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Abstract

The effects of metal cations on the galvanic corrosion behavior of the A5052 aluminum
alloy in low chloride ion containing solutions (tap water) were examined by
electrochemical noise impedance. The electrochemical noise impedance and conductance
were calculated by the power spectral density (PSD) of the galvanic current and potential.
The oscillations in the galvanic current correlate well with the oscillations in the potential.
The total charge (summation of galvanic current) during galvanic corrosion tests was
suppressed by the addition of Ca®*, while it was increased with Mg”" addition. Only a small
effect on mean impedance and conductance was observed in solutions with Cu®" and Mg*",
while addition of Ca*" strongly influences both the mean impedance and conductance.
These results may be explained by the passive film structure changes due to the metal
cations. The results obtained in this study indicate that metal cations play a very important

role in the corrosion behavior of A5052 aluminum alloys in tap water.



1. Introduction

Aluminum alloys show high corrosion resistance in a wide range of environments and
together with their high strength/weight ratios. These properties have been made aluminum
alloys widely used. The high corrosion resistance is due to protective oxide films, passive
films, formed on the alloys. Generally, the corrosion rate of aluminum alloys depends on
the concentration of chloride ions and the pH of the particular environments, and it is
considered that only little corrosion of aluminum alloys occurs in very dilute chloride
solutions such as tap waters and fresh water. There are only few studies focused on the
corrosion of aluminum and aluminum alloys in tap water [1-9].

Some of the authors here have also investigated the effect of metal cations on the corrosion
behavior of aluminum alloys in model tap waters [10-16], and found that the corrosion
behavior of A3003 strongly depends on the kinds of metal cations in the environments. The
effect of metal cations has been explained by using the metal cation hardness concept
which is based on a hard and soft acid and base, HSAB, concept [17, 18]. According to the
HSAB concept, the hard metal cations in a solution attract the electron pair of oxygen
atoms in H>O or OH in the passive film. Therefore, as hard metal cations in the solutions
adsorb on the oxygen atoms of H,O or OH in the passive film, they may be more easily
replaced with the proton of H,O in the passive film (when compared with softer metal
cations). From a surface analysis by Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS) after immersion corrosion tests, the harder metal cations
were found to be incorporated in the oxide films [14-16].

The aluminum alloys are widely used in heat exchangers especially in automotive
applications. There are many reports focused on the corrosion of the alloys used here
[19-21]. Because of limitations on copper resources, aluminum alloys are used in air
conditioners and home heating systems. When using aluminum alloys in home heating
systems, which used tap water, galvanic corrosion must be taken into account. There are
many reports of galvanic corrosion of aluminum in high concentration solutions such as 5
mass% NaCl solutions [22-24]. Murer et al. reported numerical modeling of the galvanic
coupling of aluminum and aluminum alloys, and used results of a scanning vibrating
electrode technique to propose a model to explain the results [25]. However, no reports

have focused on effect of metal cations on galvanic corrosion of aluminum alloys in low



chloride ion containing solutions (fresh or tap waters). In this study, electrochemical noise
analysis and impedance techniques are applied to evaluate the effect of metal cations on

galvanic corrosion of an aluminum alloy in low chloride ion containing solutions.

2. Experimental

2.1 Specimens

Aluminum sheets (20 x 30 mm, thickness 1.2 mm) of A5052 aluminum alloy were used as
specimens and Table 1 shows the chemical composition. Before the tests, specimens were
chemically etched in 0.1 kmol m> NaOH solutions and then cleaned in ethanol and in
doubly distilled water in an ultrasonic bath. After cleaning, the specimens were sealed by
silicone resin, to ensure that a 15 mm X 15 mm area on one side would be in contact with

the solutions.

2.2 Solutions

The low chloride ion containing solution used was 0.5 kmol m~ H;BO; - 0.05 kmol m™
Na,B40O7 (borate, pH = 7.4) with four different salts mixed into the solution (Table 2), as
following: 1 mol m™ NaCl (Na), 0.3 mol m™ CaCl, + 0. 4 mol m™ NaCl (Ca + Na), 0.3 mol
m~ MgCl, + 0.4 mol m™ NaCl (Mg + Na), and 0.3 mol m™ CuCl, + 0.4 mol m™ NaCl (Cu
+ Na). The corrosion behavior of aluminum alloys strongly depends on the pH of solutions,
and the pH of tap water is closed to neutral. The total ion concentration of borate in the
solutions here is higher than that in usual tap waters, however, to avoid a pH effect on the
corrosion behavior, borate was selected as the basic solution in this study. The chloride ion
also plays an important role in corrosion, therefore, the concentration of chloride ions in all
of the solutions was set to 1 mol m™, similar to that of usual tap water. The total ion
concentration of the solutions is higher than that of usual tap water, however, with the
similar pH and chloride ion concentration, the solutions used in this study can be
considered similar to usual tap water. All chemicals were commercially available special
grade and obtained from Kanto Chemical Co. Ltd. The main metal cation contained in the
solutions is Na', and by addition of the different salts it is possible to investigate the effect
of the minor and/or added metal cations. The calculated metal cation hardness [17, 18] is

reported as follows, Na': 1.01, Ca*"; 2.75, Mg2+; 3.54, and Cu®"; 5.14. The NaCl added



solution was used as the reference solution for the corrosion behavior of the other metal

cation containing solutions.

2.3 Galvanic corrosion test and surface ovservation

Specimens were dipped in still (un-agitated) solutions at room temperature, and then
connected to a Pt plate with 18 cm” to form a galvanic couple (Fig. 1). To avoid changes in
the cathodic reaction, a relatively large area size Pt plate was used as the cathode. The main
cathodic reaction in this study is oxygen reduction. The galvanic current, aluminum
dissolution, showed a plus current, and the specimen potentials during the tests were
measured for 86.4 ks (24 h). An electrometer (R8240, ADVANTEST co.) is used for
measurement of galvanic current, and multi-meter (R6452A ADVANTEST co.) is used for
measurement of specimen potential. The data acquisition interval in the computer is 3 s and
an Ag/AgCl sat. KCl electrode was used as reference electrode. The records of the current
and the potential were processed by calculating the Power Spectral Density (PSD) by the
Fast Fourier Transform (FFT) method with 1024 data points (3072 s), and the
electrochemical noise impedance was calculated by using this current and potential PSD.
Both the current and the potential PSD, and the electrochemical noise impedance
calculations were carried out from each data point from 0 s to 80 ks.

After the galvanic corrosion tests, specimen surfaces were examined by a confocal

scanning laser microscope (CSLM; 1SA21, LASERTEC Co. ).

3. Results and discussion

3.1 Galvanic corrosion results

Figure 2 shows changes in potential and current density during the galvanic corrosion tests
for the total length of experiments (top tow) and expanded for the period from 20 ks to 25
ks (bottom tow), in borate with a) and ¢) 1.0 mol m™ NaCl, and b) and d) 0.3 mol m™~ CaCl,
+ 0. 4 molm™ NaCl. In both solutions, the potential suddenly decreases after connecting the
specimen to the Pt electrode and then decreases with immersion time, while the mean value
of the current density shows a smaller change. Both the potential and the current density

clearly show fluctuations, and the current density fluctuations and potential fluctuations



shows good correlation (Fig. 2 b) and d)), such as the potential decreases the current
increases, and potential increases current decreases.

Figure 3 shows CSLM images after the galvanic corrosion tests in the four solutions. There
are corrosion pits in all solutions suggesting that the fluctuations in Fig. 2 may be attributed
to pitting corrosion events. Each fluctuation shows the start, propagation, and
discontinuation of the pitting process.

The total charge density (summation of the current density from 0 to 86.4 ks) with the
different metal cation containing solutions is shown in Fig. 4. The total charge density of
the Cu*" and Ca®" added solutions is lower than with the Na" solution, while it is higher
with the Mg”" addition. This result indicates that the galvanic corrosion rate is affected by

the kind of metal cations in the test solutions.

3.2 Electrochemical noise impedance

Figure 5 shows an example of the potential PSD and current density PSD, and the
electrochemical noise impedance calculated using the galvanic corrosion data in Fig. 2 a) as
a function of frequency, f. Both the potential PSD and the current density PSD show one
flat area at /=2 x 10™ - 2 x 10”%s™". The slope of the potential at the high frequency range, f
> 2 x 107 s is about -1 and with the current density PSD it is about 0.6. The
electrochemical noise impedance shows no frequency dependence at f< 2 x 107 s, while
there appears to be a frequency dependence at f>2 x 10 s™" with a slope of about -0.5.

The average values at flat area (around /=5 x 10~ s™) of the potential PSD, the current
density PSD, and the electrochemical noise impedance were calculated, and then plotted as
galvanic test time. One example of these values calculated using Fig. 2 a) is shown in Fig. 6.
The averages of PSD in both potential and current density show fluctuations of a similar
appearance and the tendencies correlate well. The average of the electrochemical noise
impedance shows an almost unchanged value throughout the galvanic corrosion tests with
spike type fluctuations, bottom in Fig. 6.

Average of flat area of electrochemical impedance PSD as a function of experimental time
in a) Cut+Na, b) Mg+Na and c¢) Ca+Na solutions are showen in Fig. 7. The spike type

fluctuations are observed in both solutions, and large fluctuations are also observed in



CutNa and Ca+Na. In the Mg+Na, the average of the impedance slowly decreases with
time, meaning corrosion resistance decreases with time.

The electrochemical noise impedance is related to the corrosion resistance, and the
conductance (inverse of the electrochemical noise impedance) is related to corrosion rate or
corrosion inhibition ability by the passive film on the specimens. The mean values of the
electrochemical noise impedance and conductance in the solutions were calculated, and the
results are shown in Fig. 8. The mean impedance and conductance in the solutions with
added Na" and Mg®" are very similar while the solution with Ca** shows a large influence
on both the mean impedance and conductance. This impedance results and result shown in
Fig. 4 indicates that the minor metal cation plays an important role in the galvanic corrosion
behavior of A5052 aluminum alloys in tap water. The results shown in here also suggest
that the effect of metal cations must be considered to evaluate the corrosion behavior of

AS5052 aluminum alloys in tap water.

3. 3 Role of metal cations on the corrosion behavior

From the HSAB concept, harder metal cations have a stronger affinity to OH™ [17]. Hard
metal cations in solution attracts the electron pair of the oxygen atom in H,O or OH in the
passive film and that pair can then be more easily replaced with the proton of the H,O
molecule in a passive film [18]. This may reduce the number of flaws in the passive film or
it may increase the re-passivation rate. Fig. 9 shows a schematic outline of the
de-protonation process by Ca*". From XPS and Auger analysis, there is no evidence of Ca*
incorporation in the passive film [14 - 16], however, this is one possible reason why only
very small amounts of Ca>" increases the corrosion resistance of A5052 aluminum alloy in
the solutions.

The metal cation hardness of Cu®" is higher than that of Ca*", however, no significant
change of galvanic corrosion behavior was observed with the Cu”>" added solutions. The
redox potential of Cu*" - Cu is 0.337 V vs. SHE [26], this indicates that copper would
easily be deposited on the electrode, and copper deposition was observed on the Pt
electrode after the galvanic corrosion tests. The deposition reduces the concentration of

Cu®" in the solution to reduce the amount of de-protonation by Cu®’, therefore, Cu**



addition had little influence on the galvanic corrosion behavior of the A5052 aluminum
alloys in this study.

The metal cation hardness of Mg*" is also higher than that of Ca**, and it may be expected
that the addition of Mg2+ should reduce the corrosion rate of the alloy. With Ca’’, however,
there was an increase in the galvanic corrosion rate of the A5052 aluminum alloy with
Mg*" addition of the solutions. The Pilling-Bedworth ratio [27] of MgO is 0.81, meaning
that MgO cannot fully cover the substrate surface. Therefore, incorporation of Mg*" into the
passive film may induce shrinkage of the film, in turn inducing flaws, and reducing its
corrosion protection ability of the film. Therefore, galvanic corrosion resistance in the Mg*"
containing solutions did not increase.

To further clarify the inverse effect of Mg”" and Cu®" on the galvanic corrosion behavior
expected from metal cation hardness theory, further investigation is required. Moreover, a
more sophisticated model is required to explain the role of metal cations on the corrosion

behavior of aluminum alloys in usual tap water.

4. Conclusions

The effects of metal caions on the galvanic corrosion behavior of A5052 aluminum alloy in
low chloride ion containing solutions (tap water) were examined by electrochemical noise
impedance. Both current and potential fluctuations are measured during the galvanic
corrosion tests, and these considered to be related to pitting events. These are also showed
good correlation.

The electrochemical noise impedance and the total charge (summation of galvanic current
during galvanic corrosion tests) are affected by the added metal cations. Additions of Ca*"
and Cu”" decrease total charge, and Ca®" increases the galvanic corrosion resistance, while
Mg®" shows not significantly change on the galvanic corrosion resistance. The effect of
Mg®* on the galvanic corrosion behavior may be explained by low value of

Pilling-Bedworth ratio of its oxide.
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Captions

Table 1 Chemical composition of A5005 aluminum alloy (mass%).

Table 2 List of used low chloride ion containing solutions.

Fig. 1 Schematic outline of the galvanic corrosion test equipment and experimental setup.

Fig. 2 Changes in potential and current density during galvanic corrosion test in borate with

a) and ¢) 1.0 mol m™ NaCl, and b) and d) 0.3 mol m™ CaCl, + 0. 4 mol m™ NaCl.

Fig. 3 CSLM images of specimen surfaces after galvanic corrosion tests in the four

solutions.

Fig. 4 Total charge density (summation of current density from 0 to 86.4 ks) as a function

of containing metal cations.

Fig. 5 Example of the potential power spectral density, PSD, (top panel), the current
density power spectral density, PSD, (mid panel), and electrochemical noise impedance
(bottom panel). These were calculated using the galvanic corrosion test results in Fig. 2 a).
Fig. 6 Average of flat area in Fig. 5 (at around f =5 x 107 s™') of power spectral density,
PSD, of the potential and current density, and the electrochemical impedance calculated

using the galvanic corrosion test results in Fig. 2 a).

Fig. 7 Average of flat area of electrochemical impedance power spectral density, PSD, as a

function of experimental time in a) Cu+Na, b) Mg+Na and c) Ca+Na solutions.

Fig. 8 Mean electrochemical noise impedance and conductance in the four solutions.

Fig. 9 Schematic outline of the deprotonation process by Ca*".



Table 1

Cu Si Fe Mn Mg Zn Cr Ti \Y Zr Al
<0.01 0.08 026  <0.01 2.61 0.01 0.17 0.02 0.01 <0.01 bal.
Table 2
Na 1 mol m~ NaCl+0.5 kmol m- H;BO; - 0.05 kmol m- Na,B,0,
CatNa | [0.3 mol m™ CaCl, + 0. 4 mol m NaC] +0.5 kmol m~ H;BO; - 0.05 kmol m- Na,B,0,
Mg+Na | [0.3 mol m3 MgCl, + 0.4 mol m- NaCl]+0.5 kmol m-* H;BOj; - 0.05 kmol m- Na,B,0,
CutNa | [0.3 mol m? CuCl,. + 0.4 mol m- NaCl]+0.5 kmol m- H;BO; - 0.05 kmol m-* Na,B,0,
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