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AA6082 aluminium alloy is widely used in the automotive industry. The aim of this study was to
report on the corrosion behaviour of this alloy in 1 and 5 wt.% NaCl solutions at 50 °C and to compare
it to the results in the same solution at room temperature, using the weight loss and electrochemical
techniques. The chosen concentration and temperature range are the most severe conditions in
automotive corrosion tests. The localised and general corrosion rates are higher for the highest of the
two temperatures tested. At both temperatures, corrosion occurs according to a kinetic-controlled
process.
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1. INTRODUCTION

Aluminium’s high strength to weight ratio and high thermal and electrical conductivity,
combined with its abundance and relatively low price, have made it an interesting material for many
applications [1, 2]. In addition, due to the formation of a passive oxide layer on its surface, aluminium
shows resistance to corrosion in general. However, in acidic, alkaline, and especially
chloride-containing solutions the oxide layer is damaged and aluminium becomes susceptible to
corrosion [1, 3, 4].

Several series of alloys have been developed in order to improve the mechanical properties of
aluminium. Nevertheless, the addition of different elements to form the alloy series has an impact on
the corrosion resistance of the aluminium. The pure metal is more resistive to pitting corrosion than the
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alloys [1, 5]. The 6xxx series alloys contain mainly additions of Mg and Si and small amounts of Cu,
which in total lead to improvement of their mechanical properties [1, 2]. Although these alloys show
relatively high general corrosion resistance, they are susceptible to forms of localized corrosion,
especially pitting and intergranular corrosion [6-9]. The 6xxx series alloys are extensively used in the
automotive industry [1]. Among them, the AA6082 alloy is particularly used in the fabrication of hot
extruded automotive parts. This alloy in addition to its plasticity for extrusion, possesses high strength,
excellent weldability, formability and machinability [10]. A few studies have been performed with the
aim of explaining the corrosion behaviour of AA6082 aluminium alloys, mainly in chloride-containing
solutions. Cicolin et al. [11] reported on the effect of chloride concentration, pH and dissolved oxygen
on the repassivation behaviour of AA6082-T6 aluminium alloy. Gerengi et al. [12] used dynamic
electrochemical impedance spectroscopy to compare the corrosion resistance of AA6060 and AA6082
aluminium alloys immersed in simulated acid rain. They concluded that the corrosion resistance of
these alloys decreases with increasing the aluminium content. In addition, the use of inorganic
inhibitors [13] and surface modification [14] has been reported to protect the AA6082 aluminium alloy
in chloride-containing solutions.

The aim of this study was to investigate the corrosion behaviour of AA6082 aluminium alloy in
chloride-containing solutions, at 25 and 50 °C. First, immersion tests were performed on AA6082 alloy
samples in 1 and 5 wt.% NaCl solutions at 25 and 50 °C. Then electrochemical impedance
spectroscopy (EIS) and cyclic polarisation (CP) techniques were employed on samples in 5 wt.% NaCl
solution at 25 and 50 °C in order to explain the electrochemical behaviour of AA6082 alloy in details.
A 5 wt.% NaCl solution and 25-50 °C are standard parameters in automotive industry corrosion tests
[15]. This study lays the basis for further research on possible compounds to be used as corrosion
inhibitors for this alloy in chloride-containing solutions.

2. EXPERIMENTAL

2.1 Immersion tests

The aluminium alloy samples with the composition given in Table 1 were provided by Rocholl,
Aglasterhausen, Germany. The dimensions of the samples used for the immersion tests were (50
x 20 x 1) mm.

Table 1. The composition of AA6082 aluminium alloy samples as specified by the supplier.

Element | Si Fe | Cu Mn Mg | Cr | Zn | Ti Al
wt% | 0.90 | 0.35|0.07 | 0.45 | 0.90 | 0.04 | 0.05 | 0.02 | balance

NaCl and acetone for analysis-ACS quality were provided by Carlo Erba Reagents (Milan,
Italy). The 1 wt.% and 5 wt.% NaCl solutions were prepared using ultra-pure water (with a resistivity
of 18.2 MQ cm at 25 °C) produced with the Milli-Q system (Millipore Corporation, Massachusetts,
USA). The samples were exposed for 7 days to 1 wt.% and 5 wt.% NaCl solutions, under non-stirring
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conditions, at 25 °C or 50 °C in 100 mL closed-to-air polypropylene vials. A mixture of 50 vol.%
acetone/50 vol.% water was used to clean the samples ultrasonically before immersion test. Afterwards
the samples were dried under a stream of air, and weighed. Then the samples were immersed in vials.
After 7 days immersion period the samples were cleaned by brushing them under the stream of water
using a fibre-bristle brush to remove the corrosion products. Then the samples were rinsed with water,
dried under a stream of air, and weighed. For each test 9 replicate measurements were performed. The
corrosion rate (CR) was calculated from the average mass loss. The outliers were discarded using the
Grubbs’ test [16].

2.2 Electrochemical analysis

The samples for the electrochemical measurements were cut in a disc shape with a 15 mm
diameter. Their surface was ground under a stream of water using a rotating device first with 320-grit
SiC paper followed by 500, 800, 1000, 2400 and 4000-grit SiC papers (provided by Struers, Ballerup,
Denmark). In order to minimize abrasion the grinding direction was changed four times with 90°. The
samples were rinsed with ultra-pure water, cleaned ultrasonically in the 50 vol.% acetone/50 vol.%
water mixture and then rinsed again with ultra-pure water and dried. The samples were then embedded
in a Teflon holder (PAR, Cambridge, UK), with a 1 cm? area exposed to the 5 wt.% NaCl solution.
Electrochemical measurements were performed at 25 and 50 °C, in sequence after 1-11 h of
immersion. The aluminium alloy sample, a graphite rod, and a saturated calomel electrode (SCE) were
used as the working, counter, and reference electrodes, respectively. A Gamry 600™
potentiostat/galvanostat controlled by a Gamry Framework electrochemical program was used to
perform the electrochemical measurements. The EIS spectra were recorded in sequence after 1 h, 3 h, 5
h, 7 h, and 10 h of immersion, preceded in each case by chronopotentiometry measurements. At each
specified immersion time the EIS measurements were carried out at open circuit potential (Eo), from 1
MHz to 10 mHz, with 10 points/decade and a 10 mV (peak to peak) amplitude [17-19]. The EIS
curves were fitted by Echem Analyst software. The cyclic polarisation (CP) measurements started after
11 h of immersion at —250 mV vs. E,.. The potential scan was reversed when the current density of 1
mA/cm? was reached. The potential scan in the cathodic direction was continued up to ~500 mV vs.
SCE. A sweep rate of 0.1 mV/s was used for the CP measurements.

3. RESULTS AND DISCUSSION

3.1 Immersion tests

The corrosion rate of the AA6082 aluminium alloy samples immersed for 7 days in 1 and 5
wt.% NaCl solutions at 25 and 50 °C, was calculated from the average mass losses according to eq.

(2):

CR [g (mzh)’1]= % 1)
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where Am is the mass loss in grams, A the surface area of the samples in square meters and t the
immersion time in hours.

The corrosion rates of the aluminium alloy samples immersed in 1 and 5 wt.% NaCl solutions
at 25 °C are 0.587 - 102 and 0.865 - 10 g (m*h)*, respectively. At 50 °C the samples showed mass
gain after immersion in both 1 and 5 wt.% NaCl solutions, due to the strongly attached corrosion
products on their surfaces. It is possible to use medium that would remove these corrosion products (to
clean the surface). However, by doing so we risk additional corrosion of the base material, which
would lead to systematic error. Electrochemical techniques have in this particular case significant
advantage, because the corrosion products do not interfere with the evaluation of the relative corrosion
behaviour of the particular metal in a certain environment.

3.2. Electrochemical analysis

Only the aluminium alloy samples exposed to the most corrosive environment (5 wt.% NaCl
solution), were tested electrochemically at both 25 and 50 °C.

3.2.1 Chronopotentiometry measurements

Figure 1 shows the change of the potential with time for the AA6082 aluminium alloy samples
in 5 wt.% NaCl solution at 25 and 50 °C, over 11 h of immersion. The discontinued parts on each
curve represent the immersion times at which the EIS measurements were performed. As it can be seen
from Figure 1 the potential does not change significantly after each EIS measurement, confirming that
the latter is a non-destructive technique.
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Figure 1. Chronopotentiometry measurements of AA6082 aluminium alloy in 5 wt.% NaCl solution at
25 and 50 °C.
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At 25 °C the potential increased slightly after immersion and the steady-state (where the
potential does not change with time significantly) was achieved after approx. 2 h immersion. In this
case the corrosion potential (the last E,c measured before CP measurement) was —0.789 V vs. SCE.
The AA6082 aluminium alloy behaved differently at 50 °C. The potential decreased with time,
especially after 2 h immersion. The steady-state for the potential was achieved after approx. 9 h
immersion. The corrosion potential at 50 °C was —0.861 V vs. SCE.

3.2.2 EIS measurements

Figure 2 presents the EIS measurements and fitted curves for the AA6082 samples in 5 wt.%
NaCl solution, at 25 and 50 °C, after 1-10 h immersion. The data were fitted using the nested
Ra(Qsi(Rpore(Qai(Rer))) equivalent electrical circuit (EEC) shown in Figure 3, which is a combination of
resistance (R) and Q for the constant phase element [18, 20].
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Figure 2. EIS measurements for AA6082 aluminium alloy sample (a—c) at 25 °C and (d—f) at 50 °C,
after 1, 3, 5, 7, and 10 h of immersion in 5 wt.% NaCl solution. The fitted data are represented
by solid lines.

Rq stands for the uncompensated resistance. This model induced the highest goodness of the
fitting procedure (the lowest Xz) [18, 19]. Two relaxation processes were taken into account. The first
relaxation process, QsRpore, describes the pore resistance (Rpore) and the surface layer capacitance (Cs
described with Q). The second relaxation process, QqgRct, describes the charge-transfer resistance (R¢)
and double-layer capacitance (Cq described with Qu). Rpore 1S the electrolyte resistance in the pores of
the surface layer, where the composition is different compared to the bulk solution. The surface layer
represents an oxide layer in combination with the layer on top of it, which is composed of metallic
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chlorides (mostly aluminium chlorides) as a consequence of the corrosion product formed. The use of
the R(R(Q(RQ))) model implies that the corrosion of the aluminium alloy occurs according to a
kinetic-controlled process (and not a diffusion-controlled process as no diffusion element was present
in the EEC model) [18, 19].
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Figure 3. The equivalent electrical circuit used to fit the EIS measurements.

Table 2 summarises the fitted EIS parameters for the samples at the two studied temperatures.
The Q values were used to calculate the respective double-layer and surface layer capacitances (C) as
Cx = (ReQx)"™/Ry [18, 21].

No significant change of the R with increasing immersion time was observed for the samples
at both temperatures. However, the values are significantly higher for the measurements at 25 °C
compared to 50 °C, which indicates that at lower temperature the electron transfer for the metallic
material is slower. This also indicates a lower corrosion rate. The Rpoe values at 25 °C increase with
immersion time, while no significant change was observed at 50 °C (there is no trend for the latter).
The increase in Ryore Signifies that the pores of the surface layer start to close and that is why
conductivity decreases. The Cg at both temperatures increases with increasing immersion time,
implying that the thickness of the oxide layer decreases with immersion time as C is inversely
proportional to the thickness [18, 19]. However, the Cq at 25 °C decreases with increasing immersion
time, which is in agreement with the increase in Ryore Values with increasing immersion time. Cgy is
connected with the active part of the electrode; the higher Cg is, the greater is the active area. When
pores close, the active area decreases. On the other hand, as reported above, no significant change in
Rpore 1s seen at 50 °C, which is reflected in the non-significant change in the respective Cq values.
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Table 2. Fitted EIS parameters for AA6082 aluminium alloy samples in 5 wt.% NaCl solution after 1—
10 h immersion, at 25 and 50 °C. Units: ¥ [<107®], Ra [Q cm?], Rpore, and Rgj [kQ cm?], Qg and
Qu [1Q ™ cm ™ s", and C [uF cm ).

Immersiontime [h]| ¥ | Ra | Qs | N |Roore|l Cs | Qa | N2 | R | Ca
25 °C

1 0.8415.90|217.00|0.69|39.7|581.50 | 17.2 |0.86|43.30 | 16.46
3 0.98]5.84|276.00|0.85|48.0|440.16 | 16.8 |0.86|52.30 | 16.45
5
7

0.61]5.69|396.00|0.99|46.4|401.84| 16.5 | 0.86]50.80 | 15.96
0.22]5.65|340.00|0.84 |58.7 |593.76 | 15.3 |0.86|48.10|14.56

10 0.2415.60|325.00|{0.83|73.0/607.62| 14.7 |0.86|45.00|13.77
50 °C

1 2.30|3.36|145.17|0.67|24.9|273.37| 12.9 |0.89| 5.81 | 9.37

3 0.66|3.68(298.27|0.77|17.4|494.74| 13.5 |0.90| 4.89 | 9.88

5 0.23]3.74|358.20|0.74|21.1|696.45| 13.7 {0.91| 4.73 |10.56

7 0.25]3.76|373.10|0.76 | 20.5|686.92 | 13.53|0.92| 5.39 |10.79

10 0.22]3.76370.07 |0.76 | 21.0 | 690.29 | 13.00| 0.93] 6.17 | 10.56

The polarisation resistance (R,) values, given as Ry = Rpore + Ret, at both temperatures, are
presented in Figure 4. R, is a measure of how the metallic material resists transferring the electron to
the electroactive species in solution. The higher the Ry, the more resistive are the samples to general
corrosion.
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Figure 4. R, values from EIS fitting for AA6082 aluminium alloy samples after 1-10 h of immersion
in 5 wt.% NaCl solution at 25 and 50 °C.

The R, values at 25 °C decrease with increasing immersion time, while no significant change
was observed at 50 °C. However, it is clearly seen in Figure 4 that the AA6082 aluminium alloy
samples are more resistive to general corrosion at 25 °C compared to 50 °C (with a change in the R,
values of up to one order of magnitude) and that the general corrosion resistance of AA6082
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aluminium alloy increases with increasing immersion time at 25 °C, whereas the general corrosion rate
remains the same at 50 °C.

3.2 Cyclic polarisation measurements

The CP curves (E and i stand for potential and current density, respectively) of the alloy sample
after 11 h of immersion at 25 and 50 °C are presented in Figure 5.

For the 50 °C measurement, three very distinct potentials, ranging from —0.95 to —0.90 V vs.
SCE, are seen in the forward scan where the current changes polarity from cathodic to anodic (open
circuit potential, Eoc). This indicates the active dissolution of the alloy. At potentials more positive than
Eoc @ noisy part is seen in the forward scan, which indicates the occurrence of pitting corrosion.

=0.6 Ty Ty G

F ==e= 25°C =

0.7 E—50°C x

(Uj -0.8 = 3
7 - =
2 -09 F H
> = =
= -1.0 E_ —E
-1.1 =
-1.2 = ol ol ol ol ol o ool O

100 10° 10® 107 10 105 10* 107
i/ (Acm?)

Figure 5. CP curves for AA6082 aluminium alloy samples after 11 h of immersion in 5 wt.% NaCl
solution at 25 and 50 °C

The alloy shows more noble behaviour at 25 °C compared to 50 °C, as seen from the more
positive Eq.. In general, the forward scan of the alloy samples at 25 °C show active behaviour [22]. In
addition, in the reverse scan for the 25 °C measurement the current is approximately one order of
magnitude lower compared to that at 50 °C, which implies that at 25 °C less localised corrosion
occurred in the forward scan. This is also confirmed by the absence of noise in the forward scan for the
25 °C measurement.

4. CONCLUSIONS

The corrosion behaviour of AA6082 aluminium alloy in 1 and 5 wt.% NaCl solution at 25 and
50 °C was studied using immersion tests and electrochemical methods. It was shown that higher
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corrosion rates are expected for the highest of the two temperatures employed. The corrosion rate
increased with increasing the chloride concentration. The occurrence of pitting is more pronounced at
50 °C compared to 25 °C. Moreover, higher resistive behaviour toward general corrosion is expected at
25 °C compared to 50 °C. It was also shown that the corrosion of the AA6082 aluminium alloy at the
studied conditions occurs according to a kinetic-controlled process.
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