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The cyclic polarization curve is usually used to characterize the corrosion property of alloys, from which
many parameters including potential differences which is defined as AE (Eseccor — Ecorr) Can be
determined and then to assess alloys’ corrosion sensitivity. Scan rate is a key but controllable parameter
for cyclic polarization scan of metals. However, the effect of scan rate on AE has rarely been reported.
7150 Al alloy is a typical type of high strength Al alloy which is sensitive to localized corrosion. In this
work, we present the effect of scan rate on AE of 7150 Al alloy in 3.5 wt% NaCl solution. AE was found
increases firstly and then decreases with the increasing of scan rate. Two contradictory factors that
govern the value of AE were discussed and the appropriate scan rate for 7150 Al alloy cyclic polarization
measurement in 3.5 wt% NaCl solution was determined.
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1. INTRODUCTION

Because of its high specific strength and good toughness, 7150 ultrahigh strength aluminum alloy
is widely used in aerospace field [1,2]. However, the alloy is prone to localized corrosion (pitting
corrosion, intergranular corrosion and exfoliation corrosion), research on corrosion resistance of 7000
series aluminum alloys has attracted much attention [3-7]. The electrochemical methods are often used
to rapidly evaluate the corrosion properties of metals and alloys, of which the cyclic polarization is the
most common and effective method [8-10]. Polarization curves are obtained by using cyclic
potentiodynamic polarization method, according to polarization curve, the electrochemical reaction
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mechanism is obtained, and its shape and variation law reflect the dynamic characteristics of
electrochemical corrosion process. The passivation and corrosion rate of the sample in solution can be
obtained through the polarization curve. A typical cyclic polarization curve for 7150-T77 Al alloy is
depicted in Fig. 1a, from which we can obtain a lot of quantitative data including corrosion potential
Ecorr, pitting potential Epit, pitting transition potential Epyp, corrosion current density leorr and corrosion
potential Esec corr OF reverse scan. Esec,corr actually corresponds to the corrosion potential occurring in the
back-sweep process, which is similar to the corrosion potential Ecor.

Clearly, both Ecorr and Eseccorr are mix potentials which determined by both anodic and cathodic
reactions, thus cannot be used as a criteria to assess corrosion Kinetics. But the potential difference
between the two potentials, AE (Eseccorr — Ecorr), has been utilized as a criterion for decades [11-16].
Silverman proposed that for a given condition, with the increasing of the potential difference of the
cyclic polarization curve, it become more and more difficult for repassivation [11,12]. However, AE is
empirical in nature and its physical meaning is still unclear. Recently, Sun et al. [17] reported that as the
corrosion current density lcorr changes, AE has a non-monotonic trend. as depicted in Fig. 1b. The
corrosion current density corresponds to the corrosion fraction (Fcorr). As the current density lcorr
increases, the potential difference AE decreases firstly and then increases. For 7150 Al alloy, the
relationship between AE and Fcorr after cyclic polarization was obtained, as shown in Fig. 1b. According
to the Fig. 1b, the corrosion can be divided into two stages, at the first stage where Fcorr is less than one
certain value (~50%), AE decreases with corrosion propagation. Then at the second stage (Fcorr is more
than the critical value), by contrast, AE value increases with the corrosion fraction Fcorr Which is defined
as further corrosion propagation. This non-monotonic trend is true for AA 7150 under various
electrolytes and temperatures.

Corrosion current is an important parameter to evaluate the corrosion rate, but it cannot be
measured directly. It requires the polarization of the electrochemical system away from the equilibrium
associated with the corrosion potential. Although cyclic potentiodynamic polarization method (cyclic
polarization) is a common method to measure the corrosion current, there is no consensus on the
selection of scanning parameters. Scan rate is a key but controllable parameter for polarization scan, this
parameter is defined as the rate at which the potential of the working electrode changes relative to the
reference electrode [18]. Generally the scan rate should be slow enough not only to make sure that
double-layer capacitance remains fully charged but also the current collected reflects only the interfacial
corrosion process at every measured potential [19,20]. Otherwise, the current obtained, not only reflects
the value of current at the corrosion process but also includes the charge of surface capacitor. For
instance, 0.167 mV/s is recommended in ASTM G61. However, if scan rate is too slow, the system may
alter during the measurement. To sum up, in the process of electrochemical testing, it is crucial to select
an appropriate scanning parameter, which may affect the credibility of experimental data. Many studies
on scanning rate of electrochemical polarization curves have been reported. Shi et al. [21] studied the
effects of aluminum content and potential scanning rate on pitting corrosion of AIxCoCrFeNi high
entropy alloy in 3.5 wt.% NaCl solution, they proposed that the change of pitting behavior at different
potential scanning rates indicated that pitting was influenced by the nature of the passivation film and
the interaction between chloride ions and the active sites of the film. Fischer et al. [18] proposed a one-
dimensional mathematical model of oxygen-reduced copper in a chlorine-containing medium and the
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effects of scanning rate, starting overpotential and scanning direction on the characteristics of the
polarization curve are analyzed. They proposed that the scan rate had an effect on the accuracy of
corrosion current measurement. The results show that the error of corrosion current measurement is up
to 50% under the condition of the slowest scanning rate and the maximum starting overpotential. Zhang
et al. [22] studied the potential dynamic polarization curves of Ti6Al4V in naturally aerated 3.5% NaCl
solution with different scanning rates. The results show that the potential is unequal to the open circuit
potential when the external current density is zero. The distortion degree of polarization curve can reflect
the difference between two potentials. Because of this distortion, both the values of the corrosion current
density and the slope of Tafel have a large error. In addition, serious distortion of the polarization curve
can lead to misunderstanding of the electrode process and a wrong conclusion. They used a new method
to eliminate the distortion and analyzed the effect of charging current density on the potential. Otieno-
Alego et al. [23] investigated the anodic polarization behavior at different scan rates. The effect of
potential scan rate on the input parameters needed to generate anodic polarization curve was established
by model calculation, and an empirical linear relationship was derived. It has been found from previous
reports that there have been many studies on the effect of scanning rate on polarization curve. However,
there are few studies between gquantitative data points of polarization curve and the scanning rate, there
are almost no reports on the relationship between the potential difference and scanning rate in the
polarization curve.

In our work, the cyclic polarization tests of 7150 Al alloy under naturally aerated 3.5 wt% NaCl
solution were conducted, and at different scan rates (from 100 to 0.1 mV/s). Different scan rates lead to
different degree of damage on alloy’s surface during anodic polarization, and the relationship between
AE (Eseccorr — Ecorr) and corrosion fraction (Fcorr) Will be investigated and discussed.
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Figure 1. (a) Schematic representation of the quantitative parameters of cyclic polarization curve [17].
The cyclic polarization curve corresponds to polished 7150-T77 Al alloy in naturally aerated 0.1
mol/L NaxSOs + 20 mmol/L NaCl solution with Erev = -0.2 Vsce. (b) The relationship between
AE (Eseccorr — Ecorr) and corrosion fraction , AE as a function of surface corrosion fraction Feorr
after cyclic polarization test for group A, B, C and D, respectively [17]. When the corrosion
faction equals approximately 50%, a turning point can be seen.
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2. EXPERIMENT

2.1. Materials preparation

The investigated material was a cold-rolled 7150 Al alloy plate and treated with T77 ageing
process. The chemical composition, optical microstructure and surface finishing can be found in
elsewhere [24].

2.2. Cyclic polarization and corrosion morphology

Cyclic polarization measurements were performed on a CHI 660C electrochemical workstation
(Shanghai Chenhua, China) using a three-electrode cell. The working electrode was AA 7150 that fixed
in a holder with an exposing area of 0.5 cm?, platinum plate was used as the counter electrode, and
saturated calomel electrode (SCE) for the reference electrode. After 1 h pre-immersion, cyclic
polarization tests were carried out in naturally aerated 3.5 wt% NaCl solution in a Faraday cage, with
the scan rates changed from 100 to 0.1 mV/s. The corrosion morphologies of the alloy after the
electrochemical test were observed by optical microscopy (LEICA NEOPHOT-21). What’s more, scan
rate is a factor that can influence the surface corrosion degree. The corrosion degree of the surface region
is promoted by slower scan rate. We can use corrosion fraction (Fcorr) to define the corrosion degree,
Feorr IS the ratio of the dark area to the whole area of a sample. The method of calculating surface
corrosion fraction of a sample after electrochemical test was described elsewhere [17].

3. RESULTS AND DISCUSSION

The shapes of polarization curves at different scan rates are different. Fig. 2 shows the cyclic
polarization curves of 7150 Al alloy in naturally aerated 3.5 wt% NaCl solution. Values of Epit and Epyp
with different scan rate are listed in Table 1. At higher scan rates, Epit and Epyp are absent in cyclic
polarization curves, i.e., Epit is not shown up for 50 and 100 mV/s; Epy is not shown for scan rate higher
than 1 mV/s. It is also can be seen is that Epit gradually shifts to the negative direction with slower scan
rate. And for the two slowest scan rate 1 and 0.1 mV/s, Epi stabilizes at the same value (-0.715 Vsce).
However, Epp changed dramatically at 1 and 0.1 mV/s.

After electrochemical polarization test, the value of corrosion fraction was calculated by a
ImageJ2x software. To ensure the repeatability of the experiment and the reliability of the data, here we
calculated the corrosion fraction (Fcorr) by using at least 5 images for each experimental point. From the
corrosion morphologies shown in Fig. 3, it can be seen that the corrosion fraction of 7150 Al alloy at the
scan rate of 1 mV/s and 0.1 mV/s is 33% and 46%, respectively (corresponding to the first corrosion
stage where Fcorr is less than one certain value (~50%) in Fig. 1b).
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Figure 2. Anodic cyclic polarization curves of 7150 Al alloy in naturally aerated 3.5 wt% NaCl solution
with the change of scan rates: (a) 100 mV/s, (b) 50 mV/s, (c) 20 mV/s, (d) 10 mV/s, (e) 1 mV/s,
(f) 0.1 mV/s. (Note that cyclic polarization curves at scan rates higher than 10 mV/s were
obtained using CV (Cyclic Voltammetry) firstly, and then transformed CV curves into cyclic
polarization curves by plotting the potential as a function of log I.)

Table 1. Values of Epit and Epyp With the change of scan rate

Scan rate, mV/s 100 50 20 10 1 0.1
Epit, Vsce / / -0.697 -0.708 -0.715 -0.715
Eptp, Vsce / / / / -0.767 -0.722

So merely based on the relationship between AE (Eseccorr — Ecorr) @and corrosion fraction: the
potential difference decreases at first and then increases with an increase of corrosion fraction[17], it can
be expected that, for the studied scan rate range, the value of AE would increase monotonically with
higher scan rate.
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However, the experimental results are inconsistent with the expectation. As depicted in Fig. 4,
the value of AE only shows the expected upward trend at the scan rate ranging from 0.1 to 1 mV/s;
whereas the results ranging from 1 to 100 mV/s does not meet the expectation. The reason is that a very
high scan rate would cause non-faradaic current and leave less time for data collecting system. At least
10R.Cq is needed for a full establishment of a potential step (RuCq is the cell time constant, 5R,Cq for
charging of double layer capacitance and another 5RuCq for taking data). If the scan rate is not low
enough, some of the current generated would reflect charging of the surface capacitance in addition to
the corrosion process. Thus, the measured current would be greater than the current actually generated
by the corrosion reactions, thus could not reflect the real corrosion process. This non-faradaic effect
together with the current delay in data collecting system (Data collecting lag effect) lead to the result
that the potential collected shifts to the forward direction, i.e., Ecorr and Epit shift to more anodic direction
and Eseccorr Shifts to more cathodic direction. As a result, for high scan rate range, (Eseccor — Ecorr)
decreases with the accelerated scan rate.

Figure 3. Corrosion morphologies of 7150 Al alloy after electrochemical tests with different scan rates
in naturally aerated 3.5 wt% NaCl solution: (a) 1 mV/s; (b) 0.1 mV/s. The corrosion fraction
(Fcorr) 1s 33% and 46%, respectively.
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Figure 4. Ecorr, Esec,cor and AE (Eseccorr — Ecorr) Of 7150 Al alloy with different scan rate in naturally
aerated 3.5 wt% NaCl solution.
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Therefore, two contradictory effects might be caused by scan rate, as listed below:

(A) Slower scan rate results in more corroded surface, indicating the value of AE increases with
higher scan rate (Fcorr is less than 50% for the lowest studied scan rate).

(B) Non-faradaic and data collecting lag effect led to AE decreases with higher scan rate.

For lower scan rates (0.1 and 1 mV/s) at which non-faradaic effect can be neglected, the AE value
is predominantly influenced by effect A. Thus, as expected, AE increases with higher scan rate. For
alloys with scan rate higher than 20 mV/s (20, 50, 100 mV/s), the corroded surface area would be
relatively a constant and the non-faradaic effect would play the main role in determining the value of AE
(effect B). As a result, the AE becomes more negative as scan rate increases from 20 mV/s to 100 mV/s.
For the intermediate scan rates (1, 10, 20 mV/s), AE value is stable at ~0.05 V, which is due to that at
this range, AE is determined by the two contradictory effects and a balance achieved between them
(effect A and B).

Generally, it is worth noting that the lower scan rate is necessary if the alloy is in passive stage
or if it is corroded at a lower corrosion rate. The polarization being measured should be without
interference from the capacitance. However, it is also generally accepted that the scan rate should not be
so low so as to make them impractical. Moreover, on the other hand, if scan rate is too slow, the test
system may change during the measurement, as proposed by Poursaee [19]. It has been proved by a large
number of experiments that the scanning rate not only affects the shape of polarization curve, but also
the corrosion potential and pitting potential [25,26]. Therefore, if the scan rate value selected is not
correct, it will result in an incorrect interpretation. The most appropriate scan rate should be the
maximum scan rate at which the charging of the surface capacitance can be ignored. Maximum scan
rates for several polarization resistance values, solution resistance values and capacitance values have
been calculated according to the break point data in Bode plot [27, 28]. For frequencies lower than the
break point, the capacitor is already fully charged, thus the contribution is only from resistor (corrosion
process only) [19, 27, 28]. If the corrosion process can be seen as a resistor (solution resistance Rq) and
a combination of a resistor and capacitor (polarization resistance Rp and double-layer capacitor Cai), then
the frequency at the break point (f,) can be described by Eq. (1):

f ! {1 — = |RZ—4RqRp — 4R5} 1)

- 4R Cq; Rp

The applied frequency should be about an order of magnitude lower than the breakpoint
frequency [19]. And the maximum scan rate Smax can be estimated by using Eq. (2):

Smax = [T[VPmeax] < [%gfb] (2)

where Vpp is the peak-to-peak amplitude. For the studied 7150 Al alloy in 3.5 wt% NacCl solution,
fp is about 1 Hz, Vppequals to 10 mV [29]. According to Eq. (2), the estimated maximum scan rate Smax
for the studied system is 3.1 mV/s.

Experimentally, as depicted in Fig. 2, when the scan rate changes from 1 to 0.1 mV/s, the Ecorr
and current density values stay relatively constant, indicating that the charging of the surface capacitance
can be ignored at the scan rate of 1 mV/s. So that the most appropriate scan rate should be no less than
1 mV/s for the corrosion of 7150 Al alloy in 3.5 wt% NaCl. On the other hand, in 3.5 wt% NaCl solution,
pitting potential of 7150 Al alloy is a critical parameter which can only be obviously seen when scan
rate is 0.1 and 1 mV/s. It is reasonable to predict that there is a maximum scan rate lying between 1 and
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10 mV/s at which obvious pitting potential can be observed. Therefore, in terms of surface capacitance
and pitting potential, the experimental results indicate that the appropriate scan rate lies between 1 and
10 mV/s for 7150 Al alloy in 3.5 wt% NaCl solution. This is in agreement with the calculated value (3.1
mV/s).

4. CONCLUSION

In the studied scan rate range, AE (Eseccor — Ecorr) Of 7150 Al alloy in 3.5 wt% NaCl solution
increases firstly and then decreases with the increasing of scan rate. Two contradictory factors govern
the change of AE: (1) Non-monotonic relationship between AE and corrosion degree indicates that the
value of AE would increase with higher scan rate; (2) Non-faradaic effect and data collecting lag effect
would lead to a decrease of AE with higher scan rate. The appropriate scan rate for cyclic polarization
measurement of 7150 Al alloy lies between 1 and 10 mV/s in the 3.5 wt% NaCl solution, according to
experimental and calculation results.
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