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In this work, the study on the influence of aging time on the microstructure and corrosion behavior of
6061-T6 aluminum alloy in NaCl solution was systematically investigated using a series of testing
methods. In the corrosion process, the two identified precipitates play different roles in the micro-
galvanic corrosion cell formed with the matrix. Among them, the precipitate B serves as the anode to
protect the matrix, whereas the precipitate Q causes an opposite corrosive effect. The anti-corrosion
resistance of the alloy first increases and then decreases as the aging time increases. The low number
of Q phase precipitates distributed within the microstructures can improve the anti-corrosion property
of samples aged for 6 and 8 h. The change trend in the anti-corrosion property of alloy samples aged
for different times is mainly dependent on the content of precipitate 3. Therefore, the alloy sample
aged for 6h possesses the best corrosion resistance because it has the highest content of precipitate
and low content of Q phase.
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1. INTRODUCTION

The advantages of 6061 aluminum alloy, such as low cost, medium strength, and good welding
performance make it suitable for the wide application in the transportation and construction regions [1-
6]. In recent years, the research on 6061 aluminum alloy has gradually increased. Panwar [7] studied
aluminum 6061 red-mud composite, and the results showed that heat treatment improved the surface
properties of the materials, including a reduction in the number of surface cracks. Parida [8] proposed
the effect of cutting speed and nose radius in 6061 aluminum alloy machining process, and pointed out
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that the force decreased as the cutting speed increased, whereas the force increased with the increase of
nose radius. Fahimpour [9] found that the aging treatment improved the strength of welded 6061
aluminum alloy, but reduced its ductility. However, few studies have investigated the corrosion
resistance of T6-tempered 6061 aluminum alloy. Torbati-Sarraf [10] asserted that appropriate heat-
treatment could improve the corrosion resistance of the additively manufactured Al alloy. Kamal [11]
indicated that different heat treatment parameters had an effect on the anti-corrosion resistance of 6061
aluminum alloy. They found that the samples without aging treatment were susceptible to intergranular
corrosion, whereas over-aged samples mainly exhibited pitting corrosion. In addition, Sarah [12]
reported that temperature and pH had a strong impact on the corrosion of aluminum. However, under
certain circumstances, the artificially aged 6061-T6 aluminum alloy exhibited poor corrosion
resistance and hardness; thus, it did not sufficiently satisfy the service requirements. Our previous
research [13] indicated that the solid solution temperature could remarkably affect the microstructure
and corrosion behavior of 6061-T6 aluminum alloy in NaCl solution, and found that the anti-corrosion
resistance of the alloy exhibited a U-shaped trend as the solution temperature increased, and the alloy
treated at 535°C had the optimal anti-corrosion property. Nevertheless, in actual applications, the aging
state is always used as the service state of aluminum alloy. Therefore, based on the previous results of
solution treatment research, an aging treatment was adopted to further explore the corrosion resistance
of 6061-T6 aluminum alloy.

This study investigated on the most recent findings obtained by the influence of aging time on
the corrosion behavior of 6061-T6 aluminum alloy in NaCl solution using electrochemical
measurements and immersion test.

2. EXPERIMENTAL

2.1 Specimen and solution

The work was performed on a 5 mm thick flat plate of Al-6061-T6. The chemical composition
of the plate was listed in Table 1. The plate was machined into samples with a dimension of 10 mm x
10 mm, and the sample surface was polished with a sequence of sandpapers, subsequently degreased,
rinsed and dried. To investigate the influence of aging treatment on the microstructure and corrosion
behavior of 6061, the samples were carried out the following heat treatment. First, the samples were
subjected to solution heat treatment for 3 h at 535°C, quenched in water, and then immediately
subjected to aging treatment. Subsequently, the samples were respectively held at 180°C for 1, 3, 6,
and 8 h, followed by air cooling to room temperature. Subsequently, the aluminum alloy samples aged
for different times were mechanically connected to copper wire and packaged with epoxy resin,
leaving an exposed area of 1 cm? as the working surface. Then, the samples were grinded from 180 to
2000 grit emery paper, rinsed with ethanol and deionized water, and finally air-dried. A metallographic
etching solution was used in accordance with GB/T 3246.1-2000. The microstructure of different aged
samples was observed by scanning electron microscopy (SEM) (Quanta 250, FEI, Hillsboro, OR,
USA), and the composition of precipitates was measured by energy dispersive spectroscopy (EDS).
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The proportion of precipitated phases was calculated by Image-Pro Plus 6.0. In this paper, 3.5% NaCl
solution with a pH of 6.7 was adopted to simulate the service environment. All tests were conducted at
a fixed temperature of 25°C in a thermostatic bath.

Table 1 The composition of 6061-T6 Alloy (wt.%)

Element Mg Si Cu Fe Cr Mn Zn Ti Al
wt.% 0.874 0586 0.223 0.175 0.104 0.048 0.018 0.021 Bal

2.2 Electrochemical tests

The tests were performed with a three-electrode cell through a PARSTAT 2273
electrochemical workstation system. The aged alloy sample was acted as the working electrode, a
saturated calomel electrode (SCE) as reference electrode and a Pt plate as counter electrode. First, the
open circuit potential (OCP) of the alloy sample was performed for 30 min to stabilize the system.
Then, EIS curve was tested under a range of 100 kHz - 10 mHz with a disturbing signal amplitude of
10 mV. And the measurement of potentiodynamic polarization curve was performed at a scanning rate
of 0.5 mV/s with a potential range of -1.2 V (vs. SCE) to -0.6 V (vs. SCE).

2.3 Immersion test

Various aged specimens were soaked in the solution for 168 h. After testing, the remaining
precipitated phase was detected by EDS. Then, a chromic anhydride solution was adopted to remove
the corrosion products formed on the alloy surface. Subsequently, the corrosion morphology of
different aged samples was analyzed via SEM. The above measurement was repeated at least three
times.

3. RESULTS

3.1 Microstructure analysis
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Figure 1. Microstructures of 6061 aluminum alloy samples treated at 180°C for different aging times.
(@ 1h;()3h;(c)6h;(d)8h

Figure 1 exhibits the microstructure of the alloy samples prepared at various aging times.
Apparently, white and grey precipitates are dispersed in the aluminum matrix of different specimens.
The two precipitates were analyzed by EDS, and the results are shown in Figure 2.
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Figure 2. SEM images and element analysis of two precipitates within the aged alloy (a)(b) B-phase;
(c)(d) Q-phase.

The first precipitate is light-black, and exhibits a nearly spherical shape. The EDS result in
Figure 2b indicates that this precipitate-referred to hereinafter as precipitate 3, mainly consists of Al,
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Mg, Si, Cu and Zn. As shown i

Different sized precipitates Q are
time increases up to 6 h, the size

Q reveal an decreasing trend.

N
o

n Figure 2c and 2d, the other precipitate-referred to hereinafter as
precipitate Q is white, irregularly-shaped, and mainly consists of Al, Fe, Mg, Si, Cu, Zn and Mn.
randomly distributed in all aged samples. Obviously, when the aging
of precipitate B becomes large, and its content in the sample is high.
The content of precipitates on the surface of different aged samples was calculated, and the result was
shown in Figure 3. Clearly, the fraction of precipitate  increases first and then decreases, and the
content of precipitate 3 is the highest in the sample aged for 6h. And the size and content of precipitate
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Figure 3. Percentage of two precipitates within alloy samples treated at 180°C for different aging

times.
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3.2 Electrochemical measurements
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Figure 4. Corrosion potential versus time curves of alloy samples treated at 180°C for different aging
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Figure 4 shows the OCP curves of alloy samples treated for various aging times. In all of the
curves, the corrosion potential increases slightly with the increase of testing time, and finally reaches a
relatively stable value. Obviously, the sample aged for 6 h has the most positive potential, indicating
that the corrosion trend of the sample is the lowest. In contrast, the specimen aged for 1 h displays the
most negative potential, suggesting that it possesses the highest corrosion trend.
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Figure 5. Potentiodynamic polarization curves of alloy samples treated at 180°C for different aging
times in 3.5% NaCl solution.

Figure 5 exhibits the potentiodynamic polarization curves of various aged samples. All of the
curves exhibit the similar shape. In the anode branch, a distinct active dissolution characteristic is
displayed [14], whereas the oxygen diffusion reaction predominantly controls the cathode part,
suggesting that various aged samples have a similar corrosion mechanism. The fitted corrosion current
density (lcorr) Of various aged samples is shown in Figure 6. As the aging time gradually increases, lcorr
first decreases and then increases. Thus, the sample aged for 6 h has the minimum value, whereas that
of the specimen aged for 1 h is the highest. This means that the former exhibits the lowest corrosion
rate, and the latter has the highest corrosion rate [15-17].
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Figure 6. Icorr of specimens treated at 180°C for different aging times in 3.5% NaCl solution.
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Figure 7. Impedance spectrum of alloy samples treated at 180°C for different aging times in 3.5%
NaCl solution. (a) Nyquist plot; (b, ¢) Bode plot

Figure 7 shows the Nyquist and Bode plots of various aged samples. All curves consist of the
similar semicircular capacitive and inductive reactance arcs. The presence of inductive arc may be
related to the adsorption/desorption behavior of chloride ions. The diameter of semicircular-arc in
Nyquist plot could be used to assess the anti-corrosion resistance of the materials [18]. The larger
diameter of the semicircular-arc means that the sample has the better corrosion resistance. The
characteristics of low frequency region indicate that a dispersion effect exists in the electrode response
[19]. The two peaks in Figure 7c correspond to two time-constants. To further illustrate the corrosion
behavior of different aged samples, an equivalent circuit was used to fit the data (Figure 8). The circuit
contains five components: solution resistance (Rs), charge transfer resistance (R¢), inductive resistance
(R1), inductive element (L) and nonideal double layer capacitance (Q). As listed in Table 2, compared
with other samples, the sample aged for 6 h has the largest semicircular-arc diameter and the maximum
Rt value. This suggests that the sample aged for 6h has the best anti-corrosion resistance. In contrast,
the sample aged for 1 h has the minimum Ry value, indicating that it exhibits the poor corrosion
resistance [20-22]. It should be noted that the oxide film formed on the alloy surface was removed
during the process of sample preparation.
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Figure 8. Equivalent circuit used for fitting EIS data.

Table 2. The fitted electrochemical parameters of different aged samples.

Aging time Rs Q n Rt L RI
(h) (Q-cm?) (x10°Q1.s".cm?) (0<n<l) (Q-em?) (H) (Q-cm?d)
1 6.106 9.754 0.9701 245 1492  33.18
3 6.705 8.512 0.9862 261.8 13.21  40.85
6 6.678 7.563 09737 4478 59.14  44.33
8 6.403 13.59 0.941 386.5 121.3 48.19

3.3 Immersion test

Figure 9 displays the corrosion morphologies of various aged specimens soaked in the solution
for 168 hours after removing the surface corrosion products. Apparently, the corrosion degree of
different aged samples is different. Figure 9a exhibits the severe corrosion characteristics. A great
amount of different sized pits are distributed on the surface of the sample aged for 1 h. These pits
continually dissolve and generate large sized corrosion pits. The corrosion morphology of the sample
aged for 3 h is displayed in figure 9b. The corrosion status of the sample is similar to that of specimen
aged for 1 h, however, the sample aged for 3 h has notably fewer large sized pits. In contrast, the
sample aged for 6 h (figure 9c) shows the slightest corrosion characteristics, with only a few small pits
on the substrate surface. In figure 9d, the decreasing number of corrosion pits indicates that the
corrosion status of specimen aged for 8 h is slighter than those of samples treated at aging times of 1h
and 3h. Thus, it can be concluded that the anti-corrosion resistance of alloy sample first increases and
then decreases as the aging time increases.

Furthermore, it is clearly seen that the remaining white precipitates are embedded in the pits or
distributed on the surface of various aged samples. Some pits are located around the precipitates. This
feature indicates that the precipitates can affect the corrosion behavior of alloy [23-29]. The white
precipitates inside the pits occurred on the corroded samples were analyzed. The results in Figure 10
indicate that the remaining precipitates are phase Q. This may be attributed to the formation of micro-
galvanic corrosion cell. In the corrosion process, the precipitate Q acts as the cathode, thus it is
protected. And the substrate serves as the anode, and is subjected to the corrosion dissolution[30].
Hence, the pits are generated on the substrate. As revealed in Figure 3, as aging time increases, the
content of precipitate Q decreases. Therefore, the content of precipitate Q results in a different
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influence on the corrosion resistance of alloy samples aged for different times. The low number of Q
phase precipitates distributed within the microstructures can improve the anti-corrosion property of
samples aged for 6 and 8 h.

Figure 9. Corrosion morphologies of different aged samples immersed for 7d after removing the
corrosion products. (a) 1h; (b) 3h; (c) 6h; (d) 8h

However, the precipitate 3 is not observed on the surface of the corroded samples treated for
various aging times. It is reasonable to believe that the precipitate  acts as the anode phase in the
micro-galvanic corrosion cell formed with the matrix. Consequently, it preferentially dissolves,
thereby protecting the substrate and improving the corrosion resistance of alloy sample. Figure 3
shows a substantial difference in the content of precipitate f among the different samples. Thus, the U-
shaped trend in the corrosion resistance of alloy samples is mainly dependent on the corresponding
content of precipitate . Therefore, the alloy sample aged for 6 h possesses the best corrosion
resistance because it has the highest content of precipitate 3 and low content of Q phase.
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Figure 10. SEM images (a) and EDS analysis (b) of white precipitate distributed inside the pit.

4. CONCLUSIONS

In the corrosion process, the two identified precipitates-denoted precipitate  (Al, Mg, Si, Cu
and Zn) and precipitate Q (Al, Fe, Mg, Si, Cu, Zn and Mn) play different roles in the micro-galvanic
corrosion cell formed with the matrix. Among them, the precipitate  serves as the anode phase to
protect the substrate, whereas the precipitate Q generates an opposite corrosive effect. The corrosion
resistance of alloy samples first increases and then decreases as the aging time increases. The low
amount of Q phase precipitates distributed within the microstructures can improve the anti-corrosion
property of samples aged for 6 and 8 h. The change trend in the anti-corrosion resistance of alloy
samples treated for different aging times is mainly dependent on the corresponding content of
precipitate . Therefore, the alloy sample aged for 6 h exhibits the best corrosion resistance because it
has the highest content of precipitate f and low content of Q phase.
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