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Abstract: Corrosion kinetic parameters play an important role in researchers’ ability to understand and predict corrosion behavior. The cor-
rosion kinetic parameters of structural steel Q345B specimens immersed in 3.5wt% NaCl solution for 1-2 h were determined using linear
polarization resistance (LPR), Tafel-curve multiparameter fitting, electrochemical impedance spectroscopy (EIS), and electrochemical fre-
quency modulation (EFM) methods. The advantages and disadvantages of each method were investigated and discussed through comparative
investigation. Meanwhile, the average corrosion rate was examined using traditional coupon tests. The results showed that the corrosion cur-
rent density values estimated by EFM at a base frequency of 0.001 Hz and those obtained by Tafel-curve four-parameter fitting (TC4) are
similar and consistent with the results of coupon tests. Because of their slight perturbation of the corrosion system, EIS and EFM/TC4 in col-
laborative application are the recommended techniques for determining the kinetics and the corresponding parameters for the homogeneous
corrosion of the naked metal. In our study of the electrochemical kinetics, we obtained much more abundant and accurate electrochemical

kinetic parameters through the combined use of different electrochemical methods.
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1. Introduction

Metal corrosion is primarily an electrochemical process
involving metal oxidation and simultaneous reduction of
some other species [1], where corrosion current is one of the
most important kinetic parameters. Corrosion current has
therefore long been considered an important research sub-
ject for corrosion researchers. A number of techniques have
been developed and widely applied in various fields, in-
cluding nuclear power systems [2—4], the petrochemical in-
dustry [5-9], aviation and space flight [10], and the construc-
tion of reinforced concrete structures [11-15]. These tech-
niques can be classified into two types: non-electrochemical
and electrochemical measurements.

The most commonly used non-electrochemical tech-
niques are the coupon test measurement, the electrical resis-
tance (ER) method [16—-17], and visual inspection. As a tra-
ditional technique, the coupon test method is considered the
“gold standard” of corrosion testing and is certainly the
simplest way to evaluate metallic corrosion. However, it is
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time-consuming, cannot be used to obtain real-time data, has
limited sensitivity, and can only provide a proper prediction
of corrosion rate for homogeneous corrosion. Corrosion
monitoring probes based on tracing the changes in ER have
been in use since the 1950 s [18—19]. ER probes are often
selected for field applications because of their relatively
simple operating principle, few maintenance requirements,
ease of data interpretation, and ability to acquire data in
real-time [20]. However, the formation of electrically con-
ductive corrosion products/surface deposits or the occur-
rence of localized corrosion on the sensing component can
result in erroneous detection [21].

Many electrochemical techniques for estimating corro-
sion kinetic parameters have been developed, including linear
polarization resistance (LPR) [22-25], potentiodynamic pola-
rization [5-6,26-28], electrochemical noise (ECN) [2,4,29],
electrochemical impedance spectroscopy (EIS) [30-33], and
harmonic distortion analysis [34-36]. However, each of
these electrochemical techniques has advantages and disad-
vantages. For instance, LPR can be used to obtain the pola-
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rization resistance quickly through small-range polarization;
however, it cannot be used to calculate the corrosion rate
directly unless the Tafel constants are known [37]. The Ta-
fel-curve method is an important technique for determining
the corrosion rate in a laboratory setting. Interpretation of
the Tafel curve can provide abundant electrochemical para-
meters; however, the large disturbance potential used in the
measurements can damage the specimen surface [1, 37].
The literature contains extensive research on the application
of specific techniques in certain fields, whereas few investi-
gations have been focused on systematically comparing
these techniques.

Q345B, a structural steel, is widely used in ships, bridges,
and other ocean engineering fields. Because of the harsh
corrosiveness of the ocean environment, marine steel struc-
tures have long suffered from serious corrosion. Accordingly,
the Q345B/3.5wt% NaCl solution corrosion system was in-
vestigated in the present work. Several approaches, includ-
ing LPR, EIS, the Tafel-curve multiparameter fitting method,
electrochemical frequency modulation (EFM), and coupon
tests, were used to evaluate the corrosion kinetic parameters
for a comparative investigation.

2. Experimental
2.1. Materials and equipment

Table 1 presents the chemical composition of the Q345B
used in the experiments. Immersion tests were performed on
Q345B coupons (50 mm x 25 mm % 3 mm) with a ¢$3-mm
hole in their top middle. The specimens for mass-loss mea-
surements were polished to 2000 grit, cleaned ultrasonically
in acetone, rinsed with deionized water, and dried under
cool flowing air. Polished specimens were used for mor-
phology observations before and after immersion to achieve
a better comparison. For electrochemical experiments, the
Q345B specimens were mounted in epoxy resin, leaving an
exposed area of 10 mm x 10 mm, and subsequently
wet-polished with silicon carbide paper to 2000 grit.

Table 1. Chemical composition of the Q345B steel used in the
experiments wt%

C Mn Si P S Fe
0.171 0.857 0.175 0.14 0.012

Balance

All experiments were performed at room temperature
(20-22°C) in 3.5wt% NaCl solution under natural aeration
conditions. The NaCl used to prepare the solutions was an
analytically pure reagent purchased from Sinopharm Chem-
ical Reagent Co., Ltd., China.

A Gamry Reference 600 potentiostat/galvanostat was

used to carry out the electrochemical tests. A saturated ca-
lomel electrode was used as the reference electrode, and a
30 mm X 30 mm platinum plate was used as the counter
electrode. The morphologies of the coupons before and after
immersion in the test solution were observed using a ZEISS
Auriga scanning electron microscope. A Sartorius BSA124S
electronic analytical balance with an accuracy of 0.0001 g
was used in the coupon tests.

2.2. Test methods

First, the time dependence of the open-circuit potential
(OCP) was measured to examine the process by which the
corrosion cell became relatively stable in its early stage; the
results are shown in Fig. 1. The OCP became stable after
approximately 1 h of immersion. Therefore, prior to all sub-
sequent electrochemical experiments, the specimens were
immersed in the test electrolyte for 1 h.
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Fig. 1. Time dependence of the open-circuit potential for
Q345B immersed in 3.5wt% NaCl solution.

2.2.1. Coupon test method

Coupon tests were carried out to provide a basis for
comparison. Given the similarity between the test conditions
and the electrochemical examination conditions and the li-
mited accuracy of coupon tests, we selected three immersion
times: 12, 24, and 36 h. All of the specimens were immersed
synchronously in a large beaker filled with 2 L of 3.5wt%
NaCl solution under laboratory conditions. During the cou-
pon tests, the ratio between the surface area of each tested
specimen and the total volume of solution was 22.6 mL-cm™.
Three sets of parallel specimens were subjected to coupon
tests; the average was calculated and the reproducibility was
evaluated.

Prior to mass measurements, the floated rust layer was
scraped from the steel surface and the residual rust was re-
moved using a mixed solution composed of 500 mL hy-
drochloric acid + 20 g hexamethylenetetramine + 1 L deio-
nized water [38]; the specimen was then rinsed with deio-
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nized water and dried under cool flowing air.
2.2.2. LPR method

The linear polarization theory was proposed by Stern and
Geary in 1957 [39] and was further developed by Mansfeld
and Kendig [24-25]. Small polarization near the corrosion
potential £, is conducted to determinate the corrosion re-
sistance on the basis of the following equation, i.e., the
Stern—Geary equation:
B hh 1

Ai 23(by+b,) iy

where R, is the system polarization resistance, AE is the dif-
ference between the polarization potential £ and the corro-
AE=E-E_,.), Aiis the differ-
ence between the measured current density ¢ and the corro-
sion current density igoy (i.€., Ai=i—i, ), and b, and b,
are the anodic and cathodic Tafel coefficients, respectively.

LPR tests were performed in a Q345B/3.5wt% NaCl
corrosion system from —10 to +10 mV vs. E,,, with differ-
ent scan rates ranging from 0.1 to 10 mV/s.
2.2.3. EIS method

EIS experiments were carried out using +5 mV excitation

(D

sion potential E.,; (i.e.,

from 10°to 107 Hz with 5 points per decade. Subsequently,
a fitting process based on the simple Randles circuit was
used to estimate the value of R, In addition, sin-
gle-frequency (0.01 Hz, £5 mV) EIS experiments were also
performed because the solution resistance was far smaller
than the system polarization resistance Ry, (i.e., the solution
resistance can be ignored).
2.2.4. Tafel-curve multiparameter fitting method

Tafel polarizations were carried out in the approximate
potential range from —150 to +150 mV vs. E . A scan rate
of 1.0 mV/s was selected to simultaneously shorten the
measurement time and minimize the capacitive current.

Exact analysis of a Tafel curve is difficult without know-
ledge of the step controlling electrochemical process. When
metal corrosion is controlled by a charge transfer process,
the relationship between the measured current density i and
the polarization potential £ obeys the Butler—Volmer equa-
tion [40]:

- {exp{z 3(Eb Em)} exp{zj(Ezm—E)}} ®

Eq. (2) can be simplified in the case of strong anod-
ic/cathodic polarization conditions by neglecting the
second/first terms in the right part of the equation, which is
well known as the Tafel linear relationship; the simplified
equation can then be used to estimate i, and the Tafel coef-
ficients [27]. However, if the electrode process is influenced

by diffusion in the potential range from —150 to +150 mV vs.
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E., the polarization curve equation can be expressed as

follows [26-27]:
o 230E
Pl =7,

2.3AE ©
- g - 22 |

and ip is the limiting diffusion cur-

where AE=E-FE_,,
rent density.

Because four kinetic parameters, b,, b, icon, and iy, are
included in Eq. (3), the fitting based on these parameters is
referred to as four-parameter fitting [26—27]. When the met-
al electrode is strongly polarized in the cathodic direction,
Eq. (3) can be simplified into the following equation:

x| _23AE
p b,
corr
lL bc

AE =b, lg leorr 4 p Jg—

“)

or

®)

i — iy,
Three kinetic parameters, bc, fcom, and ip, are included in Eq.
(5); thus, the fitting process based on this equation is re-
ferred to as three-parameter fitting [26].

In the present paper, the relevant corrosion electrochemical
parameters were evaluated by linear [27], three-parameter [26],
and four-parameter fitting [26—27].

2.2.5. EFM method

Corrosion is a nonlinear electrochemical process and thus
may produce various response currents under the distur-
bance of sine-wave signals with different frequencies, such
as zero-frequency current, harmonic current, or intermodu-
lation current [41]. The corrosion current density and Tafel
constants can be obtained by solving these current equations
for different frequencies, which is the principle of the EFM
method. Because of the advantages of this method, such as
its ability to be carried out without knowledge of the Tafel
constants and its slight perturbation of the system (+5 to 10
mV), EFM has become an important online corrosion rate
monitoring technique in recent years [41-42].

EFM tests were carried out by setting the base frequency
to 1.0, 0.1, 0.01, and 0.001 Hz, with four cycles for each
frequency, and setting the multipliers to 2 and 5. Compared
to the frequency, the amplitude had less effect on the expe-
rimental results [43]. In principle, because the deduction of
the EFM equation involves a Taylor expansion, the ap-
proximate treatment of the EFM equation requires an am-
plitude as small as possible. In addition, a small amplitude
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also reduces the disturbance of the electrode surface. How-
ever, the application of low disturbance signals below +5
mV renders the measurement of higher harmonic and in-
termodulation components difficult because of background
noise. By comprehensive consideration, we selected £5 mV
as the amplitude of the excitation voltage for the EFM mea-
surements.

3. Results and discussion
3.1. Coupon tests

Fig. 2 presents the coupon tests results for Q345B steel
specimens immersed in 3.5wt% NaCl solution for 12, 24,
and 36 h. A comparison of the results for the specimens
immersed for different durations reveals that the average
corrosion rate tends to decrease slightly after the first 24 h of
immersion; in addition, the fluctuation ranges of the error
bars in Fig. 2 increase with increasing immersion time,
which is attributed to increasing influence of the corrosion
products. For the sake of consistency of immersion time, the
coupon corrosion rate corresponding to 12 h of immersion
time, 12.53 pA-cm 2, was chosen for the comparative study
with other techniques.

To identify the early stage corrosion type of Q345B in
3.5wt% NaCl solution, the tops of the specimens before

(2)

(blank specimen) and after immersion for 24 h were ob-
served by scanning electron microscopy (SEM); the corres-
ponding micrographs are shown in Fig. 3. Compared with
the surface of the blank specimen shown in Fig. 3(a), the
surface of the immersed specimen exhibits many uniformly
distributed corrosion pits (Fig. 3(b)), which implies that the
early stage corrosion of Q345B in 3.5wt% NaCl solution is
homogeneous. Thus, the electrochemical methods applica-
ble to a homogeneous corrosion system were used in sub-
sequent experiments.
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Fig. 2. Corrosion rates calculated from the mass loss of
Q345B immersed in 3.5wt% NaCl solution for different dura-
tions.

Fig. 3. SEM images of the surface morphology: (a) the blank specimen; (b) the specimen immersed in 3.5wt% NaCl solution for 24 h.

3.2. LPR tests

Fig. 4 shows the R, values obtained via the LPR method
using different potential scan rates for Q345B specimens
immersed in 3.5wt% NaCl solution. The R, value increased
with increasing scan rate from 0.1 to 0.3 mV/s, fluctuated in
a narrow range at scan rates from 0.3 to 1.0 mV/s, and de-
creased substantially at scan rates from 1.0 to 10 mV/s. The
small fluctuation of R, in the 0.3—1.0 mV/s range may be at-
tributed to the small OCP variation. The R, value increased
with increasing scan rate from 0.1 to 0.3 mV/s is similar to

the impedance behavior in the low-frequency region of the
Bode plot constructed from the EIS data, which will be ex-
plained in section 3.3. The dramatic decrease of R, meas-
ured data at potential scan rates larger than 1.0 mV/s can be
explained as follows.

Gonzalez et al. [44—45] used a modified Randles circuit
to simulate the most common electrical-double-layer model
of electrochemical corrosion and pointed out by calculation that
a suitable scan rate depends on the time required for the pola-
rized system to achieve a steady state, i.e., time constant 7 :
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Fig. 4. The R,values estimated from LPR tests conducted at
different potential scan rates.

. CRR,
R,+R,
where R, is the solution resistance and C is the capacitance
of the double layer. For an electrolyte system with good
conductivity (such as seawater), R,>> R.; thus,
7=CR, 7
A small time constant for a system means that the system
can quickly achieve a steady state, which is beneficial for

(6)

obtaining the stationary Ai to calculate R,. As a general
rule, after a AE is applied, a waiting time of 5 < 7<6 is
necessary to obtain the stationary Ai necessary to calculate
R, [44].

If the scan rate is sufficiently low, the system has suffi-
cient time to achieve a steady state; the transitory compo-
nent of the response current will then attenuate to be neglig-
ible, which ensures good accuracy of R, values calculated
using Eq. (1). Conversely, if the scan rate is very large, the
system will fail to achieve a steady state because of the in-
sufficient waiting time; in this case, the transitory compo-
nent of the response current will not be negligible, making
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the measured current artificially large and the R, value cal-
culated using Eq. (1) artificially low.

Therefore, the scan rate obviously affects the R, mea-
surement (Fig. 4). As some researchers [45] have suggested,
a suitable scan rate can be selected on the basis of actual on-
site measurement conditions. In the present case, the effect
is relatively weaker in the potential scan rate range from 0.3
to 1.0 mV/s. Thus, the mean value of R, in this range, 1593
Q-cm?, was taken as the result of the LPR tests.

3.3. EIS analyses

The Nyquist and Bode plots based on the results of the
EIS experiments in the frequency range from 10°to 10~ Hz
are shown in Figs. 5(a) and 5(b), respectively. In Fig. 5(a), a
single deformed inductive loop appears in the low-frequency
region, which leads to shrinkage of the real part of the im-
pedance. Using the equivalent circuit shown in Fig. 5(a) to
fit the curve while ignoring the last two points in the
low-frequency region, we obtained an R, value of 1639
Q-cm”. During the fitting process, a constant phase element
was used; its impedance is given by
Z(w) = _ 1
Y, (jo)
where j=\/—71 and n and Y, are frequency-independent
coefficients, and wis the angular frequency.

®)

The Bode plot obtained by again neglecting the inflection
of the last two points in the low-frequency region (Fig. 5(b))
clearly shows that the corrosion system has only one time
constant, which demonstrates the feasibility and effective-
ness of the EIS fitting. The EIS results and the correspond-
ing equivalent circuit indicate that, during the 1-2 h immer-
sion period, the corrosion process of Q345B was controlled
by activation rather than by oxygen diffusion, consistent
with the results of Melchers and Jeffrey [46].
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Fig. 5. Experimental EIS data (symbols) and the corresponding fitted data (line) for Q345B immersed in 3.5wt% NaCl solution: (a)
Nyquist plot, where CPE is the constant phase element; (b) Bode plot.
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Fig. 6 presents the results of single-frequency EIS mea-
surements conducted at 0.01 Hz. The impedance values
fluctuated near the average value of 1406 Q-cm’, which is
consistent with the real part of the impedance value (~1400
Q-cm?) at 0.01 Hz shown in Fig. 5(a). The single-frequency
EIS results further confirm that the real part of the imped-
ance in Fig. 5(a) shrinks in the low-frequency region.
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Fig. 6. The R, values obtained by single-frequency (102 Hz)
EIS for Q345B immersed in 3.5wt% NaCl solution.

Generally, the corrosion process of a metal anode can be
represented by the general formula:

M —M"" +ne” )
For most commonly used industrial metals, n > 1. However,
in most cases, the M atom loses an electron first to form a
monovalent metal complex and then gradually oxidizes until
finally forming stable n-valence cation [47]. The reaction
intermediates formed during the reaction may be adsorbed
onto and/or desorbed from the metal surface.

In the case of a system where electroactive species such
as reaction intermediates or corrosion inhibitors adsorb onto
the electrode surface, a second impedance semicircle will
appear in the complex impedance plane. The actual appear-
ance in the EIS spectrum depends on the time constants of
the electrochemical reaction, the values of resistance and
capacitance in the equivalent circuit, and the types of ad-
sorptive impedance corresponding to capacitive impedance
or inductive impedance [48]. The larger the difference be-
tween the time constant 7 of the adsorption process and the
time constant R,Cy of the electrode reaction, the more the
inductive or capacitive loop tends to be a semicircle. Other-
wise, as with the phenomenon shown in Fig. 5, when 7 is
similar to R,Cgy, the second impedance semicircle corres-
ponding to the adsorption process will partly overlap the
first impedance semicircle, forming a single deformed capa-
citive loop with shrinkage in the real part of the impedance

in the low-frequency region.

In the present work, the shrinkage of the real part of the
impedance in the low-frequency region shown in Fig. 5(a)
and Fig. 6 might be attributable to the time constant 7 of
the adsorption process of the reaction intermediates being
similar to the time constant R,C4 of the electrode reaction
during the dissolution reaction of Fe.

3.4. Tafel polarization

Fig. 7 shows the Tafel curve of Q345B immersed in
3.5wt% NaCl solution and scanned at a rate of 1.0 mV/s.
The anodic polarization is activation controlled, whereas a
limiting diffusion plateau clearly exists in the cathodic re-
gion. As the OCP drifts toward the negative direction, the
natural corrosion process will tend to become oxy-
gen-diffusion controlled, as in the phenomenon reported by
Melchers and Jeffrey [46].
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Fig. 7. Polarization curve of Q345B immersed in 3.5wt%
NaCl solution and scanned at a rate of 1.0 mV/s from —150 to
+150 mV vs. Ey.

For the anodic process controlled by activation, the cor-
rosion kinetic parameters can be obtained by fitting the Tafel
curve in the strong polarization region, i.e., in the region from
+70 to +150 mV vs. E, using linear fitting Eq. (10) [27] de-
rived from Eq. (2).

AE =b,1g—— (10)
lCOlT

As shown in the anodic region of Fig. 7, a b, value of 81.9

mV-dec was determined. By extrapolating the linear fitting

line to where E = 0 vs. Ey, the i, value of 18.8 ;LA-cm’2

was roughly determined.

For the cathodic process, because the influence of diffu-
sion mass transfer cannot be neglected, nonlinear three-parameter
Eq. (5) was used for fitting the data in the region from —150
to =30 mV vs. E, in Fig. 7. The cathodic region from —30
to 0 mV vs. E,; was excluded during fitting because of the
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necessity of eliminating the influence of term exp( 2ZAE]

in Eq. (3).

Four-parameter fitting of the Tafel curve (TC4) can be
used to evaluate more kinetic data; however, proper initial val-
ues of the parameters are essential for a successful fitting [26].
In this work, the values of b,, b, i..x, and i; obtained from
Tafel-curve linear fitting and three-parameter fitting were
used as the initial values for the four-parameter fitting.
Because a large anodic disturbance to the metal might re-
sult in erroneous data, the potential range from —150 to
+30 mV vs. E.,, was selected for fitting. As shown in Fig.
8, anodic and cathodic Tafel constants b,, b., i.oy, and iy
were evaluated by four-parameter fitting to be 78.4
mV-dec!, 103.0 mV-dec', 12.3 pA~cm’2, and 12.3
pA-cm 2, respectively.

20F  —o— Experimental curve
Four-parameter fitting
LSF pe=0.9994
_ 10L b6.=(784+0.4)mV-dec
"CE b,=(103.0+ 6.1) mV-dec™!
jt’ 0.5F il = (12.3£0.06) pA-cm™
" i, =(12.3 £ 0.06) pA-cm
S 00f
T =05
_10 L
]5 1 1 1 1
-0.15 -0.10 -0.05 0.00 0.05
E/Vvs. E,
Fig. 8. Four-parameter fitting results for the polarization

curve of Q345B immersed in 3.5wt% NaCl solution and
scanned over the potential range from —150 to +30 mV vs. E,,,.

The cathodic process of the target corrosion system is the
oxygen reduction process, which is a complex four-electron
reaction:

0, +2H,0+4e” —>40H" (€0))]
Because of the generation of unstable intermediates (e.g., H,
O,/HO, or adsorbed oxygen/surface oxides [47]), research-
ers encountered many difficulties in elucidating the process
of Eq. (11), resulting in substantially worse understanding of
the oxygen reduction process compared to the hydrogen
evolution reaction. For most metal electrodes, the oxygen
reduction process obeys the mechanism of reactions in Egs.
(12)—(14) [49-51], with the one-clectron charge transfer
process (Eq. (12)) as the rate-controlling step, irrespective of
whether the reaction occurs in acid solution or in alkali solu-
tion:

0,+e” —>0; 12)
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0, +H,0+e¢” - HO, +OH"™ (13)
HO; —>%O2 +OH" (14)
According to the electrochemical equation,
2.303RT
h =2 15
¢ an’F (15)

where R is the universal gas constant (8.3147 J/(mol'K)), T
is the absolute temperature, a is the symmetry factor (gener-
ally a = 0.5 in an ideal state), n' is the number of electrons
transferred in the rate-controlling step of the reaction, and F
is the Faraday’s constant (96487 C/equivalent). When n'=
and 7= 293 K (room temperature), b, was determined to be
116 mV-dec™'. A comparison of the b, values clearly indi-
cates that the b, value obtained by the four-parameter fitting
is much closer to the theoretically calculated value than that
calculated by the three-parameter fitting.

For the fitting results presented in Figs. 7 and 8, the R’
values, which indicate the goodness of fit, increased from
0.9636 (three-parameter fitting) to 0.9994 (four-parameter
fitting), indicating enhanced fitting precision in the case of
four-parameter fitting.

3.5. EFM tests

Fig. 9 shows the time dependence of current density for
Q345B immersed in 3.5wt% NaCl, as detected by the EFM
method using several different base frequencies. Obviously,
lower EFM base frequencies resulted in longer test durations.

Melchers and Jeffrey [46] proposed that the corrosion of
carbon steel immersed in seawater was controlled by activa-
tion when the immersion time was less than 5 d. Therefore,
for Q345B immersed in 3.5wt% NaCl for only a few hours,
the corrosion process can be reasonably assumed to be acti-
vation controlled, as confirmed by the EIS spectrum and the
corresponding equivalent circuit (Fig. 5). The corresponding
corrosion kinetic parameters were calculated and are pre-
sented in Table 2.

Bosch et al. [41] analyzed the causality factor (CF) to
evaluate the quality of EFM. In theory, the CFs follow the
following equations:

i
CF(2)=-22% (16)
b
i
CF(3) =22 (17
B30
where i, ., and i, ., are intermodulation components

measured at angular frequencies @, *@ and 2w, t @),
respectively, and i, and i, are those measured at 2@

and 3@, respectively.
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Fig. 9. Corrosion current density of Q345B immersed in 3.5wt% NaCl solution, as detected by EFM at different base frequencies:

(a) 1.0 Hz; (b) 0.1 Hz; (c) 0.01 Hz; (d) 0.001 Hz.

Table 2. Corrosion kinetic parameters determined by EFM

Base frequency / Hz oo/ (MA-CI ) b,/ (mV-dec ) b,/ (mV-dec)  B/(mV-dec) CF(2) CF(3)
1 368.1 162.7 255.1 432 1.572 0.742
0.1 10.4 35.1 39.6 8.1 1.890 9.403
0.01 23.5 96.5 767.2 373 1.805 0.677
0.001 12.7 64.9 195.9 21.2 1.893 1.865
Note: The Stern-Geary value (B) was calculated using the equation B = __bb [39].
2.303(b, +5,)

Values of CF(2) and CF(3) that deviate from 2 and 3, re-
spectively, indicate that noise is present in the EFM spectra.
As shown in Table 2, compared with the values of CF(2)
and CF(3) obtained using other base frequencies, those ob-
tained at a base frequency of 0.001 Hz are closest to 2 and 3,
respectively, implying better reliability of the data obtained
at this frequency.

Fig. 10 shows the frequency-domain current response
spectra obtained by EFM using different base frequencies.
The harmonic current and intermodulation currents shown
in Fig. 10(d) are much closer to the ideal situation than those
in the other cases, also reflecting the greater reliability of the
results obtained at a base frequency of 0.001 Hz. In theory,
the frequency of EFM tests should be as low as possible to

limit the capacitive current [1]; however, an excessively low
frequency will substantially increase the test time, which
may restrict the wide application of EFM in the field.

Notably, although both EIS and EFM are nonlinear al-
ternating current (AC) test technologies, their test beha-
viors differ substantially. First, the disturbance potentials
used for EFM and EIS differ from each other (usually, for
EFM, E(¢f)=U,sin(ayt)+U,sin(at), whereas for EIS,
E(t)=U,cos(ar) , where E(f) is the excitation signal, Uj is
the amplitude of the excitation voltage, @ is the angular fre-
quency, and ¢ is the time), which leads to different current
responses. For example, the current response of EFM con-
tains the intermodulation components, whereas the current
response of EIS does not.
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Second, a large difference also exists in the data analysis
methods associated with the EFM and EIS techniques. With
an AC voltage signal E(f) disturbance, the current response
should be described by the following equation:

L 2.3AF —2.3AE dE(t)
i=ip +i, =i, |exp —exp +C
b, b, d¢

(18)
where i is the Faradic current component and i is the capa-
citive current component (i.e., the non-Faradic current
component). In the case of EFM, the non-Faradic current
components were neglected in the mathematical treatment.
Therefore, lower frequencies resulted in better measure-
ment precision because low frequencies avoid the capaci-
tive current component. By contrast, both the Faradic and
non-Faradic current components are rigorously taken into

account in the EIS mathematical treatment, providing more
information on corrosion kinetics but sometimes causing
difficulties in data analysis. Consequently, the differences in
both the disturbance signal and the mathematical treatment
resulted in different results for the EIS (Figs. 5 and 6) and
the EFM (Figs. 9 and 10) methods in the low-frequency
region.

3.6. Comprehensive comparison

All of the results obtained using the aforementioned me-
thods are listed in Table 3 for comparison. The R, evaluated
from TC4 and EFM (0.001 Hz) are 1577 and 1669 Q-cm?, re-
spectively, which are roughly consistent with the values ob-
tained by LPR and EIS. The b, determined by Tafel-curve li-
near fitting, four-parameter fitting, and EFM (0.001 Hz) are in
agreement with each other, whereas the b, estimated by Ta-
fel-curve three-parameter fitting, four-parameter fitting, and
EFM (0.001 Hz) are somewhat scattered. However, the B val-
ues acquired by Tafel-curve four-parameter fitting and the EFM
method (0.001 Hz) are 19.4 and 21.2, respectively, and are
therefore similar. Both the i, values evaluated by Tafel-curve
four-parameter fitting and the EFM method (0.001 Hz) are in
accordance with that determined by coupon tests. However, the
ieor value of 18.8 pA-cm? estimated by extrapolating the linear
fitting of the anodic polarization curve was larger. These phe-
nomena imply that the natural corrosion situation was de-
stroyed under strong polarization. For the examined corrosion
system, the curve in the cathodic branch and in the relatively
weak polarization region (for an instance, —150 to +30 mV vs.
E.,r) is more reliable for evaluating the situation at OCP.
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Table 3. Comparison of the corrosion kinetic parameters of Q345B/3.5wt% NaCl estimated through different methods in this work

Comparison R,/ , b,/ | b./ | B/ | Teorr/ . Duration of
(Q-cm”) (mV-dec™) (mV-dec ) (mV-dec) (LA-cm ™) measurement
LPR (0.3-1.0 mV/s) 1593 — — — — ~1 min
EIS (multi-frequency: 10°-0.01 Hz) 1639 — — — — 20 min
Tafel-curve linear fitting — 81.9 — — 18.8 ~5 min
Tafel-curve three-parameter fitting — — 68.5 — 5.0 ~5 min
Tafel-curve four-parameter fitting 1577 78.4 103.0 194 12.3 ~5 min
EFM (0.001 Hz) 1669 64.9 195.9 21.2 12.7 ~84 min
Coupon test (immersion time: 12 h) — — — — 12.5 12h

Note: * The values of 1577 and 1669 Q-cm” were calculated using the equation R = i .

The durations of all of the aforementioned measurements
are included in Table 3 for reference. The coupon test me-
thod is the most time-consuming, and the EFM method with
a base frequency of 0.001 Hz is the second-most
time-consuming. LPR is the least time-consuming method;
however, it provides little information other than a value for
R,. Tafel curves are quite informative, but the test causes
large disturbance to the metal.

The results of the present study further suggest that the
flexible and collaborative application of multiple techniques
could provide a more reliable and complete profile of the
target corrosion system. Taking the methods that involve
less disturbance to the examined system as examples, EIS
measurements provide information about the mechanism of
electrode kinetics, which can ensure the adaptability of other
detection techniques and data analysis approaches. For an
activation-controlled system, the EFM method can be con-
ducted subsequently to estimate the kinetic parameters.
Otherwise, if the corrosion is influenced (controlled or
mix-controlled) by a mass transfer process (e.g., diffusion of
dissolved O,), then Tafel multiparameter fitting might be a
better choice for determining the corrosion kinetics; in this
case, a combined application of linear fitting, three-parameter
fitting, and four-parameter fitting is highly recommended.

Notably, in this paper, a contradiction was encountered
between the TC4 method and the EFM method during the
fitting process. Whereas the former considers the mass
transfer process (e.g., the diffusion of dissolved O,), the lat-
ter does not. Although a diffusion-controlled phenomenon
appeared in the strong polarization region of the Tafel curve
(Fig. 7), the occurrence of this phenomenon cannot be taken
as a full indication for diffusion control at the open-circuit
condition. Instead, the EIS test with +£5 mV vs. E,, excita-
tion can better reflect the kinetic process of corrosion under
natural conditions. To demonstrate the change of the control
process over time, the results of a series of EIS experiments

1

corr

conducted at different immersion times are shown in Fig. 11.
No sign of diffusion control is evident at the early immer-
sion stage; the diffusion-control phenomenon appears after
more than 50 h.

4. Conclusions

(1) The advantages and disadvantages of several electro-
chemical methods for Q345B/3.5wt% NacCl solution corro-
sion detection were comparatively investigated in this work.
The coupon test is the most conventional approach to eva-
luating the corrosion rate of such metals. It can provide ex
situ information about the average corrosion rate and the
corrosion morphology to aid in identification of the type of
corrosion. LPR and EIS can be used to estimate the polari-
zation resistance; however, they can only be used to esti-
mate the corrosion rate when the Tafel constants are already
known. Tafel-curve multiparameter fitting can accurately
determine numerous electrochemical kinetic parameters
through comprehensive use of linear fitting, three-parameter
fitting, and four-parameter fitting. However, the potential
polarization supplied for the Tafel test is relatively large,
which may destroy the equilibrium state of the specimen
surface. In the case of EFM measurements, a comparison of
the values of CF(2) and CF(3) suggested that adopting 0.001
Hz as the base frequency is the best choice.

(2) A comparison shows that, for the examined corrosion
system, the in sifu kinetic parameters obtained by EFM
(0.001 Hz) and Tafel-curve four-parameter fitting are more
reliable than the other electrochemical methods used in this
work. Although the EFM method with a base frequency of
0.001 Hz is somewhat time-consuming, it can accurately
determine numerous electrochemical kinetic parameters
while only weakly disturbing the system. By contrast, EIS
cannot directly identify the corrosion rate but is very useful
for distinguishing the kinetic model of the corrosion system.
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Fig. 11. A series of EIS experiments for Q345B immersed in 3.5wt% NacCl solution for different immersion times. Left: Nyquist
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Therefore, on the basis of the present results, the collabora-
tive application of EIS and EFM/TC4 is the approach rec-
ommended for in situ monitoring of the corrosion of Q345B
in seawater in its early stage.
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