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Abstract: The durability of concrete structures is often
reduced owing to the corrosion of reinforcement in an
aggressive environment. Ordinary reinforcement methods,
such as wrapping section steel or steel plate, are also vul-
nerable to corrosion. Using 6061-T6 aluminium alloy as
near-surface reinforcement of the concrete structure is a
feasible method. In this study, the corrosion resistance of
6061-T6 aluminium alloy bars was studied by simulating
the coastal environment, atmospheric environment, and
concrete internal environment with chloride solution,
simulated acid rain solution, and saturated Ca(OH)2 solu-
tion. The corrosion rate of the 6061-T6 aluminium alloy in
the above environments was tested using a weight loss
method, and its corrosion resistance was evaluated using
the metal corrosion resistance classification standard. Based
on the electrochemical reactionmechanism, the polarisation
properties and AC impedance spectra of steel and 6061-T6
aluminium alloy were compared, and the corrosion resis-
tance mechanisms of steel and the 6061-T6 aluminium alloy
in the above corrosive environments were obtained. The
results show that the 6061-T6 aluminium alloy has better
corrosion resistance than steel bars in chloride and atmo-
spheric environments, with corrosion currents of 0.012
and 0.037 µA·cm−2, and 8-day corrosion rates of 0.051
and 0.031mm·a−1, respectively. However, owing to the
activity of the aluminium alloy, its corrosion resistance

in an alkaline environment inside concrete is poor; the
corrosion current is 0.22 µA·cm−2 and the 8-day corrosion
rate is 16.166mm·a−1. The research results can provide a
reference for applying aluminium alloy bars as external
prestressed concrete bars and near-surface steel bars.

Keywords: 6061-T6 aluminium alloy, chloride, acid rain,
alkali, concrete structure

1 Introduction

Steel corrosion will lead to a reduction in the stiffness,
ductility, bond behaviour, and deformation performance
of reinforced concrete structures [1,2], which seriously
weakens the mechanical performance of components
and has become the main cause of insufficient durability
and premature failure of reinforced concrete buildings.
According to statistics, the loss caused by corrosion is
greater than that by any other natural disaster [3]. Corro-
sion, which damages engineering equipment and struc-
tures, may lead to catastrophic accidents. In China, for
example, the annual loss caused by corrosion is approxi-
mately 3–5% of the Chinese gross domestic product [4].
To prevent steel corrosion, a coating or rust inhibitor [5]
is usually applied on the surface of the steel. However, it
cannot change the properties of steel, which is prone to
oxidation. Research and development of new materials to
replace steel in civil engineering structures can funda-
mentally solve the problem of steel corrosion.

More and more existing concrete structures need to
be reinforced to meet the durability requirements. At pre-
sent, the reinforcement methods for concrete members
mainly include increasing member section, replacing
concrete, wrapping section steel or steel plate, pasting
fiber-reinforced materials, etc. Some scholars have adhered
fiber-reinforced polymer (FRP) plates to the surface of rein-
forced concrete beams to improve their bending perfor-
mance [6,7], or embedded carbon fiber-reinforced polymer
in the near-surface of reinforced concrete beams to enhance
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their flexural bearing capacity [8,9], fatigue properties [10],
and shear capacity [11,12]. Ordinary reinforcement methods,
such as external steel plates, are vulnerable to corrosion,
and the reinforcement effect is not ideal. Aluminum alloy
materials have superior performance compared with ordinary
steel bars and have great potential to be used for structural
reinforcement material [13,14].

Themineral reserves of aluminium account for approxi-
mately one-tenth of the earth’s crust. Compared with steel,
aluminium alloys have the advantages of high specific
strength, light weight, and good corrosion resistance, which
is why they are widely used in aerospace [15], machinery,
electronics, light industrial building materials, and other
fields [16]. Researchers have carried out numerous studies
on the mechanical properties of aluminium alloys and have
issued specifications and manuals on the structural design
of those alloys [17]. These studies mainly focused on the
constitutive relations, physical and mechanical properties
[18], local stability, and component connection of alumi-
nium alloys. At the same time, a series of studies [19]
have been carried out that mainly focused on pitting corro-
sion, intergranular corrosion, exfoliation corrosion, and
stress corrosion cracking of specific aluminium alloy mate-
rials, such as AA6063 [20], AA2024 [21,22], AA2090 [23],
AA7075 [22], AA7150 [24], and Al/SiCp composites [25] in
acid or salt solutions. Additionally, the relationships among
the elemental composition, microstructure, processing, and
electrochemical corrosion behaviour of aluminium alloys
were studied [26,27]. However, with the increasing demand
for aluminium alloys in the construction industry, there is
insufficient research on the application of aluminium alloys
in concrete structures. The 6061-T6 aluminium alloy is a
high-quality aluminium alloy product [28] produced during
heat treatment and pre-stretching processes. It has excellent
processing performance, good welding and electroplating
characteristics, good corrosion resistance, high toughness,
and no deformation after processing. It is widely used in the
large-space grid systems of military and civil buildings
[28,29]. However, it is rarely used as a reinforcement in
concrete structures. As an active metal, aluminium is easily
oxidised in the atmosphere, forming a dense and stiff oxide
film (Al2O3) with a thickness of approximately 5–10 nm
[30]. The corrosion resistance of aluminium alloy largely
depends on the integrity and self-repairing ability of the
oxide film. The corrosion of the aluminium alloy is the
result of its surface oxidation film being destroyed. Alumi-
nium can react with alkali, which is not conducive to the
aluminium alloy bar as the stressed bar in concrete. As a
result, aluminium alloy bars show great promise for use as
external prestressed bars or near-surface reinforcements of
concrete structures [31].

In the common service environments of concrete
structures, chloride ions and acid media, such as sulfur
dioxide, are the main factors leading to the corrosion of
aluminium alloys. Sodium chloride is the main solid
deposit on the surfaces of metals in the near marine
atmospheric environment. It has strong hygroscopicity
and can dissolve in a thin liquid film on the surface of
aluminium alloys to form a strong corrosive dielectric,
accelerating the corrosion of aluminium alloys. As one
of the main air pollutants, sulfur dioxide dissolved in
water will acidify the thin liquid film on the aluminium
alloy surface (forming sulfite or sulfate) and accelerate its
corrosion. Calcium hydroxide, the product of cement
hydration, dissolves in the pore solution of concrete,
which makes concrete alkaline and may corrode the alu-
minium alloy. Although the 6061-T6 aluminium alloy has
good corrosion resistance, its performance in the aforemen-
tioned environment needs to be studied experimentally.

In this study, chloride, acid rain, and saturated calcium
hydroxide solutions were used to simulate themarine envir-
onment, atmospheric environment, and internal environ-
ment of concrete, respectively. The corrosion resistance of
the 6061-T6 aluminium alloy in the above environments
was determined by analysing the corrosion rate, polarisa-
tion characteristics, impedance spectroscopy, and metal
surface. The feasibility of using aluminium alloy bars as
external prestressing tendons and near-surface reinforcing
bars in concrete structures will be studied.

2 Materials and methods

2.1 Materials

Analytical reagents and distilled water were used in this
study. The pH of the simulated acid rain solution was 4.8,
and its composition is given in Table 1. A sodium chloride
solution with a mass fraction of 3.5% and a saturated Ca
(OH)2 solution were used as the chlorine solution and
alkaline solution, respectively.

An HPB300 steel bar and a 6061-T6 aluminium alloy
were selected for this test. The chemical compositions
of these materials are listed in Tables 2 and 3, respec-
tively. Before the test, the samples were gradually ground
smooth with 200#, 400#, 600#, 1000#, and 1200# sand-
paper, and then the surfaces of the samples were treated
with distilled water. After drying and prior to corrosion
testing, the samples were weighed. The prepared samples
are shown in Figure 1.
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In this test, there were 10 groups with 3 specimens in
each group, and the corrosion resistance of 6061-T6 alu-
minium alloy and HPB300 steel bar immersed in the cor-
rosion solutions for 3 days and 8 days were studied.
Considering that the steel bar in the saturated Ca(OH)2
solution at room temperature is in a passive state and
no corrosion occurs, the corrosion test of the steel bar
in saturated Ca(OH)2 solution was not conducted. The
experimental groups are presented in Table 4.

2.2 Experimental methods

2.2.1 Corrosion test

The container used in the corrosion test had a capacity of
50 L. After each solutionwas prepared, three specimenswere
placed at a certain distance apart. Glass rods were used to

support the test pieces to avoid contact between the test
pieces and the bottom of the box, as shown in Figure 2.
The experiments were conducted at room temperature.

2.2.2 Corrosion rate test

After a set time elapsed for the corrosion process to occur,
the corrosion products of the steel bars in the chloride
solution and simulated acid rain solutionwere removedwith
flowing water, and the corroded aluminium alloy in the
saturated Ca(OH)2 solution was soaked in 10% nitric acid
at room temperature for half an hour and then removed.

The weight loss method was used to calculate the
corrosion rate (mm·a−1) of the sample in the corrosive
medium, and the calculation formula is as follows [32]:

V W
d S t

87,600 Δ ,=

×

× ×

(1)

Table 1: Composition of simulated acid rain (mg·L−1)

Chemical composition SO4
2− NO3

− NH4
+ Ca2+ Mg2+ Cl− K+ Na+ F−

Content (mg·L−1) 21.940 4.850 3.100 5.670 0.350 1.680 1.030 0.540 0.480

Table 2: Chemical composition of 6061-T6 aluminium alloy (mass fraction, %)

Chemical composition Mg Si Cu Cr Fe Mn Zn Ti Al

Content (%) 0.8–1.2 0.4–0.8 0.13–0.4 0.05–0.35 ≤0.7 ≤0.15 ≤0.25 ≤0.15 Bal.

Figure 1: Specimens used in this study: (a) 6061-T6 aluminium alloy and (b) HPB300 steel bar.

Table 3: Chemical composition of HPB300 steel bar (mass fraction, %)

Chemical composition C Si Mn Cr Cu P S Fe

Content (%) 0.27–0.34 0.9–1.2 0.8–1.1 0.8–1.1 ≤0.20 ≤0.025 ≤0.025 Bal.
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where V is the corrosion rate (mm·a−1), ΔW is the weight
loss of the sample (g), d is the density of the sample
(g·cm−3), S is the surface area of the specimen in contact
with the solution (cm2), and t is the corrosion time (h).

2.2.3 Electrochemical properties

In the electrochemical test, a three-electrode system
was employed, in which the working electrode was the
HPB300 steel bar or 6061-T6 aluminium alloy and the
auxiliary electrode was a platinum electrode. The refer-
ence electrode was a saturated calomel electrode when
the electrolyte was a chloride solution or simulated acid
rain solution. A mercury oxide electrode was used as the
reference electrode when the electrolyte was a saturated
Ca(OH)2 solution. To ensure the repeatability of the test
results, at least three samples were used in the electroche-
mical test. A Princeton VersaSTAT 3 electrochemical work-
station, whose schematic diagram shown in Figure 3, was
used in this test.

The working electrode sample had a length of 1 cm
and a working area of 1.539 cm2. Before the experiment,
the working surface of the sample was polished and

degreased using an acetone solution. After that, it was
washed with deionised water and then degreased in an
alcohol solution for approximately 5 min. Finally, it was
cleaned with deionised water and dried. The specimen
was connected to the wire through a small slot, then
the non-working part was sealed with epoxy, and only
the working face was exposed, as shown in Figure 4.

Table 4: Experimental groups

Number Reinforcement type Diameter (mm) Solution Soaking time (h)

1# Aluminium alloy 14 Simulated acid rain 72
2# Aluminium alloy 14 Simulated acid rain 192
3# Aluminium alloy 14 Chloride solution 72
4# Aluminium alloy 14 Chloride solution 192
5# Aluminium alloy 14 Saturated Ca(OH)2 solution 72
6# Aluminium alloy 14 Saturated Ca(OH)2 solution 192
7# Steel bar 16 Simulated acid rain 72
8# Steel bar 16 Simulated acid rain 192
9# Steel bar 14 Chloride solution 72
10# Steel bar 14 Chloride solution 192

Figure 2: Corrosion test in different simulated environments: (a) chloride solution, (b) simulated acid rain, and (c) saturated Ca(OH)2
solution.

Figure 3: Schematic diagram of a three-electrode system test
device.
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Electrochemical tests were carried out at room tem-
perature. The scanning potential of the aluminium alloy in
saturated Ca(OH)2 was −2.5 to −0.5 V, and the scanning
potential of other specimens was −1.5 to −0.3 V. The
potential scanning rate was 2 mV·s−1. Electrochemical
impedance spectroscopy (EIS) was performed at the
open-circuit potential, and the test device was the same as
the polarisation curve. A sine-wave AC voltage with an
amplitude of 5mV was applied as the excitation signal.
The scanning frequency range was 0.05–2,000Hz. Before
the test, the samples were placed in the test medium for
25min, and the AC impedance spectrum of the aluminium
alloy sample wasmeasured after the potential was stabilised.

2.2.4 Surface analysis experiment

After being immersed in corrosive solutions for a set time,
the samples were removed and dehydrated with ethanol
at concentrations of 50, 70, 90, and 100% for 15 min and
then vacuum dried. The corroded surfaces of 6061-T6
aluminium alloys were investigated using a scanning
electron microscopy instrument equipped with an energy-
dispersive spectroscopy probe.

3 Results

3.1 Surface state of the specimens

After 72 h of immersion, 1#, 3#, 5#, 7#, and 9# specimens
were removed from the solution. As shown in Figure 5, 1#
aluminium alloy showed no obvious change, while 3#
aluminium alloy had a surface that was both yellow
and dark, but there was no corrosion material attached.
The 5# aluminium alloy had a layer of black corrosion
products that were easy to clean. Both 7# and 9# (steel
bars) were coated with yellow corrosion products.

After immersion for 192 h, 2#, 4#, and 6# aluminium
alloys and 8# and 10# steel bars were removed from the
solution (Figure 6). It can be seen from the figure that
there was no obvious corrosion of the aluminium alloy in
the simulated acid rain solution and chloride solution,
and there was no corrosion product on the surface. How-
ever, the corrosion of the aluminium alloy in the satu-
rated Ca(OH)2 solution was considerable, with a layer of
black corrosion products on the surface. The steel bar
was significantly corroded in the chloride solution and
simulated acid rain solution, with a layer of yellow rust

(a) (b)

Figure 4: Working electrode and its structure diagram: (a) electrode structure and (b) working electrode.

Figure 5: Surface state of the specimens after immersion for 72 h: (a) 1#, (b) 3#, (c) 5#, (d) 7#, and (e) 9#.

Figure 6: Surface state of the specimens after immersion for 192 h: (a) 2#, (b) 4#, (c) 6#, (d) 8#, and (e) 10#.
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on the surface. From this perspective, the application of
the aluminium alloy in marine or atmospheric environ-
ments has its advantages, but it may have limitations as a
stressed bar in direct contact with concrete.

3.2 Calculation of the corrosion rate

After the test, the specimens were removed from the solu-
tion, cleaned, and weighed. The corrosion rates of the test
specimens were calculated using formula (1). The results
are presented in Table 5.

According to Corrosion of Metals and Alloys [33], the
corrosion resistance of the specimens is classified and
graded based on the corrosion rate measured by depth,
as shown in Table 6.

It can be seen from the corrosion types of materials
and the corrosion rate comparison (Figure 7) that the alu-
minium alloy has good corrosion resistance in chloride
and simulated acid rain solution, while the corrosion resis-
tance of steel bar in the above solutions is worse than that
of the aluminium alloy. However, the corrosion resistance
of aluminium alloys in saturated Ca(OH)2 solutions is poor.

3.3 Electrochemical performances of the
metal materials

3.3.1 Electrochemical performances after chloride
corrosion

3.3.1.1 Polarisation behaviour

The polarisation curves of the aluminium alloy and steel
bar in the chloride solution are shown in Figure 8. As can
be seen from the figure, both the steel bar and the alu-
minium alloy were controlled by the activation process

without obvious “passivation” characteristics. The polar-
ization curve shows that the corrosion voltage of the alu-
minium alloy and the steel bar were −0.95 and −0.99 V,
and the corrosion current values were 0.012 µA·cm−2 and
0.078 µA·cm−2, respectively. The self-corrosion potential
difference between the aluminium alloy and steel bar is
not large, but the self-corrosion current of the aluminium
alloy cross-section is smaller than that of the steel bar.
The polarisation curve of steel increases sharply when the
current density is approximately 0.00004 A·cm−2, while
that of the aluminium alloy increases sharply when the
current density is 0.05 A·cm−2. This may be because that
chloride ions promote the electrochemical corrosion pro-
cess in the depolarization of the steel bar anode. When
chloride ions invade the surface of the steel bar and
damage the passive film, a potential difference between
the exposed iron matrix and the passive film is generated,
forming a galvanic cell and accelerating the development
of pitting corrosion. The chloride ions combine with the
anode product Fe2+ to form FeCl2 and Fe(OH)2 in water [34].
Free chloride ions can react with Fe2+ repeatedly, as chloride
ions play a “transport role” without being consumed. How-
ever, because of the polarisation of aluminium, Al(OH)3 can
easily form and attach to the surface of the aluminium alloy,
which effectively hinders Cl− from entering the electrode
matrix to participate in the activation reaction and slows
down the activation rate [35]. Therefore, the steel bar in
the chlorine solution is more active and more sensitive to
Cl−, and its corrosion rate is higher than that of the alumi-
nium alloy. That is, the aluminium alloy in the chlorine
solution is more corrosion-resistant than the steel bar, which
is consistent with the conclusion reached in Section 3.2.

3.3.1.2 AC impedance spectroscopy

To verify the polarisation results, the electrochemical
impedance spectra of the aluminium alloy and steel bar
in the chloride solution were obtained. The variation in

Table 5: Corrosion rate of specimens

Number Reinforcement Solution Mass loss rate (%) Average corrosion rate (mm·a−1)

1# Aluminium alloy Simulated acid rain 0.002 0.078
2# Aluminium alloy Simulated acid rain 0.004 0.058
3# Aluminium alloy Chloride solution 0.002 0.078
4# Aluminium alloy Chloride solution 0.004 0.059
5# Aluminium alloy Saturated Ca(OH)2 solution 0.620 22.572
6# Aluminium alloy Saturated Ca(OH)2 solution 1.138 15.553
7# Steel bar Simulated acid rain 0.035 1.405
8# Steel bar Simulated acid rain 0.090 1.336
9# Steel bar Chloride solution 0.027 0.960
10# Steel bar Chloride solution 0.061 0.818
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complex impedance with frequency is represented by the
Nyquist diagram. According to the principle of AC impe-
dance [36], the diameter of the curve in the Nyquist dia-
gram reflects the impedance value. The larger the semicircle
diameter, the better the corrosion resistance. Figure 9 shows
the EIS results for the aluminiumalloy and steel bar immersed
in a 3.5% sodium chloride solution at the open-circuit poten-
tial. It can be seen from the figure that the impedance curve
diameter of thealuminiumalloy ismuch larger than thatof the
steel bar, indicating that the corrosion resistance of the alumi-
nium alloy in the chlorine solution is better than that of the
steelbar,which isconsistentwith theconclusiondrawnabove.

3.3.2 Electrochemical characteristics under acid rain
corrosion

3.3.2.1 Polarisation behaviour

Figure 10 shows the polarisation curves of the steel bar
and aluminium alloy in the simulated acid rain solution.
It can be seen from the figure that the corrosion voltage of
the aluminium alloy was −1.02 V, and the corrosion current
was 0.037 µA·cm−2. The corrosion voltage of the steel bar
was −1.12 V, and the corrosion current was 0.082 µA·cm−2.
The corrosion current of the aluminium alloy is lower than
that of the steel bar, indicating that the anti-corrosion per-
formance of the aluminium alloy in the simulated acid rain
solution is better than that of the steel bar. This is because
the thickness and integrity of the oxide film on the surface of
the aluminium alloy remained unchanged in the simulated
acid rain solution of pH 4.8. However, the passive film on the
surface of the steel bar was destroyed under simulated acid
rain conditions, which caused the steel bar to change to the
active state, causing electrochemical corrosion. The metal in
the corrosion pits of the steel bar and the passive film form a
“membrane-pitting battery.” Fe(OH)3 generated from the
battery is deposited in the pit orifice, which causes oxygen
in the pitting to decrease, thus forming an oxygen concen-
tration difference battery [37]. The ionisation in the hole is
accelerated, and the ion migration outside the hole forms a
complex with Fe2+; thus, pitting corrosion develops continu-
ously. It can be seen from the corrosion mechanism that the
corrosion resistance of the aluminium alloy is far greater
than that of the steel bar in the simulated acid rain solution.

3.3.2.2 AC impedance spectroscopy

Figure 11 shows the AC impedance spectra of the alumi-
nium alloy and steel bar in the simulated acid rainTa
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solution. As can be seen from the figure, the impedance
spectra of the aluminium alloy and steel bar in the cor-
rosive medium after anodic oxidation show a single-

capacitance arc with no “diffusive tail,” indicating that
the corrosion reaction is electrochemically controlled. The
capacitance arc diameter of the aluminium alloy in the
Nyquist diagram is much larger than that of the steel
bar, which indicates that the impedance modulus of the
aluminium alloy is higher and its corrosion resistance in
the simulated acid rain solution is much better than that of
steel bar. This is consistent with the conclusions obtained
from the weight loss test.

3.3.3 Electrochemical characteristics in the saturated
Ca(OH)2 solution

3.3.3.1 Polarisation behaviour

Figure 12 shows the polarisation curves of the aluminium
alloy and steel bar after soaking in a saturated Ca(OH)2
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Figure 7: Comparison of corrosion rate between aluminum alloy and steel bar: (a) simulated acid rain and (b) chloride solution.
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solution. The corrosion voltage of the aluminium alloy
was −1.39 V, and its corrosion current was 0.22 µA·cm−2.
The corrosion voltage of the steel bar was −0.92 V, and its
corrosion current was 0.005 µA·cm−2. The self-corrosion
potential of the aluminium alloy was significantly lower
than that of the steel bar, while the self-corrosion current
was much higher, which indicates that the corrosion
rate of the aluminium alloy is faster than that of the
steel bar.

In contrast, the steel bar is not easily corroded in a
saturated Ca(OH)2 solution. It can be seen from the polar-
ization curve that when the anode potential increases
to −0.92 V, the anode current density is insignificantly
affected by the anode potential, which indicates that
the anode begins to passivate. This is because the pH
value of the saturated Ca(OH)2 solution was as high as
12.5. In this strongly alkaline environment, a layer of a
dense passive film forms on the surface of the steel bar,
which hinders the electrochemical corrosion reaction.

3.3.3.2 AC impedance spectroscopy

The AC impedance spectra of the aluminium alloy and
steel bar in the saturated Ca(OH)2 solution are shown in
Figure 13. It can be seen from the figure that the capaci-
tive arc radius of the steel bar is much larger than that of
the aluminium alloy, indicating that the corrosion resis-
tance of the steel bar in the saturated Ca(OH)2 solution is
much better than that of the aluminium alloy, which is
consistent with the conclusion of the above analysis.

3.4 Surface analysis of the 6061-T6
aluminium alloy

To further analyse the corrosion mechanism of the alu-
minium alloy in different solutions, the surface mor-
phology of the corroded aluminium alloy was observed
by scanning electron microscopy, and the composition of
the corrosion products was determined.

3.4.1 Surface characteristics of the 6061-T6 aluminium
alloy after corrosion by the chloride solution

3.4.1.1 Surface morphology

Figure 14 shows the surface morphology of the alumi-
nium alloy after chloride corrosion. Pitting corrosion on
the surface of the aluminium alloy is clear in the figure.
The corrosion pits are irregularly round, and the thin
corrosion products are in block or flocculent distribution.
The formation of corrosion pits is due to the soluble
chlorine complex when oxygen adsorption points on the
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Figure 11: AC impedance spectroscopy of the aluminium alloy and
steel bar in the simulated acid rain solution.
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bar in the saturated Ca(OH)2 solution.
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surface of the aluminium alloy are replaced by chloride
ions, resulting in the destruction of the passive film [38].
With the development of corrosion, the chlorine complex
around the pitting corrosion also increased, and the area
and depth of pits gradually increased.

3.4.1.2 Corrosion products

Figure 15 shows the EDS results of the corrosion products
of the 6061-T6 aluminium alloy, and the elemental

composition and atomic percentage of the corrosion
zone are given in Table 7.

It can be seen from the EDS spectrum that the corrosion
products mainly include Al, O, and other metal elements.
This indicates that the corrosion products are mainly alumi-
nium oxide, which is consistent with the previous research
conclusion that the corrosion products are mainly Al2O3 and
Al(OH)3. Cl and Na were not detected, possibly because
soluble ions were washed away during the cleaning process.
Combined with the above electrochemical studies, it can be
seen that in the initial stage of chlorine solution corrosion,

Figure 14: SEM micrograph of aluminium alloy corroded by chloride: (a) 29.8×, (b) 300×, (c) 1,650×, and (d) 5,500×.

Figure 15: EDS analysis of chloride corrosion area of the aluminium alloy.
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the surface of the aluminium alloy is oxidised and an
Al2O3·H2O oxide film is formed [39], as follows:

Al H O AlOH H e ,2+ → + +

+ −

AlOH H O Al OH H e ,2 2( )+ → + +

+ −

Al OH AlOOH H e ,2( ) → + +

+ −

2AlOOH Al O H O.2 3 2→ ⋅

When 6 ≤ pH ≤ 9, the corrosion product Al2O3 attaches
to the surface of the aluminium alloy and forms a smooth
and tight film layer. It seals the original corrosion crack
and prevents the invasion of corrosion ions. The corrosion
rate in the dissolution process is reduced, which causes
the aluminium alloy to have good corrosion resistance.
When the solution contains Cl−, Cl− is preferentially
adsorbed on the active position (such as the defect loca-
tion of the oxide film) on the surface of the aluminium
alloy, reacts with the oxide film (such as the grain

boundary), and forms Al(OH)xCl3−x (x ≤ 3) until the alu-
minium surface film dissolves [40]:

Al OH Cl Al OH Cl OH ,3 2( ) ( )+ → +

− −

Al OH Cl Cl Al OH Cl OH ,2 2( ) ( )+ → +

− −

Al OH Cl Cl AlCl OH .2 3( ) + → +

− −

Al (OH)3 on the surface of the aluminium alloy reacts
with Cl− to form AlCl3, resulting in the dissolution of
the aluminium element into the aqueous solution in the
form of ions. The surface film of the aluminium alloy is
destroyed, and the corrosion resistance is reduced. With
an increase in corrosion time, the aluminium alloy poten-
tial increases and pitting corrosion occurs, forming a
gully shape of corrosion products on the aluminium alloy
surface.

3.4.2 Surface characteristics of the 6061-T6 aluminium
alloy after corrosion by simulated acid rain

3.4.2.1 Surface morphology

Figure 16 shows the surface topography of the aluminium
alloy after simulated acid rain corrosion at different mag-
nifications. As seen from the figure, after 192 h of

Table 7: Element analyses of corrosion products of the aluminium
alloy (%)

Element O Mg Al Cl Cu Zn

Weight percentage 3.52 1.26 73.99 −0.12 15.29 6.05
Atomic percentage 6.57 1.55 82 −0.1 7.2 2.77

Figure 16: SEM micrograph of aluminium alloy corroded by simulated acid rain: (a) 55.3×, (b) 290×, (c) 730×, and (d) 2,920×.
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corrosion by the acid rain solution, many corrosion pro-
ducts accumulated on the surface of the aluminium alloy.
However, compared with corrosion by the chlorine solu-
tion, the simulated acid rain corroded mainly the metal
surface, and the corrosion area was flaky, with a large
area and small depth. The corrosion products in the pits
were cracked with irregular shapes and continuously
expanded. Because of the destruction of the passive
film on the sample surface, the corrosive medium can
easily invade the surface of the matrix, forming a large
corrosion area.

3.4.2.2 Corrosion products

The surface energy spectrum analysis of the aluminium
alloy soaked in the simulated acid rain solution for 192 h
is presented in Figure 17, and the composition of the
corrosion zone in an acidic environment is given in
Table 8. Compared with the composition of the alumi-
nium alloy before corrosion, the contents of S, Zn, and
Cu on the surface of the aluminium alloy after acid rain
corrosion increased. In the simulated acid rain solution
with a low pH value, the dissolution rate of the surface
film and aluminium matrix was faster, resulting in the
enrichment of more Zn and Cu alloy elements. These
alloying elements not only accelerate the dissolution of
the matrix aluminium and enrich more alloying elements
on the surface but also affect the corrosion potential of
the aluminium alloy. Because the electrode potential of
Zn and Cu is significantly higher than that of Al, and the
corrosion potential of aluminium alloy reflects the mixed
potential of the whole surface, the enrichment of Zn and
Cu alloy elements on the surface may increase the corro-
sion potential of the aluminium alloy. Therefore, in the
acid rain solution, with an increase in the precipitation
rate and amount of alloy elements with a higher electrode

potential than Al, the corrosion potential of the alumi-
nium alloy increases.

According to the localised corrosion principle of alu-
minium alloys proposed by Foley [41] and the above
results, the corrosion of aluminium alloys in simulated
acid rain solutions may involve the following processes:
the competitive adsorption of ions in acid rain, such as
Cl−, SO4

2−, NO3−, OH−, and H+, and dissolved oxygen on
the surface of the aluminium oxidation film. The adsorp-
tion occurred mainly at the defects of the oxide film,
forming local corrosion pits, thinning the oxidation film,
reducing the surface adsorption of ions and electrons
through the resistance of the oxide film, and accelerating
the reaction of active anions on the corrosion of the alu-
minium alloy matrix [42]. The highly active aluminium
matrix dissolves and releases electrons to produce alumi-
nium ions, which form intermediates with adsorbents and
then desorb into the solution. The above process can be
described as follows.

The anodic aluminium is dissolved:

Al Al 3e ,3
→ +

+ −

mAl X Al X .n n
m

3 3 ( )+ →

+ − + −

The cathodic reaction is a reduction reaction of O2

and H+ ions:

O 4H 4e 2H O,2 2+ + →

+ −

Figure 17: EDS analysis of simulated acid rain solution corrosion area of the aluminium alloy.

Table 8: Element analyses of corrosion products of aluminium alloy
6061 (%)

Element C O Mg Al S Cu Zn

Weight
percentage

6.85 14.56 1.1 58.82 0.3 12.61 5.76

Atomic
percentage

14.25 22.74 1.13 54.48 0.23 4.96 2.2
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2H 2e H .2+ →

+ −

In the simulated acid rain solution with a pH value of
4.8, the surface oxide film dissolves slowly, and the
anions in the solution adsorb at the surface defect site,
which is either incorporated into the oxide film, or forms
intermediate or stable corrosion products with Al3+, thus
hindering the further dissolution of the matrix.

3.4.3 Surface characteristics of the 6061-T6 aluminium
alloy after corrosion by the saturated Ca(OH)2
solution

3.4.3.1 Surface morphology

Figure 18 shows the surface morphology of the alumi-
nium alloy corroded by the saturated Ca(OH)2 solution.
As can be seen from the figure, compared with the corro-
sion by chloride and simulated acid rain solutions with
corrosion products only covering the shallow surface of
the aluminium alloy, the scattered pits corroded by satu-
rated Ca(OH)2 have a relatively small corrosion area and
large depth. The corrosion pits were filled with crystalline
products, and some corrosion products fell off during the
cleaning process. The severe corrosion of the 6061-T6
aluminium alloy in the saturated Ca(OH)2 solution indicates

that the alloy is not suitable for alkaline environments. In
addition, as shown in Figure 17d, a large number of cracks
and crystal particles appeared near the corrosion pit. During
the test, the energy generated by the corrosion reaction of
the alkaline solution caused the surface grains of the alu-
minium alloy to produce internal stress. When the residual
stress is not completely eliminated, the nitric acid solution
used for cleaning leads to uneven stress distribution,
resulting in cracks on the surface layer and the formation
of a denudation layer. The small white particles are crystals
of corrosion products that are not completely removed.

3.4.3.2 Corrosion products

The composition and proportion of elements of the corro-
sion products in the corrosion area under an alkaline
environment are presented in Figure 19 and Table 9,
respectively.

Compared with the composition of aluminium alloy
before corrosion, the contents of C, S, P, and alloy ele-
ments such as Fe, Zn, and Cu on the surface of the alu-
minium alloy increase after 192 h of saturated Ca(OH)2
solution corrosion. Similar to corrosion by the acid rain
solution, the hydroxide or oxide film on the aluminium
surface will dissolve in an alkaline solution [42], resulting

Figure 18: SEM micrograph of aluminium alloy corroded by saturated Ca(OH)2 solution: (a) 192×, (b) 960×, (c) 3,200×, and (d) 960×.
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in the enrichment of alloy elements such as Zn and Cu.
This corrosion is often accompanied by hydrogen evolu-
tion [43]. The hydrogen evolution reaction occurs between
the aluminium alloy matrix and the corrosion product
adsorption layer, which has a considerable destructive
effect on the corrosion product barrier layer. The reaction
is as follows:

The anodic reaction is

Al 4OH Al OH 3e .4( )+ → +

− − −

The cathodic reaction is

2H O 2e 2OH H .2 2+ → +

− −

As the corrosion reaction occurs on the aluminium
alloy surface [44], the porous structure of the aluminium
oxide film loses its protective effect in the dissolution
and hydrogen evolution reaction [45,46]. The interaction
between the film and the alloy matrix is enhanced, which
leads to an increase in the film-induced stress and the
initiation of cracks on the surface of the aluminium alloy.
This is consistent with the surface morphology of the
aluminium alloy mentioned previously.

The above research shows that the corrosion resis-
tance of the 6061-T6 aluminium alloy is better than that
of steel reinforcement when it is directly exposed to
the natural environment, but its corrosion resistance
is lower than that of steel reinforcement in concrete
components. Therefore, considering the mechanical
properties of 6061-T6 aluminium alloy reinforcement,

it has good engineering value when used as external
reinforcement.

4 Conclusions

In this study, the feasibility of using the 6061-T6 alumi-
nium alloy in concrete structures was studied. Its corro-
sion behaviours in simulated coastal, atmospheric, and
concrete internal environments were investigated. The
results are as follows:
(1) The 6061-T6 aluminium alloy is classified as a corro-

sion-resistant material in chloride solution and simu-
lated acid rain, with corrosion rates of 0.037 and
0.051mm·a−1 and corrosion currents of 0.012 µA·cm−2

and 0.037 µA·cm−2, respectively. The steel bar is clas-
sified as an under-corrosion-resistantmaterial in the above
environments, with corrosion rates of 0.772mm·a−1 and
1.319mm·a−1 and corrosion currents of 0.078µA·cm−2 and
0.082µA·cm−2, respectively. Therefore, the corrosion resis-
tance of the 6061-T6 aluminium alloy in coastal and atmo-
spheric environments is much better than that of the
steel bars.

(2) In the saturated Ca(OH)2 solution, the 6061-T6 alumi-
nium alloy, which is considered a non-corrosion-resis-
tant material, has a corrosion rate of 16.166mm·a−1
and a corrosion current of 0.22 µA·cm−2. Steel bar,
which is protected by passivation films, is corrosion-

Figure 19: EDS analysis of the aluminium alloy under the corroded of the saturated Ca(OH)2 solution.

Table 9: Element analyses of corrosion products of aluminium alloy 6061 after corrosion by saturated Ca(OH)2 solution (%)

Element C O Al P S Cr Fe Cu Zn

Weight percentage 6.56 28.83 28.06 2.16 0.39 0.56 7.42 22.22 3.79
Atomic percentage 13.58 44.81 25.86 1.73 0.30 0.27 3.30 8.70 1.44
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resistant. Therefore, the steel bar has better corrosion
resistance than the 6061-T6 aluminium alloy in the
internal concrete environment.

(3) In the early stage of corrosion, the surface of the
aluminium alloy is mainly pitting corrosion. Acid
rain corrosion occurs only on the surface of the alu-
minium alloy, the corrosion pits are flaky with a small
depth, and the corrosion products crack intensely. In
a chlorine environment, the corrosion pits of the alu-
minium alloy are deep, and the products, water-
soluble AlCl3, are distributed in the block or floccu-
lent form. The saturated Ca(OH)2 solution dissolves
the hydroxide or oxide coating on the surface of the
aluminium alloy, resulting in corrosion pitting of the
alloy, and the corrosion pits are small and deep.

In summary, this study investigates the feasibility of
applying 6061-T6 aluminium alloy reinforcement to con-
crete structures, and the corrosion law and corrosion pro-
ducts of 6061-T6 aluminium alloy under the possible ser-
vice environment of concrete structures are also studied.
The research results are helpful in expanding the usage
of aluminium alloys in the construction industry, pro-
viding a reference for the application of aluminium alloy
bars as external prestressed concrete bars and near-sur-
face reinforcement bars and reducing the use of steel.
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