and procedures

2.1.1 Rebar samples preparation

The steel used in the experiment is a commercial
20SiMn hot-rolled rebar. The chemical composition
(wt%) is: C 0.17-0.25, Si 0.40-0.80, Mn 1.20-1.60, P
0.050, S 0.050. The as-received rebar samples were
machined into cylinders of 10 mmx60 mm, and the
surfaces were polished using 1200% SiC paper.

2.1.2 Mortar samples preparation

Reinforced mortar samples (®80 mmx80 mm)
were cast according to the standard experimental pro-
cedures 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 mortar samples
is shown in Fig. 1. Demoulded after casting for 24 h,
the mortar samples were cured in a standard curing
chamber at 20+1 °C and >95% RH (relative humid-
ity) for 28 d. In order to avoid the non-uniform pen-
etration of solution, both ends of the mortar samples
were coated with epoxy resin leaving 40 mm height
profile exposed. Three parallel samples were prepared
in the experiment to ensure the repeatability.

2.1.3 Electrode system design
A three-electrode cell was used for the electro-

chemical measurement in this experiment, as shown
in Fig. 1. The working electrode (WE) was the ma-
chined rebar samples. Both ends of the rebar were
coated with dense epoxy, leaving an exposed length
of 40 mm. The rebar was positioned at the cen-
ter of the mortar sample with a cover thickness of
35 mm. The reference electrode (RE) was Cu/CuSO4
electrode which was positioned 5 mm near the work-
ing electrode to decrease the current-resistance (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 mortar with the
cover thickness of 11 mm.

2.2 Dry/wet cyclic accelerated corrosion tests

Before the dry/wet cyclic tests, the samples were
immersed in de-ionized water for 1 d which was re-
ferred 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 d in a drying cabi-
net and then immersed in 3.5% NaCl solution (25 °C)
for 1 d. Both of the drying and immersing processes
can make the mortar samples reach constant weight.

2.3 Electrochemical measurement

After each dry/wet cycle, the corrosion poten-
tial (Feorr) and EIS were measured when the mor-
tar samples were immersed in 3.5% NaCl solution,
using a PAR 273 potentiostat and a PAR 5210E lock-
in amplifier. EIS measurements were performed at
the open-circuit potential with a 10 mV perturbation
from 100 kHz to 10 mHz. All the measurements were
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Fig. 2 (a) Bode |Z| plot and (b) Bode phase plot of rebar in mortar for cycles 1-7 and 14, solid lines represent

the fitting results

carried out at room temperature (25 °C). The EIS re-
sults were fitted by ZSimpWin software based on the
equivalent circuit models.

2.4 Morphology observation

After 14 cycles of dry/wet cyclic accelerated cor-
rosion tests, the cross-section morphology of the
rust layer was observed using scanning electronic mi-
croscopy (SEM, HITACHI S3400N). The preparing
process of the samples for cross-section morphology
was as follows: first, the samples with the size of
®15 mmx15 mm cut from the rusted rebar were
mounted using epoxy resin to fix the rust layer; then,
they were grinded and polished using kerosene as the
lubricant; finally, they were cleaned by ultrasonic in
alcohol and then dried.

2.5 X-ray diffraction (XRD) analysis

To analyze the compositions of the corrosion prod-
uct, XRD experiment was carried out using a Rigaku-
D/max 2000 diffractometer by employing a Cu tar-
get under 50 kV and 250 mA. The scan rate was
2 °C/min. The powder sample used for XRD analy-
sis was prepared by grinding the corrosion products
scraped from the rebar surface.

3. Results and Discussion
3.1 Evolution of the EIS spectra

Fig. 2 shows the Bode plots of rebar in mortar af-
ter each cycle of the dry/wet alternated accelerated
corrosion test. The |Z]| plot shows that the |Z]| value
at low frequency decays quickly from cycle 2 to 6, and
the difference becomes negligible after cycle 6. And
the |Z] value of high frequency decreases before cycle
3 and then increases to a constant value. The phase
angle plot shows that the peak value of the phase an-
gle is high at low frequency in the initial cycle 0 and
1, and then it drops and shifts toward the middle fre-

quency with the increase of the cycles. Since cycle
4, the phase angle generates a smearing at low fre-
quency region. After cycle 6, the peak value of phase
angle in the middle frequency decays to a minimum
value. The difference of the phase angle plot after cy-
cle 6 becomes negligible. These results indicate that
the corrosion of rebar undergoes complicated evolu-
tion processes and shows different corrosion dynamic
characteristics during the dry/wet cycles!9:10],

3.2 EC models for fitting the EIS results

According to the evolution characteristics of the
EIS spectra of the rebar in concrete during the
dry/wet cyclic corrosion test, four physical models of
the rebar/mortar interface and corresponding equiva-
lent circuit (EC) models were proposed to fit the EIS
data, as shown in Fig. 3.

In the initial cycle 0 and 1, the total impedance
of rebar specimen is high, and the phase angle at
low frequency reaches the peak and then keeps hor-
izontal. Under this condition, the rebar is in pas-
sive state. Fig. 3(a) describes the physical model and
EC model of stage when the rebar is in passive state.
In the concrete system, film capacitance and double
electric layer capacitance usually deviate from pure
capacitance due to the dispersion effect, and the con-
stant phase element (CPE) is used instead of pure
capacitancel!’ 13l The equation of CPE is shown as
follows:

Zq =3 (w)™" (1)

where Zq represents the impedance of CPE, Yj rep-
resents the admittance of CPE, n represents the dis-
persion power of CPE, w represents the angular fre-
quency, j=(—1)2.

In the EC model, Ry stands for the solution resis-
tance of mortar pores between RE and WE, Ry stands
for the resistance of the passive film, Q¢ stands for
the CPE of the passive film, R stands for the charge
transfer resistance, and Qq; stands for the CPE of the
double electric layer.
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Fig. 3 Physical models and the corresponding EC for four stages: (a) stage I, (b) stage II, (c) stage 111, (d) stage
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With increasing dry/wet cycles, the total im-
pedance decreases and the phase angle at low fre-
quency drops after reaching the peak since cycle 2.
These results indicate that the passive film is locally
destroyed by the aggressive ions, and the corrosion cell
forms with the exposed rebar substrate acting as an-
ode and the undamaged film acting as cathode when
electrolyte is existing. Fig. 3(b) describes the phys-
ical model and EC model of stage II (cycles 2 and
3). Stage II corresponds to the state at which the
local corrosion occurs and the rate-controlled step of
corrosion process is the charge transfer step.

As for the EIS spectra after cycle 4, the phase an-
gle plots present a smearing at low frequency region,
which indicates that the mass transfer behavior occurs
on the rebar/concrete interfacel'4). Fig. 3(c) describes
the physical model and EC model of stage III (cycles
4 and 5). Stage III corresponds to the state at which
the rate of charge transfer increases and the diffu-
sion step becomes slow step of the electrode process.
In the EC model, Ry, stands for the sum resistance
of the passive film and the rust, Q¢y, stands for the
sum CPE of the passive film and the rust, and Zy !

stands for the Warburg resistance of the semi-infinite
diffusion process.

With the development of the corrosion process, a
thick rust layer forms on the rebar surface which may
block the diffusion of reactants and products to the
rebar surface and from the rebar surface. Fig. 3(d)
describes the physical model and EC model of stage
IV (cycles 6-14). Stage IV corresponds to the state
at which the electrode process is controlled by the
diffusion process through a barrier layer. In the EC
model, R, is the resistance of rust layer; @, is the
capacitance of the rust layer; Zr is the barrier layer
diffusion resistancel'®.

3.3 Fitting results of EIS spectra

The fitting curves of the EIS results are presented
in Fig. 2 as the solid lines for each spectrum, and the
fitting parameters are listed in Table 1. All the resis-
tances of Rf, Rey, and R, are expressed as R, and
the constant phase element of Q¢, Q¢y, and @, are
expressed as Q1.

Ry decreases in the early several cycles and then
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Table 1 Fitting results of EIS data of rebar

Cycle R Q1-Y0 X 104 ni Ry le-YO X 104
/kQ-cm? /Q 7 lem™2sT™ /kQ-cm? /Q hem 2T

0 2.20 1.40 0.63 5.39 0.24

1 1.47 1.48 0.45 4.99 0.27

2 0.94 2.33 0.70 1.31 0.58

3 0.41 2.91 0.60 1.21 0.63

4 0.47 2.16 0.52 0.72 6.27

5 0.44 3.36 0.36 0.54 85.95

6 0.58 3.38 0.37 0.19 134.2

7 0.71 9.62 0.19 0.28 94.32

14 0.70 7.29 0.19 0.30 117.8

Cycle  na Ret Zw-Yox10? Z7r-Yox107 Zr-B x> x 107
/kQ~Cm2 /Q—l.cm—2.s—045 /Q_1~cm_2~s_0‘5 /S—O.E)

0 0.81 9679 - - - 0.67

1 0.80 5466 - - - 0.21

2 0.71 187.7 - - - 2.86

3 0.50 55.2 - - - 0.25

4 0.63 1.47 12.89 - - 3.37

5 0.77 0.21 17.18 - - 1.10

6 0.83 0.11 - 25.97 4.31 2.66

7 0.73 0.12 - 16.11 4.43 0.37

14 0.78 0.11 - 12.85 4.22 2.00
increases in the latter cycles. It correlates to the ac-
cumulation of salt transmitted to the mortar. The 1000 7~
decrease of Ry is caused by the continuous penetra- 108 po—Re—aot
tion and deposition of NaCl into the mortar during ] /
the early dry/wet cycles. The penetrated NaCl satu- L ; 3
rates the pore solution at cycle 3, and Rg changes little £

= 1F
from cycle 3 to 5. After that, some of the corrosion e
product fills in the pores of the mortar, which resists =~ 0.1F 7
the transmitting of the penetrated ions and results in 00h /
the increase of Rg. b e
The decrease of R; with the increase of the cy- 0001 S ————————

cles indicates that the passive film is destroyed by the
penetrated Cl~. It decays to the minimum at cycle 6,
and then it gradually increases with the accumulation
of the corrosion product. The capacitance of Q1-Y(
also increases with the cycles, which indicates that the
permeability of the film or rust increases and more
corrosive ions can reach the rebar substrate. Further-
more, R decreases to the minimum at cycle 6, and
then keeps a constant value. It indicates that the cor-
rosion rate of rebar increases with increasing dry/wet
cycles, and the rebar is corroded at a constant rate
after cycle 6.

The corrosion current density of rebar can be cal-
culated according to the Stern—Geary equation:

Icorr = B/Rct (2)

where .oy represents the corrosion current density
and B represents the Stern—-Geary constant. The
values of 52 and 26 mV are often used in the cal-
culation of B for the bare steel in the passive and
active states, respectively[!”18. Therefore, in this
work, the value of 52 mV was used to calculate the

Icorr of cycles 0 and 1, and the value of 26 mV

Cycle

Fig. 4 Evolution of Ico of rebar with dry/wet cycles

was used for the other cycles. Fig. 4 shows the
evolution of I, with the cycles. According to
the criteria for estimating the corrosion of reinforc-
ing steel', the rebar is in passive condition when
I.orr<0.1 pA-cn™2; the corrosion extent of rebar is
low to moderate when 0.1<I..:<0.5 pA-cm™2; the
corrosion extent of rebar is moderate to high when
0.5<I.0;r<1.0 pA-cm~2; the corrosion extent of rebar
is high when I.o.>1.0 pA~Cm’2. It is therefore veri-
fied by the value of corrosion rate that the rebar is in
passive state in stage I. The corrosion rate of rebar in
stage II is relatively slow. The corrosion rate of rebar
in stage III is high, and it keeps stable during stage
V.

3.4 Evolution of E.q, of the rebar in concrete

Fig. 5 shows the evolution of E., with dry/wet
cycles, which was measured after each dry/wet cycle
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Fig. 5 Evolution of Ecorr with dry/wet cycles

when the mortar was immersed in NaCl solution. The
ASTM (€876 standard2? has determined three Eeopr
levels to identify the corrosion probability of rebar in
concrete. That is, when Eeo,r (vs SCE)>—0.20 V, the
corroded probability of rebar in concrete is less than
10%; when Egope (vs SCE)<—0.35 V, the corroded
probability of rebar in concrete is more than 90%;
when it locates in the middle region, the probability
is uncertain. Therefore, when the rebar in concrete
remained at passive state at cycles 0 and 1, E.qpp lo-
cated in the region where corrosion probability was
uncertain. After that, it dropped to the region where
corrosion probability was more than 90%.

3.5 Morphology of corrosion products

Fig. 6 shows the cross-section morphologies of cor-
rosion product after 14 cycles of dry/wet alternated
accelerated corrosion tests. It is shown that the cor-
rosion product contains an inner layer and an outer
layer. The inner layer of dark gray looks loose and
porous, and the outer layer of light gray looks com-
pact. The thickness of the rust layer is in the order of
10? pm, and it is not uniform. For instance, Fig. 6(a)
indicates a local rust position with a thickness of
440 pm, whereas Fig. 6(b) shows most of the rust
area with a thickness of 220 pym. This non-uniform
distribution of corrosion depth implies that the local

(@)

corrosion occurs on the rebar.
3.6 Compositions of corrosion product

The compositions of corrosion products of rebar
are shown in Fig. 7. The phases of Fe, NaCl and SiO4
in the XRD pattern are introduced from rebar sub-
strate and the environment system of mortar during
the sample preparation. Thus, the corrosion prod-
ucts of rebar are composed of v-FeOOH, Fe3O,4 and
a-FeOOH.

4. Discussion

According to the EIS results, the corrosion evolu-
tion process of rebar in mortar includes four stages
during the 14 cycles of dry/wet alternated corrosion
test.

During the curing period, two processes occur si-
multaneously on the surface of bare rebar in the chlo-
ride free mortar: the active anode dissolution and the
passivation of rebar[2!l. The initial step of both two
processes is the adsorption process of OH™ on rebar
surface, as expressed by reaction (3). After the for-
mation of the intermediate product of (FeOH),q, the
active anode dissolution and the passivation continue
to take place according to the following reactions (4)
and (5) and reactions (6) and (7), respectively. The
reaction rates of these two processes determine the
transformation of surface state of rebar in mortar. If
the anode dissolution rate is faster than the passiva-
tion rate, the rebar will dissolute continuously. Oth-
erwise, if the passivation rate is faster than the anode
dissolution rate, the area of passivation on the rebar
surface will increase continuously, and eventually a
complete passive film will form on the whole surface
of rebar.

Adsorption process:

Fe+ OH™ < (FeOH),q + €~ (3)
Anode dissolution:

(FeOH)nq — FeOHT + ¢~ (4)

(b)

Fig. 6 Cross-section morphologies of corrosion products: (a) local regions, (b) most regions
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Fig. 7 Compositions of corrosion products of rebar

FeOH" « Fe?™ + OH™ (5)

Passivation:
(FeOH),q + OH™ « [Fe(OH)z]aq + e~ (6)

[Fe(OH)Q]ad + OH™ — FeOOH + H0 + e~ (7)

In the high alkaline condition (pH value 12.5-13.5)
of the pore solution in mortar, the high OH™ content
slows the reaction rate of reaction (5) and accelerates
the passivation reactions (6) and (7). Therefore, a
layer of passive film forms on the rebar surface which
can protect the rebar against corrosion.

According to the results from EIS and FEco, the
rebar keeps in passive state before cycle 1. In cycle
1, although the C1~ had transmitted to the interface
of rebar/concrete after immersion in 3.5% NaCl so-
lution for 1 d, the rebar still maintained in passive
state as the breakdown of the passive film induced
by Cl~ needs an incubation period?2:23], In stage
II, the passive film on the rebar surface keeps intact
and compact which suppresses the electron transfer of
electrochemical reactions.

In stage II, the content of C1~ on some local re-
gions of film surface reached the threshold content for
destroying the passive film. When some local regions
of the passive film are destroyed, the corrosion cell
forms when oxygen exists. The locally exposed re-
bar substrate acts as anode and the large area of un-
damaged film acts as cathode. The anode reactions
are shown in (8)—(11), and the cathode reaction is
the reduction of oxygen, as shown in reaction (12)[24.
The CI~ does not be consumed in the corrosion reac-
tions. Moreover, the CI™ plays the role of depolariza-
tion at anode. This action accelerates the corrosion
process. Therefore, R¢, R.t and Fqp decrease signif-
icantly since cycle 2. However, the corrosion rate is
relatively slow in stage 1T (I <1 MA-CIH_2)7 and the
dissolved oxygen in the pore solution is sufficient for
charge transfer reduction. Therefore, the corrosion
process is controlled by charge transfer step.

Anode reactions:
Fe — Fe?T 4+ 2¢~ (8
Fe?* + CI™ — [FeCleomplex] ™ 9
[FeCleomplex] T +20H™ — Fe(OH)y + Cl~ (10
Fe(OH); + OH™ — FeOOH + HoO + e~ (11
Cathode reaction:

H,0 +1/205 4 2¢~ — 20H~ (12)

)
)
)
)

In stage III, along with the corrosion proceeding,
some corrosion products form on the anode region.
The volume expansion caused by corrosion products
enlarges the broken area of the passive film, which
aggravates the corrosion of rebar. Furthermore, when
the corrosion product FeOOH exists on the rebar sur-
face, the reduction of FeOOH shown as reaction (13)
will happen prior to the reduction of oxygen at the
cathode?®) . As this reaction can proceed without oxy-
gen being consumed, and it can consume Fe?* and
FeOOH, the anode dissolution reactions will be pro-
moted. Therefore, the I, increases rapidly with in-
creasing cycles. With the increase of the corrosion
rate and the formation of the corrosion product on
the rebar surface, the diffusion of the reactants and
products cannot satisfy the need of electrode reac-
tion. Therefore, the rate-controlled step of corrosion
process will change from the charge transfer step to
the diffusion step.

Cathode reaction:

Fe?t 4 8FeOOH + 2¢~ — 3Fe30, + 4H,0  (13)

In stage IV, with the expansion of the depth and
width of the corrosion pits and the increase of the
rust thickness, the whole passive film is destroyed.
When a thick rust layer forms on the rebar surface,
the diffusion process that the reactants reach the re-
bar surface and the products leave the rebar surface
becomes especially difficult. Therefore, after cycle 6,
the rate-controlled step of corrosion process is the dif-
fusion process through a barrier layer. However, de-
spite the formation of the thick rust layer can restrict
the rapid increase of the corrosion rate, it cannot re-
duce the corrosion rate. Moreover, as Fe3O,4 is not
the most stable rust product, it will transform to a-
FeOOH according to reaction (14) if the duration is
long enough. Therefore, the corrosion products con-
sist of v-FeOOH, Fe30,4 and a-FeOOH. Furthermore,
according to the cross-section morphologies of corro-
sion products, as shown in Fig. 6, the corrosion prod-
ucts can be divided into two layers. The inner layer is
loose and porous, while the outer layer is more com-
pact than the inner layer. As the initial corrosion
product is 7-FeOOH which has inherent loose struc-
ture, the inner layer of rust is probably composed of
v-FeOOH. Comparing with v-FeOOH, the structures
of Fe304 and a-FeOOH are more compact. There-
fore, the outer layer of rust is probably composed of
Fe304 and a-FeOOH which are the subsequent reac-
tion products as shown in reactions (13) and (14).
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Fes04+H2O+OH™ — 3a-FeOOH + e~ (14)

5. Conclusion

The local corrosion occurs on rebar in chloride con-
taminated mortar. The corrosion evolution process of
rebar includes four stages. Those are, passive stage,
local corrosion controlled by the charge transfer step,
accelerated corrosion controlled by the mass trans-
fer step, and constant rate corrosion controlled by
the mass transfer step through a barrier layer. The
corrosion products of rebar in mortar consists of -
FeOOH, Fe304 and a-FeOOH. The corrosion prod-
ucts can be divided into two layers. The inner layer
is loose and porous, which is probably composed of
v-FeOOH. However, the outer layer is more compact
than the inner layer, which is probably composed of
Fe304 and a-FeOOH.
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