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Abstract The present study investigated the effects of heat
treatment by low-temperature annealing and temperature
change on the electrochemical properties of aluminium
(AD) alloy A6061-T6 in 0.5 M sulphuric acid (H,SO,)
solution. Subsequent to heat treatment at five different
temperatures of 250 °C, 300 °C, 350 °C, 400 °C, and
500 °C (constant time of 1 h.), the heat-treated Al alloy
A6061-T6 samples were subjected to corrosion tests via
potentiodynamic polarization techniques at room temper-
ature. Optical microscopy was used for the characterization
of the corroded areas for both the control and heat-treated
samples. Compared to the control Al alloy A6061-T6
sample with a higher corrosion current density of 391.38
nA/cm?, the Al alloy A6061-T6 samples annealed at
250 °C, 300 °C, 350 °C, 400 °C, and 450 °C possessed a
lower corrosion current density of 390.62 pA/cm?, 191.66
nA/em?, 113.89 pA/em?, 64.23 pA/cm?, and 60.99 pA/
cm?, respectively. The annealed samples are characterized
by lower corrosion density as well as the presence of little
or no corrosion products and pits. Heat treatment by low-
temperature annealing improves the electrochemical
properties of Al alloy A6061-T6, and the corrosion resis-
tance increases with increasing annealing temperature.
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Introduction

Aluminium (Al) alloys mostly find applications in aero-
space, automotive, and building industries [1, 2] due to
their exceptional properties including high mechanical
strength, light weight, low cost, high ductility, low density
[3, 4], and formability [5], and moderate corrosion resis-
tance. As a form of aluminium alloy, Al 6061 T6 is a
promising material used in transportation, aerospace, and
other industries due to its interesting properties such as
good weldability and hardenability [6-8].

Generally, the Al alloys are readily oxidized to form a
protective thin and fragile oxide layer when exposed to the
atmosphere. However, their continuous exposure to atmo-
sphere especially in aggressive environments results in
corrosion which causes a serious setback to their
mechanical properties. In addition, several factors could
influence the corrosion resistance behaviour of Al 6061 T6
alloy including the presence of stray electric current,
temperature of the solution, presence of other ions in
solution, differences in electrical potentials in solutions,
and instability of metals in their refined form [2, 6, 7]. The
corrosion resistance behaviour of Al 6061 T6 alloy can be
further enhanced in aggressive environments via surface
engineering technologies including surface nanocrystal-
lization [9-16], coatings/electrodepositions [17-19],
machining/moulding [20], heat treatments [21-24], etc. It
is important to know that heat treatment is presently
gaining more recognition as an important technique for
improving the mechanical properties as well as enhancing
the corrosion resistance property.

The influence of heat treatments on the mechanical
properties and microstructure of Al 6061 T6 alloy has been
investigated in the past [7, 8, 25-29]. As stated by Li et al.
[7], heat treatment reportedly improves the mechanical
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properties of Al 6061 alloy as a result of the precipitation
hardening mechanism. A similar enhancement in properties
of Al 6061 was reported by Maisonnette et al. [8] which
was mainly attributed to the weldability and inherent
hardenability nature of the sample. In another investiga-
tion, the corrosion behaviour of Al 6061 alloy under heat
treatment at different temperatures and oxidation states was
examined by Wang et al. [29]. The corrosion rate of Al
6061 alloy showed an increasing trend with the increase of
temperature. Samsu et al. [30] presented a detailed study on
the corrosion behaviour of Al 6061 T6 immersed in reactor
pool water containing about 0.1 NaCl content. It was
reported that the corrosion rate value of the Al 6061 T6
increased with the presence of 0.1% ion chloride content in
the demineralized water reactor pool as compared to nor-
mal demineralized water. As described by Zeid [31], Al
alloy 6061 can also be used in corrosive media after arti-
ficial aging at the optimum temperature of 175 °C for
30 min.

However, the influence of heat treatment via low-tem-
perature annealing on the corrosion resistance behaviour of
Al alloy A6061-T6 has not been fully studied in 0.5 molar
H,SO, solution. In addition, the electrochemical properties
of heat-treated Al alloy A6061-T6 over five different
temperatures with the range 250-450 °C have not been
investigated in-depth, hence the motivation behind this
study.

In the present study, the electrochemical properties of
heat-treated Al alloy A6061-T6 in 0.5 M H,SO, solution
were determined through low-temperature annealing pro-
cess, potentiodynamic polarization techniques, and optical
microscopy. Most importantly, the influence on tempera-
ture change during annealing treatment on the corrosion
resistance behaviour of Al alloy A6061-T6 was
investigated.

Experimental

The commercial Al alloy A6061-T6 sample with chemical
compositions in Table 1 was used in the present work. The
samples were first cut into sizes suitable for different
operations required. The samples with the dimension,
100 x 100 x 5 mm? were then subjected to heat treatment

temperatures: 250 °C, 300 °C, 350 °C, 400 °C, and 500 °C
using a Detachable Muffle Furnace with a constant time of
1 h.

The electrochemical properties of the unannealed (con-
trol) and annealed Al alloy A6061-T6 samples
(20 x 20 x 5 mm®) was carried out using Princeton
Applied Research Electrochemical workstation (model-
VersaSTAT 4) at room temperature. The test was carried
out at a scan rate of 1 mV/s, scanning potential range
of — 250 to 4+ 250 mV, in 0.5 molar sulphuric acid
(H,SO,) solution. The corrosion test was performed in a
tradition three-electrode system using Ag/AgCl as the
refence electrode, platinum rod as the counter electrode
and the sample as the working electrode, with sample
exposure diameter of 10 mm.

The corrosion potential and current densities values
were obtained from the corrosion graph via Tafel extrap-
olation, and the corrosion rates were obtained from the
software embedded in the electrochemical system. All
experiments were repeated for at least three times to ensure
reproducibility and accuracy of results.

After slight polishing and etching using Keller’s reagent
[27], the optical microstructure of the unannealed (control)
and annealed Al alloy A6061-T6 samples (15 mm x 15
mm) before and after corrosion was examined on Omax
40X-2500X Optical Metallurgical Microscope at room
temperature, and micrographs taken via bright-field illu-
mination technique. The samples were cleaned with ace-
tones and adequately polished for effective microstructure.

Results

Figure 1 shows the images of the control Al alloy A6061-
T6 sample and those subjected to heat treatment by
annealing at temperatures of 250 °C, 300 °C, 350 °C,
400 °C, and 450 °C in 0.5 molar sulphuric acid (H,SO,4)
solution. Compared to the control Al alloy A6061-T6
sample (Fig. la), the samples annealed for 250 °C
(Fig. 1b), 300 °C (Fig. 1c), 350 °C (Fig. 1d), 400 °C
(Fig. le), and 450 °C (Fig. 1f) exhibited shiny dark sur-
faces, indicating the extent of heat treatment. The surfaces
get more shiny and darker with increasing temperature.
The electrochemical properties of as-received Al alloy

by low-temperature annealing at five different  A6061-T6 (control) and those subjected to annealing
treatment at temperatures of 250 °C, 300 °C, 350 °C,

Table 1 Chemical compositions of Al alloy A6061-T6

Element Ti Zn Mn Cu Fe Si Mg Al

Composition (wt.%) 0.02 0.02 0.06 0.17 0.28 0.33 0.62 0.9 Bal
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Fig. 1 Images of the control Al alloy A6061-T6 (control) sample and
those subjected to annealing treatment at temperatures of 250 °C,
300 °C, 350 °C, 400 °C, and 450 °C; a control (before annealing),
b annealed (250 °C), ¢ annealed (300 °C), d annealed (350 °C),
e annealed (400 °C), f annealed (450 °C)

400 °C, and 450 °C in 0.5 molar sulphuric acid (H,SOy)
solution were shown in Fig. 2. The open circuit potentials
(Fig. 2a) of samples immersed for 600 s at room temper-
ature revealed that it took around 300 s for the control Al
alloy A6061-T6 sample to reach stability in the solution.
The A6061-T6 sample annealed at 350 °C got stabilized at
around 250 s, whereas it only took around 100 s for the Al
alloy A6061-T6 sample annealed at 450 °C to be stable in
the sulphuric solution. It is generally believed the faster the
rate at which a sample reach a stability in a solution, the
more the reduction in electrochemical activities hence
reduced rate of corrosion. As observed in Fig. 2a, the
continuous step like nature observed in the present work
may be due to some side reaction during the open circuit
potential measurement.

The corrosion current density and potential are the two
main parameters for determining the corrosion resistance
behaviour of a material. As shown in Fig. 2b and

T ¥ T T ’ T ! T
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Current density (log A/cm?)

Fig. 2 The electrochemical properties of as-received Al alloy A6061-
T6 (control) and those subjected to annealing treatment at temper-
atures of 250 °C, 300 °C, 350 °C, 400 °C, and 450 °C in 0.5 molar
sulphuric acid (H,SO,) solution; a open circuit potentials of samples
immersed for 600 s at room temperature, and b potentiodynamic
polarization curves of the unannealed and annealed samples from —
250 to + 250 mV

summarized in Table 2, the potentiodynamic polarization
curves revealed that the control A6061-T6 sample exhib-
ited a corrosion current density and potential of 391.38 pA/
cm” and — 707.17 V, respectively (Table 2). The Al alloy
A6061-T6 sample annealed at 250 °C possessed a lower
corrosion current density of 390.62 uA/cm?, as compared
to the control sample. In addition, annealed samples at
higher temperatures experienced a drastic reduction in
corrosion current densities (Table 2). For instance, the Al
alloy A6061-T6 sample annealed at 300 °C, 350 °C,
400 °C and 450 °C possessed corrosion current densities of
191.66 pA/cm?, 113.89 pA/ecm?, 64.23 pA/cm?, and 60.99
pA/cm?, respectively (Fig. 2b). From the potentiodynamic
polarizations, it can be deduced that the corrosion current
densities of the annealed Al alloy A6061-T6 samples
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Table 2 Tafel fits results showing the corrosion parameters and rates of as-received Al alloy A6061-T6 (control) and those subjected to
annealing treatment at temperatures of 250 °C, 300 °C, 350 °C, 400 °C, and 450 °C

Samples Econr (V) Leon (LA/ Corrosion rate (mm/ Cathodic beta Anodic beta Chi- Fit range (mV)
cm?) y) (mV) (mV) Square

Control — 707.17 391.38 4.26 128.61 600.00 3.51 — 777.10 to — 675.30

Annealed — 667.25 390.62 4.25 132.22 433.63 37.14 — 710.30 to — 590.40
(250 °C)

Annealed — 721.32 191.66 2.09 94.78 533.59 0.26 — 755.70 to — 614.90
(300 °C)

Annealed — 700.27 113.89 1.24 76.74 179.67 76.62 — 733.90 to — 641.30
(350 °C)

Annealed — 74279 64.23 0.69 30.78 95.37 64.91 — 762.10 to — 712.10
(400 °C)

Annealed — 720.13  60.99 0.66 38.41 63.61 209.22 — 754.80 to — 691.0
(450 °C)

reduced as compared to that of the control counterpart.
Similarly, the corrosion current density reduces with
increasing annealing temperatures. Attributed to the artifi-
cial age hardening, a similar improvement in electro-
chemical properties of AA 6061 alloy after heat treatment
at 175 °C [31] was achieved.

In contrary, the corrosion rate of Al 6061 alloy showed
an increasing trend with the increase of temperature [29]. It
is generally believed that a reduction in the corrosion
current density signifies lesser electrochemical activities,
more tendency for passivation, and hence an improved
corrosion resistance behaviour [32-34].

Figure 3 shows the optical microstructure properties of
as-received Al alloy A6061-T6 (control) and those sub-
jected to annealing treatment at temperatures of 250 °C,
300 °C, 350 °C, 400 °C, and 450 °C in 0.5 molar sulphuric
acid (H,SQOy) solution. More corrosion products and pits
were observed on the control Al alloy A6061-T6 sample
(Fig. 3a) indicating more corrosion attacks and suscepti-
bility of the sample in the presence of sulphuric acid. A
similar formation of pits was observed on the sample
subjected to heat treatment by annealing at 250 °C
(Fig. 3b) and 300 °C (Fig. 3c), but the pits and corrosion
products reduced with increasing annealing temperature.

This was evident on the annealed Al alloy A6061-T6 at
350 °C (Fig. 3d), 400 °C (Fig. 3e) with less corrosion
products. As evident in Fig. 3f, the corrosion products and
pits formation reduced drastically after heat treatment at
450 °C as compared to the control sample which exhibited
more corrosion products and pits.

@ Springer

Discussion

From the potentiodynamic polarization curves, the current
density reduces with an increasing annealing temperature
signifying an increase in the corrosion resistance beha-
viour. i.e., the corrosion resistance increases with increas-
ing annealing temperatures. The heat treatment by low-
temperature annealing reduces the formation of pits and
corrosion attacks for Al alloy A6061-T6 sample, and the
corrosion resistance behaviour improves with increasing
annealing temperature. The reduction in pits and corrosion
attacks may be attributed to the relaxation of the sample
surface which possibly reduces the surface roughness and
the electrochemical activity on the sample [28], hence
reducing the rate of corrosion on the sample.

In the present study, the physical appearance of the
samples before and after low-temperature annealing treat-
ment at different temperatures depicts the extent of treat-
ment. As it is, the colour change is the main factor to
differentiate the samples after annealing treatment. As
observed in Fig. 1, the sample colour gets darker with
increasing annealing temperature. Increasing the annealing
temperature is directly proportional to the treatment time.
The higher the annealing temperature, the longer the time
the sample is treated. Hence, the effect of the annealing
treatment is more felt on the sample treated at higher
temperature with darker colour change as the main indi-
cator. There is a direct relationship between the annealing
process and microstructures of Al alloys. Annealing could
cause a change in the microstructure of Al alloy due to
possible rearrangement in microstructural constituents and
reduction in residual internal stress.

The results obtained in the present study is quite dif-
ferent with that of Wang et al. [29]. Investigating the
influence of temperature treatment on the corrosion
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Fig. 3 Optical micrographs of
as-received Al alloy A6061-T6
(control) and those subjected to
annealing treatment at
temperatures of 250 °C, 300 °C,
350 °C, 400 °C, and 450 °C in
0.5 molar sulphuric acid
(H,SO,) solution; a control,

b 250 °C, ¢ 300 °C, d 350 °C,
e 400 °C, f 450 °C

resistance behaviour of 6061 Al alloy in sulphuric acid
[29], the corrosion resistance reduces with increasing
treatment temperature after oxidation. However, subjecting
the 6061 Al alloy to low-temperature annealing in the
present study reduces the corrosion current density which
means an improved corrosion resistance. An enhancement
in the corrosion resistance of AA 6061 was also achieved
after heat treatment [31]. In sulphuric acid solution, the
improvement in the corrosion resistance behaviour expe-
rienced in the present study is similar to that of AA 7075 Al
alloy [2] after heat treatment. The corrosion resistance
behaviour of aluminium alloy [6] was also improved after
heat treatment in NaOH and HCL acid. The interesting fact
here is that heat treatment by low-temperature annealing or
other treatments such as anodization is capable of
improving the corrosion resistance behaviour of 6061
aluminium alloy. The reverse is the case for heat-treated
1060 Al alloy [3] where a reduction in corrosion resistance
in dilute solutions was observed after annealing. A possible

rearrangement in microstructural constituent which inca-
pacitated the protective passive film to combat the corro-
sion reaction could be a reason behind the reduction in
corrosion resistance as observed for 1060 Al alloy.

Conclusion

In the present study, the influence of heat treatment by low-
temperature annealing as well as the annealing temperature
change on the electrochemical properties of Al alloy
A6061-T6 was investigated. Compared to the control Al
alloy A6061-T6 sample with the corrosion current density
of 391.38 pA/cm?, the Al alloy A6061-T6 sample annealed
at 250 °C and 300 °C possessed a lower corrosion current
density of 390.62 pA/cm?® and 191.66 pA/cm?, respec-
tively. A further reduction in corrosion current density was
observed for the Al alloy A6061-T6 sample annealed at
350 °C, 400 °C, and 450 °C with current density values of
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113.89 pA/em?, 6423 pA/em?, and 60.99 pA/cm?,
respectively.

The optical micrographs revealed the reduction in pits
and corrosion attacks on the Al alloy A6061-T6 sample
subjected to low-temperature treatment, as compared to the
control sample which exhibited more corrosion products
and pits, indicating more corrosion attack and low corro-
sion resistance. Heat treatment by low-temperature
annealing enhances the corrosion resistance behaviour of
Al alloy A6061-T6, and the corrosion resistance increases
with increasing annealing temperatures. This may be
attributed to the reduction in electrochemical activity on
the sample, hence reducing the rate of corrosion rate.
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