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In this paper, the wavelet decomposition of the electrochemical noise was successfully applied to
derive the wavelet noise resistance (Rcd), which was further used to assess the corrosion behavior of
Q235 mild steel in the simulated corrosion atmosphere (the salt spray test with 0.01 and 0.1 mol/L
NaCl). The noise signatures, noise resistance (Rn), SEM, and XRD techniques were used as
complementary measurements. The electrochemical noise data were acquired from two identical
working electrodes by the zero resistance ammeter (ZRA) mode. The experimental results of the noise
signatures and Rn indicated that the corrosion rate increased with the exposure time in the early stages
of atmospheric corrosion. The analysis of the surface corrosion morphology and R, showed a higher
corrosion rate at a higher concentration of spraying solution. Also, the values of R, and Rcq closing to
the 2 Hz corroborate well in both simulated corrosion atmospheres. The wavelet noise resistance is an
effective method for the analysis of the atmospheric corrosion damage of Q235 steel in the marine
environment.
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1. INTRODUCTION

Atmospheric corrosion, as a most prevalent corrosion type, readily deteriorates different kinds
of exposed objects, such as engineering structures and devices [1-7]. Mild steel (Q235) is a widely
used construction material of choice for engineering products like rib reinforcements, bridges, boilers,
and containers. However, the global problem is that mild steel quickly corrodes in the humid marine
atmosphere. Many factors, such as relative humidity, temperature, air pollutants, and dust content,
influence the atmospheric corrosion of metals [8-10].

The atmospheric corrosion of mild steel was extensively studied in the last few decades by
outdoor exposure tests and traditional indoor accelerated tests like salt fog spray and cyclic wet-dry
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intermittent immersion tests [11-13]. Recently, a multi-factor complex accelerated corrosion test that
simulates the actual atmospheric corrosion has been developed [11,14-16]. To accurately predict the
corrosion rate and corrosion behavior of mild steel in general, the corrosion tests need to provide data
regarding the mass change of specimens after the removal of corrosion products. However, such
measurements are not appropriate for the assessment of the early stages of atmospheric corrosion of
carbon steels since the mass does not change significantly in the initial period, which might cause a
relatively high measurement error.

Literature data regarding a direct measurement of the corrosion rate in the initial stages of
atmospheric corrosion of mild steel obtained from simulated laboratory tests are rather scarce. In the
present work, a simple experimental setup was developed, and a new analysis method based on
wavelet decomposition was used to assess the corrosion rate of mild steel exposed to constant relative
humidity and temperature during the early stages of the corrosion in a simulated environment. The
effect of salt spray concentration on the initial atmospheric corrosion was examined.

2. EXPERIMENTAL

2.1 Sample Preparation

Table 1 shows the composition of Q235 steel. Before the experiments, a copper wire was
welded to one end of the specimen, while another end of the sample was used as a working surface
with a size of 50 x 3 mm2. Two identical Q235 steel electrodes with dimensions of 50 x 10 x 3 mm?®
were tightly packed together, and a 0.1 mm-thick polyethylene terephthalate slice was placed as
insulation between the two Q235 steel specimens used as working electrodes. The distance between
the working electrodes was 0.5 mm. Finally, all joints were sealed with epoxy resin (Fig. 1). Before the
testing, the working surface was ground on the 800 grit silicon carbide paper, degreased with acetone,
rinsed with distilled water, and dried in cold flowing air.

Table 1. Composition of Q235 steel (wt.%, mass fraction)

C Si Mn S P N 0
0.16 0.20 0.61 <0.023 <0.019 <0.0045 <0.019
WEI1 WE2
"/ —— Expoxy resin
Q235 steel
_'_',4-'"

,-'///

— | Saturatered NaCl
salt bridge/hole

Figure 1. Schematic diagram of the Q235 steel electrochemical cells
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The solutions of 0.01 and 0.1 mol/L NaCl, prepared using distilled water and analytical grade
reagents, were used as an electrolyte.

2.2 Experimental setup design

The two working electrodes were Q235 samples, and the reference electrode was SCE. The
important requirements for a proper self-designed electrochemical cell are stability and availability of
the electrical signal even at relative humidity lower than 100 %. The distance between Q235 steel
specimens was small enough. The electrochemical cell was placed in the salt spray corrosion test
chamber at the exposure angle of 45°.

This salt concentration (0.01 or 0.1 mol/L NaCl) simulates the marine environment at constant
temperature and relative humidity. All experiments were performed at approximately 30 °C and
relative humidity of 80 % up to 168 h. The chamber, including the electrochemical cell, was placed in
a Faraday cage during all EN experiments.

2.3 Electrochemical measurements

In the synchronized experiments, the PARSTAT 2273 Advanced Electrochemical System
(Princeton Applied Research TM) in conjunction with the Power Suite software was used to conduct
EN measurements using the zero resistance ammeter (ZRA) mode [17], with two Q235 steel electrodes
used as working electrodes and a saturated calomel electrode (SCE) used as a reference electrode. The
potential and current between the working electrodes were measured simultaneously [18]. At low
frequency, the data were acquired every 0.5 s (2 Hz) for 2048 data points per data set (1024 s per data
set) [19,20], while at high frequency every 0.0128 s (~78 Hz) for 10000 data points per data set (128 s
per data set). The electrochemical measurements were repeated at least three times for different
exposure times.

2.4 The surface analysis

Direct insight into the corrosion process of Q235 mild steel in the simulated environment was
obtained by the exposure of Q235 steel coupons to the corrosive atmosphere at the angle of 45°. The
samples were exposed for 24, 72, 100, and 148 h. The surface of the corroded coupons was examined
by environmental scanning electron microscopy (XL30-TMP-ESEM). Before exposure to the
corrosive environment, the coupons with a size of 50 x 10 x 3 mm? were abraded on the 800 grit
sandpaper, degreased with acetone, rinsed with distilled water, dried in cold flowing air, and placed in
desiccators for 24 h.

3. THE ANALYSIS OF THE ELECTROCHEMICAL NOISE DATA

3.1 Electrochemical noise resistance -Ry

Rn represents a ratio of the standard deviation of potential noise and the standard deviation of
current noise, and it was developed to determine the corrosion rate [21]. The noise resistance method is
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already experimentally and theoretically approved [22-27] and used in some practical applications
such as in studies of coating performance [28,29] and localized corrosion [30]. Some studies indicated
that R, and R;, are in agreement for carbon steels and stainless steels in different environments [22,31].

3.2 Wavelet noise resistance based on the wavelet decomposition

The window size of the wavelet analysis method [32-34] is constant, but the shape, time
window, and frequency window can be varied, which represents the time-frequency localization
method. The discrete sampling signal f(t) is expressed as {Cn}, n €Z; by a set of discrete filters H and
G, ¥, (t)isexpressed as H={h1}, I=Z; G={g1}, | €EZ. The signal can be decomposed as follows:

®
Cd mn - z gk—2ncakm_l
@

The decomposition can be expressed as:
ca’® »ca' —»---—ca"t —ca"

J d J

cd* cd® cd"

- | ®
cal and cd! are a discrete approximation and discrete details of the 2! resolution, respectively, where ca
is for frequencies lower than 27 part and cd' for frequencies between 27 and 27* parts. The wavelet
decomposition was applied to the current noise and potential noise which can yield different levels of
discrete approximation and discrete details. The noise resistance based on the wavelet decomposition
can be expressed as follows:

Red(j) =S(Ecd(j))/S(lcd(})) (4)

Rca=S(Eca)/S(lca) (5)

where j is the frequency factor. S represents the standard deviation of the signal. The frequency

of the decomposed signal decreases with the increase of j. When the sampling frequency is f, the signal

frequency fj of the scale j is fj = f*27. The level of the wavelet decomposition of the noise resistance is
an important parameter, and different decomposition levels correspond to different frequencies.

4. RESULTS AND DISCUSSION

4.1 The fluctuation of the EN

Figure 2 shows the measured values of electrochemical potential noise (EPN) and
electrochemical current noise (ECN) of Q235 mild steel exposed to the simulated corrosion
atmosphere of 0.01 mol/L NaCl (al, a2, a3) and 0.1 mol/L NaCl (b1, b2, b3) for 4, 60, and 144 h,
respectively. The direct current (DC) component was removed from the original EN data by using a
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5t-order polynomial fitting [35]. Fig. 2 shows that the values of EPN for different times are similar to
the “white noise” and also high repetition rates of potential fluctuations.

Fig. 2 (al, a2, a3) indicates that the maximal amplitude of the EPN is 0.001, 0.001, and 0.003
V for 4, 60 and 144 h, respectively, while the maximal amplitude of ECN is 2.995, 4.258, and 12.554
nA for 4, 60, and 144 h, respectively, under the simulated corrosion atmosphere containing 0.01 mol/L
NaCl. From the EPN and ECN in Fig. 2 (b1, b2, b3), we can see that the amplitudes of EPN increase
from 0.0003 to 0.001 V, and the amplitudes of ECN increase from 7.823 to 19.708 nA with the
immersion time. Previous studies reported that a rise in the EN amplitude originates from an increased
corrosion rate [31,36]. Therefore, the obtained results indicate that the corrosion of Q235 mild steel in
two simulated atmospheres progresses with time.
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Figure 2. EN plots of Q235 steel in the simulated atmosphere containing 0.01 mol/L NaCl (a1, a2, a3)
and containing 0.1 mol/L NaCl (b1, b2, b3) at 80% RH and 30 °C for different hours (after a dc
remove by using a 5-order polynomial fitting).
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4.2 The noise resistance analysis

The standard deviation of potential noise from the EN data, o/¥(t)], for the investigated Q235
mild steel samples in 0.01 mol/L NaCl decreases rapidly during the initial 36 h and then slowly, while
for Q235 steel in 0.1 mol/L NacCl, it slowly decreases during the entire exposure time (Fig. 3a). The
standard deviation of current noise from the EN data, o/I(t)], continually increases in both simulated
atmospheres (Fig. 3b). Noise resistance, Rn, defined as a ratio of the standard deviations of the
simultaneously measured potential and current noise signals, significantly decreases in both simulated
corrosive atmospheres in the initial 80 h, followed by a slower further decrease. As shown in Fig. 4, Rn
is always lower in 0.1 mol/L NaCl than in 0.01 mol/L NaCl. Xia et al. [36,37] investigated the relation
of noise resistance and corrosion of metal and found that the increase of the noise resistance reflects a
decrease in the corrosion rate. Consequently, the corrosion rate of Q235 mild steel in two simulated
corrosive atmospheres increases rapidly with time in the beginning and then gradually stabilizes at the
later stage, Fig. 4. The results indicate that the corrosion rate with the 0.1mol/L NaCl spraying solution
is higher than that of the 0.01 mol/L NaCl spraying solution.
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Figure 3. Standard deviations of potential (a) and current (b) for Q235 steel exposed in the two
simulated atmosphere
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Figure 4. The noise resistance R, for Q235 steel exposed in the two simulated atmosphere

4.3 The wavelet noise resistance analysis

The wavelet decomposition of the original high-frequency sampling signal, including the
potential noise and the current noise, yield the noise resistance of different levels with sym4 wavelet
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included in Matlab. The EN records were decomposed to seven levels, and the noise resistance of each
level is plotted in Fig. 5. The values of wavelet noise resistance at different frequencies for Q235 mild
steel after the exposure to 0.01 mol/L NaCl for 4, 60, and 144 h, are shown in Figs. 5(al), 4(a2), and
4(a3), respectively. The values of wavelet noise resistance at different frequencies for Q235 mild steel
after the exposure to 0.1 mol/L NaCl for 4, 60, and 144 h are shown in Figs. 5(b1), 4(b2), and 4(b3),
respectively.

The trend of the wavelet noise resistance with the frequency was the same, increasing in the
beginning and then sharply decreased, retaining a stable value with the increase of frequency. Galvan-
Martinez et al. [38] reported a good correlation between R, and traditional linear polarization
resistance (LPR) data. Xia et al. [31] reported that the noise resistance R, and the polarization
resistance Rp have similar physical meaning. The comparison of Rcq close to the frequency of 2 Hz and
Rn for the two simulated atmospheres, 0.01 and 0.1 mol/L NaCl, are shown in Fig. 6(a) and 6(b),
respectively. Rn and Rcq close to the frequency of 2 Hz have very similar values. Also, Rn and Rcq
significantly decrease during the first 80 h, followed by a slight further decrease in both corrosion
atmospheres. Therefore, the wavelet noise resistance Rcq can be used to accurately estimate atmosphere
corrosion of Q235 steel.
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Figure 5. Wavelet noise resistance of the EN signals of high frequency in the simulated atmosphere
containing 0.01 mol/L NaCl (a1, a2, a3) and containing 0.1 mol/L NaCl (b1, b2, b3) at 80% RH
and 30 °C for different hours.
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Figure 6. Comparison of electrochemical noise resistance and wavelet noise resistance. (a) containing
0.01 mol/L NacCl, (b) containing 0.1 mol/L NaCl.

4.4 Monitoring of corrosion morphology

Fig. 7 shows the SEM morphologies of Q235 mild steel exposed to the two simulated corrosion
atmospheres. This experiment was conducted in an environment of the relative humidity of about 80
%. Initially, green corrosion products appeared on the Q235 mild steel surface, and then turned into
brown. Eventually, the products became dark brown after a certain period. Alcantara et al. [39]
reported that the dark color of corrosion products is related to the prolonged exposure time and that the
chloride content in the corrosion products is high. The results of EDX analysis of the composition
(atomic percent, %) at different locations on the surface are listed in Table 2. The chlorine content in
corrosion products was higher than that in the area without corrosion products, confirming the previous
finding.

In 0.01 mol/L NaCl, pitting morphology was observed on the surface of Q235 mild steel after
24 h, Fig. 7(a). Also, cotton-like corrosion products were found around the pitting products, Fig. 7(b).
Fig. 7(c) shows significantly enlarged membrane and cellular corrosion products. The crack was found
at the edge area of the corrosion products, Fig. 7(d). Furthermore, a higher amount of corrosion
products, being also more prominent in size, formed on the surface of Q235 mild steel in the 0.1 mol/L
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NaCl environment after the same exposure time, Fig. 7(e-h). The corrosion products gradually covered
the surface by developing an interconnected network with a shell-like morphology, Fig.7, which size

steadily increased until the final collapsing.

~ e

Det WD f———o———| Tmm . Acs

SE 109 20.0 kv

SE 85

auiih P & “ o s
Det WD b————— 1Tmm WD p——— 100um
X ) 1 X

SE 84
L




Int. J. Electrochem. Sci., Vol. 15, 2020

200kV 50 100x S

4335

Figure 7. SEM images of corrosion morphology of Q235 steel. (a) Small magnification and (b) large
magnification after 24 h exposed in the simulated atmosphere containing 0.01 mol/L NacCl,
(c)Small magnification and (d) large magnification after 100h exposed in the simulated
atmosphere containing 0.01 mol/L NaCl, (¢) Small magnification and (f) large magnification
after 24 h exposed in the simulated atmosphere containing 0.1 mol/L NaCl, (g) Small
magnification and (h) large magnification after 100 h exposed in the simulated atmosphere

containing 0.1 mol/L NacCl.

Table 2. EDX analysis of the corrosion products at different position in Fig.7( atomic fraction, %)

Zone Fe Cl O C Na
A(Fig.7a) 33.95 0.47 61.28 3.30 1.01
B(Fig.7a) 88.87 - 1.26 9.87 -
A(Fig.7c) 39.50 0.17 58.62 0.72 0.99
B(Fig.7c) 88.23 0.15 7.55 3.97 0.10
A(Fig.7e) 35.28 2.04 59.21 151 1.96
B(Fig.7e) 97.76 - - 2.24 -
A(Fig.79) 38.76 1.23 58.17 0.40 1.43
B(Fig.79) 97.85 - - 2.15 -

4. CONCLUSIONS

This paper elaborates the application of an analytical method based on the wavelet
decomposition of the high-frequency noise signal to investigate the early stages of corrosion damage
of Q235 mild steel exposed to the simulated corrosion environment. It was shown that the amplitude of
noise signals and the noise resistance could be used to assess the corrosion rate of metallic materials.
The high magnitude of noise signals and the low noise resistance indicate a severe corrosion rate. The
findings of this study, namely the increase of the amplitude of noise signals and the decrease of noise
resistance with the exposure time, indicate the increase of the corrosion rate of Q235 mild steel in the
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simulated corrosion environment during the early stages. The value of the wavelet noise resistance
closing to the 2 Hz is very close to the noise resistance. The rise in the corrosion rate with the
concentration of spraying corrosion solution agrees with the results obtained by monitoring the
morphology of the surface. The new analysis method of the wavelet noise resistance can be effectively
used to assess the corrosion rate of Q235 steel in the early stages of atmospheric corrosion.
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