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Electrochemical analysis of corrosion process
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Steel bar and concrete are the most commonly used materials in the construction
industry, but the corrosion of steel bar has always been an unavoidable and urgent
problem in the industry. The method of adding 0.12 mol chloride ion to a fluid simulating
porous concrete with a pH value of 12.6 was used in the experiment. By analyzing the
change of corrosion potential during steel bar erosion, the whole corrosion process was
divided into four processes: passivation, depassivation, corrosion stabilization and corro-
sion deterioration; the potentiodynamic polarization curves, electrochemical impedance
spectroscopy and their parameters were analyzed. According to the Nyquist impedance
spectra of corrosion state and different equivalent circuits, the rules of passive film
impedance, charge transfer resistance and double-layer capacitance on the surface of steel
bar during the whole corrosion process were obtained.
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EaexTpoximiunmii ananis mpoumecy xKopo3ii crajieBoro CTpUMKHS y piguMHi, 0 MOIearo€e
nopuctuii 6erou. F.Jiang, G.Jiang, W.Song, K.Zhu, N.He
HocaigKyeTbcsa KOpPO3isa cTaseBoro CTpusKHA y PiguHi, 110 Mogesaoe mopucruit 6eron. B
eKcIeprMeHTi BuKopucrano meron pomasBaHHa 0,12 moap xJaopupa-ioHa o0 MOLeIbOBAaHOL
pizuuu mopucroro cepemosuiia OeroHy si smauenHam pH=12,6. Ilpu amamisi sminmm mores-
miany Koposii mig uac eposii crasmeBoro cTpMXHSA BeChb IPoIleC KOpo3iil pospinenHo Ha voTupu
mpoliecu: IIacHUBAallisi, AelacuBallis, crabimisaimis koposii i koposiiime pyliHmyBamHsA, IIPO-
aHa/Mi30BaHO KpuBi moTeHiiogmHamiuHOl Mmosspmsaliii, CIeKTPOCKONisA elexTpoximiuxoro
iMmoemancy i ix mapamerpu. 3a cuekTpamMu imMmemancy HalikBucra KoposifiHoro craHy Ta
pPisHMMU cxeMaMM 3aMIiIlleHHSA OTPMMAHO IIPABMUJIA iMIIEZAHCY HACHUBHOI ILIiBKIM, OLHOPY IIepe-
HOCY 3apfALy i eMHOCTI mOABiliHOro miapy Ha IOBEPXHI CTAJEBOr'0 CTPHUIKHSA IIPOTATOM BCHOT'O
mpoiiecy Koposii.

Hccnenyercs Kopposusi CTAJNBHOTO CTEPIKHA B JKUIKOCTH, MOJEJHPYIOIIEH IIOPUCTBIN
GeroH. B skcnepumenTe mcnosbsoBajcsa meron nodasieHus 0,12 MOJb XJIOPHUA-MOHA K MKUI-
KOCTH, MOAeJHpYyIollell cpexy mopucroro GeroHa co sHauenuem pH=12,6. Ilpu amanuse
W3MEHEeHUsI MOTEHI[MAaJa KOPPOSHUH BO BPEMsA SPO3HUHU CTAJILHOI'O CTEDPIKHS BECh IIPOIECC KOP-
posuHU pasjesieH Ha JYeTbIpe MPOoIlecca: IMaCcCUBAIUs, NelacCUBAIds, cTabuansanusa KOpposuu
Y KOPPOSUOHHOE pPaspylleHre, NPOAHAJIN3UPOBAHLI KPUBBIE ITOTEHIMOINHAMHYECKON IIOJI-
pHU3alnuu, CIEKTPOCKOINA DJIEKTPOXMMUUYECKOr0 MMIIeTaHCA M X mapaMerpsl. IIo crmexTpam
uMmiesanca HalikBucTa KOPPOSHMOHHOI'O COCTOSHMNS M PASIHNUYHBIM CXeMaM 3aMEIeHUA II0JY-
YeHbl IIPABUJIA HMIIEIAHCA [IACCHBHON ILIEHKH, COIPOTHBICHUS IIEPEHOCY 3apsiga M €eMKOCTU
IBOUHOTO CJIOS HA IIOBEPXHOCTU CTAJLHOIO CTEPIKHS B TEUEHHE BCErO IIPOIECCa KOPPO3HU.
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Fig. 1. Equivalent circuits of three time constants.

1. Introduction

As the most important architectural form
in the world, reinforced concrete structures
are widely used in every corner of people’s
life. At the same time, as plenty of basic
materials for infrastructure, the durability of
reinforced concrete is related to people’s life
safety and the life cycle cost of the building
itself. A large number of researches have in-
dicated that over time the passive film will be
damaged due to low pH and free chloride ion
penetration due to carbonization, leading to a
loss of its protective effect on the steel bar
and gradual corroding the surface. Therefore,
it is of great significance to study the dura-
bility of the steel bar [1-5].

At present, the electrochemical imped-
ance spectroscopy (EIS) is an important tool
in the study of the structure and properties of
materials. Generally, hardened cement paste in
concrete can be regarded as an electrochemical
system of a porous medium [6, 7]. Therefore,
by measuring the electrochemical impedance
spectra of concrete, the change in the mi-
crostructure of concrete can be effectively
revealed. The equivalent circuit diagram in-
tuitively expresses the process described
above. Three common time constant equiva-
lent circuits are shown in Fig. 1 [8-10].

In essence, the corrosion process of steel
bars in concrete is an electrochemical reac-
tion process. Concrete becomes an electrical
conductor due to the movement of bound
ions in one direction. In general, the corro-
sion of steel bars in concrete is due to natu-
ral electrochemical corrosion. A passive film
for the steel bar can effectively protect it
from corrosion, and the electromotive force
here is different from that of the corroded
steel bar. Therefore, the corrosion state can
be estimated on the basis of the corrosion
potential of the steel bar.
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Fig. 2. Test scheme for the three electrode
system.

2. Experimental

The working frequency of the electro-
chemical analyzer ranges from 10 mHz to
100 kHz, and the amplitude of the AC excita-
tion signal is 10 mV. For the electrochemical
test of carbon steel reinforcement and alloy
steel reinforcement, the impedance spectrum was
measured by a three-electrode system. As shown
in Fig. 2, the 1 position is the test sample, and
the steel bar blocks of carbon steel and stainless
steel are measured in the experiment. The test
sample 1 is connected with the working electric
level of the electrochemical analyzer. The 2 posi-
tion shows the auxiliary electrode and platinum
electrode used. The 3 position is a saturated calo-
mel electrode (SCE), and 4 is a reference electrode
located as close as possible to the working elec-
trode in the test. Then a computer 6 is connected
with an electrochemical testing instrument 5 for
data import and recording. The composition of the
simulated porous fluid is shown in Table 1.

3. Kesults and analysis

3.1. Change of corrosion potential of steel
bar with immersion time

The pH value in the simulated porous
fluid was fixed at 12.6, and 0.12 mol/L so-
dium chloride was added. Fig. 8 shows the
corrosion potential value of steel bar in the
simulated porous fluid from day 1 to 81, and
the corrosion potential and electrochemical
impedance are measured each 2-3 days dur-
ing this period. It is observed that the cor-
rosion potential of the steel bar in the simu-

Table 1. Simulated porous fluid composi-
tion (mol-L71)

pH KOH NaOH | Ca(OH), | NaHCO,
12.6 0.06 0.02 0.0001 | 0.0242
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Fig. 3. Corrosion potential change with expo-
sure time.

lated porous fluid increases in the initial
stage, and then decreases to its lowest level
at the 8lst day. From the 1st to 4th day,
the corrosion potential is in the positive
shift stage, forming a stable passive film to
protect the steel bar from chloride ion ero-
sion. From the 4th to 7th day, the corrosion
potential is stable at —270 mV. Although
chloride ions have eroded the steel bar to
some extent, the steel bar is still in the pas-
sivation stage and has a certain protective
effect. From the 7th to 12th day, the corro-
sion potential continues to decrease and de-
passivation occurs. Over time, the chloride
ion continuously corrodes the steel bar. When
the passive film is damaged locally, pitting
corrosion occurs. On the 15th and 49th days,
the corrosion potential significantly decreases
to —419 mV and —648 mV, respectively, and
the corrosion is aggravated. Therefore, the
corrosion process of the steel bar can be di-
vided into four processes: passivation, corro-
sion initiation, corrosion stabilization and
corrosion deterioration.

3.2. Electrochemical impedance spectros-
copy characteristics of passivation process of
steel bar

Fig. 4 shows the change of the Nyquist
impedance spectrum of the steel bar passi-
vation process in the simulated porous
fluid. Over days, the radius of capacitive
reactance arc increases, and a passive film
gradually forms on the steel bar. The fit-
ting parameters of the equivalent circuit
are shown in Table 2. The resistance of the
passive film R, increases from 167 kQ-cm?
to 334 kQ-cm?2.
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Fig. 4. Nyquist impedance spectrum of steel
passivation process.
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Fig. 5. Nyquist impedance spectrum of steel
corrosion initiation process.

3.3. Characteristic analysis of electro-
chemical impedance spectra during corro-
sion initiation of steel bars

Fig. 5 shows the Nyquist impedance
curves on the 5th, 7th, 9th and 12th days
in the soaking time range of 5—12 days. It
can be seen that all curves of the impedance
spectrum represent a capacitive reactance
arc, and the capacitive reactance arc de-
creases with increasing soaking time of
steel bars. The radius of the capacitive reac-
tance arc on the 5th day is similar to that
of the 7th day. It can be seen that in the
range of 5—7 days, the passive film on the
surface of steel bars remains intact and is
in the passivation state, while in the period
of 9—-12 days, the radius of capacitive reac-
tance arc decreases obviously, that is, the
steel bars begin to degrade with chlorine
ions and pitting occurs gradually. The pas-
sive film resistance R, decreases from

Functional materials, 27, 4, 2020
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Table 2. Equivalent circuit parameters of
electrochemical impedance in the passiva-
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Fig. 7. Equivalent circuit of Nyquist imped-
ance diagram for steel bar during corrosion.

Table 3. The equivalent circuit parameters
of electrochemical impedance in the corro-
sion initiation process

tion stage Day R, Q.. n R,

.em?2 .em—2 o2

Day R, Q.. n R, Q-cm uF-cm kQ-em

Q.cm? uF-cm—2 kQ-cm2 124.2 2.22 0.95 327

1 22.2 1.82 0.97 167 7 152.9 4.13 0.96 314

2 36.5 2.24 0.96 203 98.6 6.54 0.95 244

3 24.8 1.75 0.96 2492 12 113.3 5.47 0.93 211
4 12.9 1.47 0.94 334

320 kQ-cm? to a minimum of 211 kQ-cm?2. It
can be concluded that the passive film is
gradually destroyed, the resistance of the pas-
sive film decreases, the protective effect on the
reinforcing matrix is weakened, and the pit-
ting phenomenon gradually begins to occur.

3.4. Analysis of electrochemical charac-
teristics of corrosion stabilization process of
steel bar

Fig. 6 shows the Nyquist impedance dia-
gram curves on 15th, 25th, 836th and 47th
day. Over this time, the impedance spec-
trum changed from one capacitive reactance
arc to two capacitive reactance arcs during
the corrosion initiation process. That is, the
impedance characteristics consist of two
time constants, one in the high frequency
region and the other in the low frequency
region. The appearance of the second capaci-
tive reactance arc in the low frequency re-
gion indicates that the sodium chloride in
the solution gradually began to stimulate
local corrosion. The process of charge trans-
fer takes place on the surface of steel bars,
and a double electric layer gradually forms
on the surface of steel bars. The corrosion
process of steel bars can be revealed by the
resistance of the charge transfer process.
The equivalent circuit is shown in Fig. 7,
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where R, is the passive film resistance, @,
is the passive film capacitance, R, is the
low-frequency half-circle charge transfer resis-
tance, and @ ; is the double-layer capacitance.
The values of each parameter in the equivalent
circuit are small as shown in Table 4.

From Table 4, it can be seen that the
passive film resistance R, gradually de-
creases from 192 kQ-cm?2 on the 15th day to
166 kQ-cm? on the 47th day. This is because
during depassivation on the surface of steel
bars, chloride ions combine with cations in
the passive film to form soluble halides,
which gradually destroy the steel bars.
Compared with the previous corrosion in-
itiation stage, the resistance of the passive
film is lower, the pitting corrosion of steel
bar develops into a state of localized corro-
sion, and the protective effect of the pas-
sive film on the steel bar becomes gradually
weaker. The charge transfer resistance R
decreases from 69 kQcm? on 15th day to
39 kQ-cm? on 47th day. With the continu-
ous corrosion of steel bars, corrosion gradu-
ally goes into a local range. As the corro-
sion continues, steel bars gradually loosen,
the corrosion gradually accelerates, and the
charge transfer resistance becomes less.
From Fig. 6, it is obvious that the radius of
the second low frequency circle decreases
with an increase in the immersion time,
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Fig. 8. Double-layer capacitance and index of
steel surface.

that is, the charge transfer resistance of the
equivalent circuit of steel bar in the simu-
lated porous fluid decreases.

In Fig. 8, the change curves of double-
layer capacitance @; on the surface of steel
bar and the dispersion index n are shown.
They are also important parameters to char-
acterize the corrosion of steel bar. The
value of the double-layer capacitance @  on
the surface of steel bar gradually increases
with corrosion from 22.5 uF on the 15th
day to 43.1 uF. The n value decreases from
0.87 on the 15th day to 0.77. This is mainly
due to the fact that the dispersion index n
characterizes the smoothness of the surface
of the entire system. As the degree of cor-
rosion increases, the surface roughness of
the steel bar increases and the value of n
decreases, that is, the value of n will be
further and further away from 1, so the
dispersion effect becomes stronger.

3.5. Analysis of electrochemical charac-
teristics of corrosion deterioration process of
steel bars

Figure 9 shows the Nyquist impedance
spectrum of a steel bar during corrosion
deterioration in a porous simulation fluid
when the holding time is 49-81 days. The
Nyquist impedance spectrum shows two arcs
and a straight line section with a larger arc
that looks like an oblique line. The imped-
ance spectrum shows a diffusion tail. At
this time, the corrosion process gradually
develops into a diffusion process. The
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Fig. 9. Nyquist impedance spectrum of steel
corrosion deterioration process.

equivalent circuit is shown in Fig. 10; R,
and @, are, respectively, the shunt resis-
tance and capacitance introduced in the dif-
fusion process at low frequency. The values
of each parameter are shown in Table 5.

Table 5 shows that the passive film resis-
tance R, decreases from 103 kQ-cm? on the
49th day to the minimum value of
33 kQ-cm? on the 81st day. The resistance
of the passive film can characterize the de-
gree of corrosion due to the intensification
of local corrosion of steel bar. The value of
33 kQ-cm? of the passive film resistance on
the 81st day indicates that the steel bar
immersed in simulating porous fluid has
reached the state of maximum deteriora-
tion. The charge transfer resistance R, de-
creases from 34 kQ-cm? on the 49th day to
the minimum value of 13 kQ-cm? on the
81st day. Compared with the stable stage of
corrosion, the degree of corrosion is further
increased. As the degree of corrosion in-
creases, the entire steel structure becomes
looser, more chlorine ions are in contact
with the steel bar, and the corrosion rate is
higher than before, which reduces the
charge transfer resistance.

Fig. 11 shows the curves of changing the
double-layer capacitance @; on the surface
of steel bars and the dispersion index n,
which are also important parameters to

Table 4. Electrochemical impedance equivalent circuit parameters in corrosion stabilization stage

Day R, Q-cm? Q. uF-cm 2 n R, kQ.-cm? Qs uF-cm 2 n R., kQ-cm?
15 56.2 5.9 0.72 192 22.5 0.87 69
25 74.5 8.8 0.78 179 34.6 0.83 57
36 82.9 7.4 0.86 133 29.7 0.78 44
47 44.6 11.8 0.73 121 43.1 0.77 39
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Fig. 10. Equivalent circuit of Nyquist imped-
ance diagram for steel bar during corrosion
deterioration process.
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Fig. 11. Values @, and n on the steel bar
surface.

Table 5. Electrochemical impedance equivalent circuit parameters in corrosion deterioration stage

Day R, Q. n R, Qyp n R, Q> n R,
Qcm? |uF-cm™2 Qcm? |uF-cm™2 Qecm? |uF-em™2 kQ-cm?
49 47.3 4.4 0.83 103 52.3 0.82 34 5 0.89 12
60 54.6 7.8 0.79 92 57.6 0.79 25 8 0.77 15
73 38.9 14.5 0.62 48 63.8 0.77 18 7 0.82 14
81 43.1 12.9 0.73 33 71.2 0.76 13 4 0.85 17
characterize the corrosion of steel bars. As Acknowledgements. Natural Science

can be seen from Fig. 11, compared with the
previous stable stage of corrosion of the
steel bar, the double-layer capacitance Qg
on the surface of the steel bar continues to
increase from 52.3 uF on the 49th day to
71.2 uF, indicating that corrosion is wors-
ening. The index n decreases gradually from
0.82 on the 49th day to 0.76. It can be seen
that the dispersion index n of the double-
layer capacitance @  on the surface of steel
bar is farther from 1, the corrosion deepens
further and the surface of steel bars be-
comes rougher.

4. Conclusions

The passive film resistance R, decreases
gradually with an increase in the steel cor-
rosion degree. The surface corrosion of steel
bars undergoes four stages: from local pit-
ting to pitting, then to local corrosion, and
finally to deterioration of steel bars as a
whole. The radius of the capacitive reac-
tance arc in the Nyquist impedance spec-
trum increases continuously. With an in-
crease in the corrosion time to 47 days, two
capacitive reactance arcs appear. At the
stage of aggravating corrosion of a steel
bar, a diffusion tail of a straight section
appears in the impedance spectrum as an
oblique line.
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