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Different electrochemical methods were applied to monitor the copper corrosion behavior in 0.06
mol/L NaCl solution. Some important electrochemical parameters, including the polarization
resistance Rp and charge transfer resistance Rt were derived from linear polarization and
electrochemical impedance spectroscopy, respectively. The results indicated that the calculated noise
resistance Rn, which was obtained from moving average removal (MAR) or polynomial trend removal
(PTR) trend removal method, could not equate with Rp or Rct in the present study. However, the active
pitting energy Ec, deduced from FWT method without trend removal technique, shows the similar
variation trend with R, or Re. Hence, electrochemical noise can be utilized as a nondestructive
technique to on-line monitor the corrosion progress which can be performed with simple equipment.
Furthermore, the deduced parameter E. presents closer relation to the metal surface structure and
shows the same variation trend with the corrosion rate and severity.
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1. INTRODUCTION

Electrochemical noise (EN) technique is a more efficient and accurate method to monitor the
corrosion process comparing with other classical electrochemical methods, such as potentiodynamic
polarization, linear polarization and electrochemical impedance spectroscopy (EIS), due to its non-
destructive and non-intrusive nature [1-12].
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Up to now, several mathematical methods have been explored to analyze the electrochemical
noise data in both qualitative and quantitative way. Initially, a simple way to analyze the
electrochemical noise data was in the time domain and some useful information can be obtained from
the frequency and the shape of potential and current transients, which generally represents the
corrosion type and indicates the pit formation [13]. Statistical method has been utilized and some
informative parameters were proposed to identify various types of corrosion processes when studying
the 304L stainless steel (UNS S30403) corrosion process in 0.05 M ferric chloride (FeCls) solution
[14]. EN technique has also been used to evaluate the materials susceptibility to stress corrosion
cracking (CCS) and it was found that the EN reading had transients with high intensity and frequency
when the steel was immune to stress corrosion cracking, while presented transients that decreased
toward the final fracture when it was susceptible to stress corrosion cracking. This finding was further
certified by Nyquist diagrams [15]. Additionally, electrochemical noise resistance Rn is another
important parameter to evaluate corrosion resistance which value was calculated from the ratio of the
standard deviation of potential noise to the standard deviation of current noise [16-19]. Several
experimental [20,21] and theoretical [22-24] efforts have been made to conclude that Ry is a reliable
parameter of corrosion resistance and in most cases equivalent to polarization resistance (Rp) and
therefore Rp can be replaced by R in Stearn Geary equation to calculate the corrosion rate. Allahar [25]
has tracked the cathodic protection performance of Mg-rich primer using EN technique and both of the
calculated localized index and noise resistance R, suggested the feasibility of electrochemical noise
measurement for in-situ predicting the cathodic protection. Generally, Rn is expected to be in
consistent with Ry only for systems showing high corrosion rates for the reason that the impedance
spectrum has reached the dc limit within Af [26]. However, some researches [27,28] acclaim that Ry
and Rn are not always equal, and the relation of R, and corrosion degradation process is under
investigation.

Power spectral density (PSD) plots which can be derived from the mathematic procedure of
Fast Fourier Transform (FFT) and Maximum Entropy Method (MEM) in the frequency domain is
another powerful method. Some useful parameters, including the low frequency plateau W, the critical
frequency fc and the slope of high frequency liner region k can give us insight into the corrosion
mechanism [29]. It is generally believed that localized corrosion occurred when the slope k was higher
than -20 dB/decade, while a lower value than -20 dB/decade or even smaller than -40 dB/decade
represented the uniform corrosion [30].

It is known that all the above mentioned methods to analyze electrochemical noise data are
based on the trend removal of the original data. Disappointingly, there was still strong controversy on
the validity of different trend removal methods, such as linear trend removal (LTR), polynomial trend
removal (PTR) method [31] and moving average removal (MAR) [32]. Some unsatisfactory aspects
still exist due to their damage to the original signals [33]. Fast wavelet transformation (FWT)
technique is another powerful method to analyze the electrochemical noise data, during which the dc
trend is not necessary to be removed and thus eliminate the defects of the FFT and MEM methods
[34]. Moreover, different corrosion events with different timescales can be separated from relative
energy distribution plot (EDP) obtained from FWT analysis [35]. When studying the electroplating of
zinc, the maximum relative energy moved from the region with larger scales to those with smaller
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scales and the structure of obtained deposits changed from dentritic to compact [36]. Furthermore, the
crystal growth energy showed the same variation trend with crystallite size in case of tin
electrodeposition [37]. However, a systematic comparison of these analyzing methods to monitor the
metal corrosion or electrodepositon process has been rarely reported.

The corrosion behavior of copper in 0.06 mol/L NaCl solution has been investigated in the
previous study [38] which was focused on the effect of sampling frequency on the energy distribution
plot and the PSD spectra was discussed. The aim of the present work is to compare the results of
different electrochemical methods on monitoring the copper corrosion process, especially evaluate the
effect of trend removal methods on the analysis of electrochemical noise data.

2. EXPERIMENTAL

0.06 mol/L NaCl solution was used as corrosive media and prepared from analytical grade
NaCl (Sinopharm Chemical Reagent Co., Ltd.) and double distilled water. High purity copper
specimens (99.99%) obtained from Sigma-Aldrich company was served as working electrode. The
copper electrode was embedded into Teflon and only a surface area of 0.50 cm? was exposed to the
corrosive media. Prior to the measurements, the exposed copper surface was polished to mirror
mechanically, washed with double distilled water and then dried with cool N2. Electrochemical
experiments were conducted using a traditional three-electrode electrochemical department. A
saturated calomel electrode (SCE) and Pt mesh of large area were adopted as reference and auxiliary
electrode, respectively.

EIS measurements were performed using a PARSTAT 2273 impedance measurement unit. The
scanning frequency was initiated from 100 kHz to 10 mHz. All the EIS measurements were conducted
at the open circuit potential (Eocp) and the amplitude of sinusoidal perturbation of 5 mV was applied.
Before the measurements, the pre-treated copper electrodes were always immersed into the corrosive
media for at least 30 min until the value of Eocp Was steady. All the measurements were carried out in a
quiescent state and a thermostatically water bath was used to stabilize the experimental temperature. Z-
View software was applied to simulate the EIS data to get some useful electrochemical parameters.
Each temperature was conducted at least three times in parallel and the average results were reported.
Linear polarization measurements were carried out using CHI660A electrochemical workstation at a
scanning rate of 1 mV/s and the testing potential range was Eocp-10 MV t0 Eocp+10 mV.

Both of the electrochemical current noise and electrochemical potential noise which was
generated during the copper corrosion in 0.06 mol/L NaCl solution at Eocp, Were recorded using an
automatic zero resistance ammeter (ZRA) technique at a sampling rate of 8 Hz [39]. Two identical
copper working electrodes were employed and kept in a stable parallel position in the corrosive media.
During the measurements, the EN testing device was shielded in a Faradaic cage. The copper surface
morphologies after corroded in 0.06 mol/L NaCl solution at different temperatures were recorded with
SEM and have been reported in the previous work [38].



Int. J. Electrochem. Sci., Vol. 14, 2019 4257

3. RESULTS AND DISCUSSION

Fig.1 shows the linear polarization curves for copper corrosion in 0.06 mol/L NaCl solution at
different temperatures. The values of polarization resistance were calculated from the slope and the
results are summarized in Table 1. Obviously, with increasing the testing temperature from 20°C to
40°C, the Rp vales decreased from 4458 Q-cm?to 1313 Q-cm?, indicating that the raise of temperature
accelerated the dissolution process of copper in 0.06 mol/L NaCl solution [40].

0.00005

0.00004

0.00003

il Acm?

0.00002

0.00001

0.00000 1 1 1 1 1 1 1 1
-0.245 -0.240 -0.235 -0.230 -0.225 -0.220 -0.215 -0.210 -0.205

E/V vs SCE

Figure 1. Linear polarization curves for copper corrosion in 0.06 mol/L NaCl solution at different
temperatures.

Table 1. Polarization resistance R, of copper corrosion in 0.06 mol/L NaCl solution.

20°C 25°C 30°C 35°C 40°C
Rp(Q-cm?) 4458 3560 2780 1731 1313

The Nyquist and Bode plots for copper corrosion in 0.06 mol/L NaCl solution at different
temperatures are depicted in Fig.2. It can be seen that the impedance decreases with increasing testing
temperature. Under different testing temperatures, the Nyquist plots present two differentiable
capacitances and Bode plots always show two phase angle peaks. Moreover, the semi-circles in
Nyquist plots are not perfect and the circle centers are observed to be below the real axis, indicating a
non-ideal electrochemical behavior at the copper/ liquid interface [41], which may be ascribed to the
heterogeneities of copper surface [42]. According to the method developed by Wit [43,44] and the
characteristics of both the Bode plots and Nyquist plots (such as the number of the slopes and the
number of the phase angle peaks in Bode plot, and the number of the capacitance in Nyquist plot)
simultaneously, it can be deduced that the EIS plots consist of two capacitances and a Warburg
diffusion element in our experimental condition. This EIS feature has also been reported in the
previous reference [45]. The two capacitances located at high and middle frequency may be
corresponding to electrochemical process and corrosion products at the interface, respectively. It is
also noticeable that the shape of Nyquist and Bode plots did not change with increasing testing
temperatures, revealing that the corrosion mechanism is the same at different temperatures [46].
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Therefore, the equivalent electrochemical circuit (EEC) as shown in Fig.3 was employed to

quantitatively analyze the copper corrosion in 0.06 mol/L NaCl solution and the derived
electrochemical parameters were listed in Table 2.
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Figure 2. Nyquist and Bode plots for copper corrosion in 0.06 mol/L NaCl solution at different
temperatures.
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Figure 3. EEC for copper corrosion in 0.06 mol/L NaCl solution at different temperatures. Rsis the
solution resistance, CPE:1 and Ricorresponds to the film capacitance and the film resistance,
respectively. CPEgiand Rt represent the double layer capacitance and the charge transfer
resistance, respectively. W1 is the Warburg diffusion element.

Table 2. Impedance parameters of copper corrosion at different temperatures.

20°C 25°C 30°C 35°C 40°C

Ry(Q-cm?) 4.58 5.26 6.64 4.91 5.83
CPE1(uF-cm?)

3.64 2.48 3.78 6.56 4.93

nl 0.942 0.976 0.948 0.929 0.961

Ri(Q-cm?) 142.8 925 76.8 47.9 54.1
CPEg(uF-cm?)

49.3 62.0 124 216 232

n2 0.615 0.526 0.521 0.594 0.587

Ret(€2-cm?) 2663 1733 1635.5 7426 544.5

W(Q-cm?) 2869.5 2456.5 2048.5 13815 916.5
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From Table 2, it can be seen that the Rs values range from 4.58 to 6.64 Q-cm?-at different
temperatures, suggesting that the ohmic drop between reference electrode and working electrode
through the electrolyte has been minimized in this experimental department. In this work, the sum of
R1, Ret and diffusion impedance (W) is used to represent corrosion resistance due to the involvement of
O2 reduction during copper corrosion process. Generally, the larger the sum value, the slower the
corrosion rate. Apparently, with raising temperature, the sum of Ri, Ret and diffusion impedance (W)
decreased from 5675.3 Q-cm? to 1515.1 Q-cm?, suggesting that the corrosion rate inclined with the
increase of temperature. This finding agreed well with the linear polarization studies.
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Figure 4. (a) Potential and (b) current noise data at different temperatures: a - 20°C; b - 25°C; ¢ - 30°C;
d - 35°C; e - 40°C.

Fig.4 shows the potential and current noise of copper corrosion in 0.06 mol/L NaCl solution at
different testing temperatures by ZRA technique. It can be seen that with increasing testing
temperature, the corrosion potential moves in the negative direction, whereas the current density did
not change much. Arman [47] has studied the corrosion protection performance of an epoxy zinc-rich
coating implanted with different particles. They calculated the noise resistance Rn values based on the
second order statistics from EN measurements and found that the micaceous iron oxide loaded coating
possessed better protection properties. In the present work, both MAR [48] and PTR [31] trend
removal methods were used to remove the dc trend, and the deduced noise resistances are recorded as
Rn-mar and Rn-pTr, respectively.

For MAR analysis, the individual data point in the group V», Vi is composed of dc trend and the
random noise which can be expressed as a function of time, t.

Vi(t) = Vinoise () + Viac(t) )

Vinaise(t) represents the real random noise and is used for EN analysis. Vi dc(t) corresponds to the
dc trend which should be deleted. In this method, there is a central assumption that an average value of
adjacent data points of Vi which can be taken as an estimation of V;qc(t). In the present work, 15 data
points are selected for calculation:

V.= [Zif7vi]/15 2)

Therefore, the dc trend in the potential-time record can be deleted and the real random
fluctuation Vinoise Can be calculated using the following equation:
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Vi,noise =V - VL (3)

for each potential-time record point, and individual average potential can be calculated and so
the average potential is changing.

For PTR analysis, the polynomial is of order 5 and then subtracting the computed curves so as
to keep the residuals. Fig.5 shows the schematic diagram of MAR and PTR methods applied for
potential-time curve (35°C). It is noted that the dc drift in EN is always nonlinear, and there exist
obvious difference between these two dc trend lines.
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Figure 5. Schematic diagram of MAR and PTR method applied for potential-time curve.

It is clear that, some trend removal methods such as MAR or PTR, may eliminate useful
information when removing the dc trend. There exist large deviations between individual and
nominally identical measurement. Fig.6 presents the resistance values calculated by different
electrochemical methods. It seems that Ri+Rct+W, Rp, Rn-mar and Rn-prr decreased with the increasing
temperature, however, Rn.ptr values are much larger than the others which indicates that the PTR trend
removal method is inappropriate for this system. Rn.mar values are comparable to Re+Rc+W and Ry,
although they are not completely equivalent. Even though Rn-mar showed the similar trend with
RetRce+tW or Rp throughout the whole measuring time, the similarity of R, and noise resistance is
somewhat farfetched. Two possible reasons might explain the scatter: some useful information was
removed by MAR technique, or the number of data points to adjust ¥, is unbefitting. Hence, the
theoretical background and data analysis method still requires further improvement.

In order to qualitatively evaluate the relationship between the EN features and the corrosion
severity during copper corrosion in 0.06 M NaCl solution, Fast wavelet transformation (FWT)
technique was used to analyze the EN potential data and the obtained energy of different crystals have
been reported in the previous study [38]. In addition, the active pitting energy Ec was calculated. It has
been reported that the value of E. showed the same variation trend with corrosion rate when studying
the inhibition process and can be utilized to predict the corrosion severity sensitively [49,50].
Moreover, when investigating the adsorption behavior, different variation characteristics of Ec
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correspond to different adsorption mechanism, which suggested that Ec was a potential criterion to
differentiate the physical and chemical adsorption [51].
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Figure 6. Re#+RctW, Rp, Rnmar and Rnprr for copper in 0.06 M NaCl solution at different
temperatures.
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Figure 7. Dependence of Ec on testing temperature, compared with 1/(Rs+Rc+W) and 1/Rp.

The relationship between the Ec with temperature is presented in Fig.7. Apparently, Ec value
increases gradually with the increase of temperature, and shows the similar variation trend with the
reciprocal of Re+Rc+Wor Ry, which partly represent the corrosion rate. This result also reveals that the
active pitting energy obtained from electrochemical noise measurement can not only be used as
fingerprint to characteristic the morphology, but also be capable of deducing corrosion rate properly.
Comparing to the traditional electrochemical methods, such as polarization resistance and charge
transfer resistance calculated from linear polarization and electrochemical impedance spectroscopy,
respectively, the electrochemical noise can be utilized as a nondestructive technique to on-line monitor
the corrosion progress which can be performed with simple equipment. Furthermore, the deduced
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parameter E¢ presents closer relation to the metal surface morphology and shows the opposite variation
trend with the corrosion rate and severity (SEM results in reference 31).

4. CONCLUSION

The copper corrosion behavior in 0.06 mol/L NaCl solution was studied by linear polarization,
electrochemical impedance spectroscopy and electrochemical noise measurements. Results showed
that the variation trend of noise resistance Rn with testing temperature, which was calculated through
MAR or PTR trend removal method, disagreed with that of polarization resistance R, and charge
transfer resistance R, obtained from linear polarization and electrochemical impedance spectroscopy
measurements, respectively. However, the active pitting energy Ec, deduced from FWT method
without trend removal technique, shows the similar variation trend with R, or Re. Hence,
electrochemical noise offers a nondestructive and accurate on-line monitoring progress which can be
performed with simple equipment. Moreover, the speculated parameter Ec shows closer relation to the
surface morphology and corrosion severity.
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