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Abstract: In this work, the effects of the tropical marine atmospheric environment on the corrosion
behaviour of the 7B04-T74 aluminium alloy were systematically investigated by using accelerated
testing, together with corrosion kinetic analysis, microstructure observation, product composition
analysis, and potentiodynamic polarization curve tests. The weight loss method was used for the
corrosion kinetics analysis. The surface morphology and corrosion products transformation law were
investigated by OM, SEM, EDS, and XPS. The electrochemical characteristics were studied using
potentiodynamic polarization curves. The research indicated that the 7B04-T74 aluminium alloy
has eminent corrosion resistance in the tropical marine atmospheric environment. Localized pitting
corrosion occurred rapidly in the tropical marine atmosphere. In the later stage of corrosion, the
corrosion of aluminium alloy did not become serious. Specifically, no obvious intergranular corrosion
was found, which is related to the thermal treatment method. Corrosion products included Al(OH)3,
Al2O3, and AlCl3, of which Al(OH)3 is the most notable.

Keywords: aluminium alloy; tropical marine atmosphere; corrosion behavior

1. Introduction

Over 70% of the Earth’s surface is covered by oceans, and abundant marine resources
provide a large number of valuable and vital ecosystem services for human well-being,
such as climate regulation, food, energy, minerals, genetic resources, and even cultural
and recreational services [1]. From the perspectives of politics, economics, and safety, the
construction of marine engineering and equipment has become essential to promote the
development and utilization of the ocean. As a result, it also imposes higher developmental
requirements on the environmental adaptability and durability of materials.

Aluminium alloys are used extensively in the marine equipment and aircraft indus-
tries due to their excellent properties, such as high strength and remarkable corrosion
resistance [2,3]. Among them, 7-series aluminium alloy, as a kind of ultra-high strength
aluminium alloy series, is widely used in the manufacturing of aircraft load-bearing parts,
such as the frame, beam, and girder, and is one of the most prominent structural materials
in the field of aircraft structure [4,5]. The composition and thermal treatment process of
aluminium alloys can affect their corrosion resistance [6]. Compared with 7075 aluminium
alloy, the 7B04 aluminium alloy contains Cr, which can improve its toughness and corrosion
resistance [7].

Currently, the main way to study the corrosion mechanisms of materials is to carry
out exposure tests in the actual service environments. Zhao et al. investigated the 7A85
aluminium alloy in industrial-marine atmospheric environments for 5 years [8]. The
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pitting corrosion of the 7A85 aluminium alloy gradually shifted to intergranular corrosion,
severely reducing its mechanical properties. Sun et al. studied the long-term atmospheric
corrosion behavior of the 2024 and 7075 aluminium alloys in urban, coastal, and industrial
environments [9]. The results showed that exfoliation corrosion occurred in coastal and
industrial atmospheres, and the extruded 2024 aluminium alloy suffered severe exfoliation
and rapid deterioration of mechanical properties in a coastal atmosphere. Zhang et al.
investigated the surface and sectional corrosion behavior of anodized 2024-T4 exposed
to a coastal environment for 7 years and 20 years [10]. After conducting extensive field
exposure tests, this test method suffers from obvious shortcomings such as prolonged
cycles, excessive cost, and, most importantly, the inability to accurately assess the impact of
individual environmental factors on the corrosion mechanism [11,12].

Therefore, a large number of accelerated tests have been proposed to study the at-
mospheric corrosion of aluminium alloys. Due to the controllable conditions of accel-
erated tests, it is highly efficient in studying the corrosion behavior and mechanisms of
materials under independent environmental factors, specific pollutants, or special envi-
ronments [13,14]. Dan et al. used the results of the 7-day dew point corrosion test to
demonstrate that the results were similar to the results of the 3-month coastal exposed
test, proving that the dew point corrosion test can effectively reproduce and accelerate
the marine atmospheric corrosion of aluminium alloys [15]. Vera et al. studied the effects
of individual environment factors, such as relative humidity, temperature, atmospheric
pollutants, and Cl- concentrations on the corrosion behaviours of the 2A12 and AA6201
aluminium alloys [16]. Cao et al. investigated the corrosion behavior of the 2A02 Al alloy
in a simulated marine atmosphere, and the results showed that the mass-gain increases
gradually during the corrosion time, while the corrosion rate decreases [17]. Peng et al.
found extruded 6061 aluminium alloy incurred severe intergranular and intragranular cor-
rosion in a simulated Nansha marine atmosphere using wet-dry cyclic accelerated tests [18].
However, the corrosion mechanism and behavior of the 7-series aluminium alloy in the
tropical marine atmosphere is still under investigation.

Hence, the effects of the tropical marine atmospheric environment on the corrosion
behavior of the 7B04-T74 aluminium alloy were systematically investigated by using
accelerated tests, together with corrosion kinetic analysis, microstructure observation,
product composition analysis, and potentiodynamic polarization curve tests. The weight
loss method was used for the corrosion kinetics analysis. The surface morphology and
corrosion products transformation law were investigated by OM, SEM, EDS, and XPS. The
electrochemical characteristics were studied using potentiodynamic polarization curves.

2. Experimental Methods and Procedures
2.1. Experimental Material

The chemical composition of the 7B04-T74 aluminium alloy supplied by Northeast
Light Alloy Co., Ltd. (Shenyang, China) is shown in Table 1. Table 2 shows the thermal
treatment process parameters of T74.

Table 1. Chemical compositions of the 7B04-T74 aluminium alloy.

Element Zn Mg Cu Ni Ti Cr Mn Fe Si Al

Composition
(wt%) 6.09 2.54 1.65 <0.05 0.017 0.13 0.26 0.14 0.049 Bal.

Table 2. The thermal treatment process parameters of T74.

Thermal Treatment Procedure Temperature (◦C) Time

Solution Treatment Process 470 35 min
Primary Aging Treatment Process 115 7 h

Secondary Aging Treatment Process 165 16 h
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The specimen size is 50 mm × 50 mm × 3 mm, with a surface roughness of 1.6. The
number of specimens retrieved at each sampling time is 3. The specimens were rinsed with
acetone and deionized water, then dried in a drying oven at 80 ◦C and intended for the
alternate immersion test, corrosion kinetic analysis, surface morphology observation, and
corrosion product composition identification.

The specimens for potentiodynamic polarization curves analysis are packaged in
epoxy resin. The exposed working face size is 10 mm × 10 mm, with a surface roughness of
1.6. These specimens were tested with potentiodynamic polarization curves directly after
the alternate immersion test without drying. The number of parallel specimens is 3.

2.2. Alternate Immersion Test

In the case of drawing on ISO 11130:2017, the alternate immersion test for the 7B04-T74
aluminium alloy was carried out for 576 h in a simulated tropical marine atmospheric
environment. The dry-wet cycle ratio for the test was 3:1, which means that the immersion
and drying time were 15 min and 45 min, respectively. The drying temperature and
humidity are 40 ± 1 ◦C and 85% ± 1%, respectively. The corrosive solution maintained
4 wt% of Cl− to simulate the tropical marine atmospheric environment, and the chemical
compositions of reagents are listed in Table 3. The pH value was 8.2 revised by 0.1 mol/L
NaOH solution. Sampling time was 48 h, 96 h, 144 h, 288 h, 432 h, and 576 h. The specimens
were dehydrated in a drying oven at 85 ◦C for 2 h for the subsequent tests.

Table 3. Chemical compositions of the corrosive solution, g/L.

NaCl MgCl2·6H2O Na2SO4 CaCl2 KCl

37.2 16.67 6.14 1.74 1.04

2.3. Corrosion Kinetic Analysis

The corrosion kinetic analysis was characterized by weight loss method. Before the
alternate immersion test, the weight (mj) of the specimens were measured by digital balance.
After the alternate immersion test, the specimens were cleaned in nitric acid to remove the
corrosion products, referring to the GB/T 16545-2015 standard. After that, the specimens
were cleaned with acetone and subsequently dehydrated in a drying oven, after which the
weight (mi) of the corroded specimens was measured. For precision, all measurements
were repeated three times. The weight change was amended by the weight loss from a
blank specimen that had undergone the pickling process only. The corrosion depth (D) and
corrosion rate (vcorr) were used to analyse the corrosion kinetic. The equation below was
used to calculate the corrosion depth (D):

D =
mj −mi −mb

ρS
(1)

where mj and mi are the weight (g) before the alternate immersion test and after the acid
washing process, respectively. mb is the mass loss during the acid washing process which is
tested by blank specimens. ρ is the density of aluminium alloy (2.79 g/cm3), and S is the
surface area (cm2) of the specimens.

The equation below was used to calculate the corrosion rate (vcorr):

vcorr =
D
t

(2)

where D is the corrosion depth (µm) and t is the corrosion time (h).

2.4. Surface Morphology Observation

The digital camera (Nikon D50) (Nikon Corporation, Tokyo, Japan) was used to
record the macroscopic morphology and the colour, state, and adhesion of the corrosion
product. The microscopic morphology and element distribution were studied and detected
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by SEM (Zeiss Supra55) (Carl Zeiss Meditec AG, Jena, Germany) and EDS (Oxford X-ray
Spectrometer) (Oxford Instruments plc, Abingdon, UK).

2.5. Corrosion Product Composition Identification

The identification of the corrosion products was analysed using XPS (Thermo EscaLab
250XI) (Thermo Fisher Scientific, Waltham, MA, USA). Under the voltage and current
conditions of 14.8 kV and 1.6 A, the corrosion products were scanned by X-ray with power
of 150 W and a beam spot of 650 µm (Al Ka = 1486.6 eV). The wide sweep range was 100
eV, the narrow sweep range was 20 eV, and the narrow sweep elements were Al, Cl, and O.
Polluted carbon C1s (284.8 eV) was used for charge correction of the data. The software
used for processing the XPS data was XPS Peak 1.

2.6. Potentiodynamic Polarization Curves Analysis

The potentiodynamic polarization was tested by using a standard three-electrode
system at room temperature on a workstation (DH7000) (Jiangsu Donghua Analytical
Instruments Co., Ltd., Jingjiang, China), as shown in Figure 1. The working electrode was
the 7B04-T74 aluminium alloy, and Ag/AgCl/KCl (Sat’d) reference electrodes were used
while a platinum sheet was used as the auxiliary electrode. The test solution is a 3.5 wt%
NaCl solution, and the specimens were immersed in the solution for 3 min to maintain a
stationary open-circuit voltage. The applied potential ranges from plus to minus 0.5 volts,
with respect to the open-circuit potential, and has a sweep rate of 1 mV/s.
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3. Results and Discussion
3.1. Corrosion Kinetic Analysis

Figure 2 shows the results of the corrosion kinetics analysis of the 7B04-T74 aluminium
alloy after 576 h corrosion. The general power function equation D = Atn is widely utilized
to fit the atmospheric corrosion weight loss data of metallic materials, as demonstrated by
several studies [19], where D is the corrosion depth (µm), t is the corrosion time (h), and A
and n are the fitting constants. As shown in Figure 2a, the corrosion depth data obtained
from the alternating immersion test can be well fitted by the power function model. The
weight loss was increased by the extended corrosion time; nevertheless, its rising tendency
was slowing. The regression model for the corrosion depth data is as follows:

D = Atn = 2.92t0.141 (3)

The constant n can reflect the corrosion tendency of metal materials, and its value is
normally inversely proportional to the corrosion resistance [20,21]. The constant n fitted to
the corrosion weight loss data for the 7B04-T74 aluminium alloy is 0.141, which indicates
that the corrosion of this grade of aluminium alloy presents a decelerating process under
the simulated marine atmospheric environment, and also represents its excellent corrosion
resistance. The constant A is frequently used to indicate the corrosion tendency of a
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metal material. The fitting constant A of the corrosion weight loss data for the 7B04-T74
aluminium alloy is 2.92, indicating that the aluminium alloy is not susceptible to corrosion
in the tropical marine atmospheric environment.
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3.2. Surface Morphology Analysis
3.2.1. Macroscopic Morphology Analysis

Figure 3 shows the surface morphology of the 7B04-T74 aluminium alloy without
corrosion, after 48 h and 576 h. From Figure 3a, the uncorroded sample has a smooth
surface and metallic lustre due to its surface roughness of 1.6. Then, local pitting corrosion
appeared on the surface after 48 h in Figure 3b. Visually, white corrosion products are
deposited around the pit area. The typical form of local corrosion of aluminium alloy is
pitting corrosion. When Cl− contacts the aluminium alloy surface, the cause of pitting
corrosion is mainly due to passivation breakdown, and the possible corrosion mechanisms
include penetration, adsorption, and film breaking [22]. The second phase contained in
aluminium alloys is a priority region of pitting [23,24]. After 576 h, the corrosion products
increased around the pitting in Figure 3c, and the aluminium alloy’s metallic lustre was
lost. Nonetheless, the corrosion is still dominated by localized pitting corrosion after 576 h,
as evidenced by the residual intact surface.
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3.2.2. Microscopic Morphology Analysis

Figure 4 shows the metallographic morphology of the uncorroded 7B04-T74 alu-
minium alloy. It can be seen that the surface contains a large number of second phase
inclusions. Most intermetallic compound particles are not uniformly distributed within
the grain, and a small number exist outside the grain boundaries. These inclusions mainly
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contain elements such as Cu, Fe, and Mg. The addition of these elements improves the me-
chanical properties of the aluminium alloy while the corrosion resistance of the aluminium
alloy is affected by the second phase induced by these elements due to the different poten-
tials between the second phase and the matrix [25,26]. According to the study of He [27],
the inclusions of—series aluminium alloy are microscale intermetallic particles mainly
composed of Al7Cu2Fe phase, accompanied by a small amount of S-phase (Al2CuMg) and
Fe-containing impurity phase (FeAl3).
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The microscopic surface morphology of the 7B04-T74 aluminium alloy after 48 h and
576 h of corrosion is shown in Figure 5. Localized pitting corrosion occurred on the surface
after 48 h in Figure 5a. The integrity of the surface structure was maintained in all areas
except those where pitting corrosion occurred. Corrosion products were deposited around
the pitting with cracks caused by the water-loss effect. The oxide film of the aluminium
alloy was attacked by halogen ions in the environment. The integrity of the surface was
destroyed by the dissociation of the intermetallic particles. As shown in Figure 5b, the
pitting was irregular and accompanied by longitudinal cracks. After 576 h, with the
extension of corrosion time, corrosion gradually developed, corrosion products increased,
and the size of the pitting increased in Figure 5c, which was consistent with the visual
results. At the same time, the corrosion products gradually aggregated, forming a cluster
of corrosion products. Inside the pitting, the accumulation of corrosion products could be
observed with the cracks extending into the matrix in Figure 5d. It is worth noting that the
aggregation of corrosion products is extremely inhomogeneous due to the fact that only
localized corrosion occurred on the surface.

As shown in Figure 6, after 48 h of corrosion, EDS point scanning was performed on
the corrosion products (No. 1) attached around the pitting pit and the uncorroded area
(No. 2). The contents of O, Na, Cl, and other elements in the corrosion products were
significantly increased compared with those in the uncorroded area, indicating that Cl−

directly participated in the corrosion reaction to form corrosion products containing Cl−.
In Figure 7, EDS surface scanning was performed on the corrosion products after 576 h of
corrosion. O, Al, Na, Cl, and additional elements were enriched in the corrosion products,
which also proved that Cl− took part in the corrosion reaction and formed corrosion
products containing Cl−.
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As mentioned above, pitting corrosion is the main corrosion form in the aluminium
alloys when used in tropical marine atmospheric environments. After the 576 h accelerated
test, no obvious intergranular corrosion or exfoliation corrosion was observed. The oxide
film is broken down by Cl− in the marine atmosphere. Subsequently, the second phase
particles undergo electrochemical reactions due to the potential differences with the matrix,
which appear as pitting with short cracks in morphological surface observations.
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3.3. Corrosion Product Composition Identification

XPS was used to identify the chemical composition of the corrosion products at
different corrosion times. As an example, the XPS data of the corrosion products of the
7B04-T74 aluminium alloy corroded for 48 h are used to illustrate the composition and
relative content of the corrosion product. The total XPS spectrogram of the corrosion
products after 48 h is shown in Figure 8, where elements such as Al, C, O, and Cl can
be detected.
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of corrosion.

The XPS spectrograms of corrosion products of 7B04-T74 aluminium alloy corroded
for 48 h are shown in Figure 9, and the high-resolution spectrograms of Al2p, O1s, and
Cl2p orbitals are shown in Figure 9a–c, respectively. The spectrum of Al2p consists of three
peaks, Al2O3 (73.5 eV), Al(OH)3 (74.3 eV), and AlCl3 (75.3 eV). The O1s map also has three
peaks at 530.5 eV, 531.7 eV, and 532.8 eV, which are used to estimate the oxygen content of
aluminium oxide (O2−), hydroxide (OH−), and hydrate (H2O) in the corrosion products.
Cl− is detected at 198.6 eV as metallic chlorine, AlCl3. Al(OH)3 is the main component of
the corrosion products.
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In Figure 10, the relative content of corrosion products of the 7B04-T74 aluminium alloy
under different corrosion times is given. It can be seen that Al(OH)3 is the main product,
and its content fluctuates around 50% with the increase in corrosion time. For AlCl3, there
is a slow rising trend with increasing corrosion, which corresponds to a decreasing trend
for Al2O3.
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Figure 10. Relative content of the corrosion products of the 7B04-T74 aluminium alloy under different
corrosion times.

3.4. Potentiodynamic Polarization Curves Analysis

Potentiodynamic polarization curves under different corrosion times are shown in
Figure 11, and the parameters deduced are listed in Table 4.

Table 4. Electrochemical parameters of the potentiodynamic polarization curves.

Corrosion Time
(h) 0 48 96 144 288 432 576

icorr (µA/cm2) 42.0146 10.5536 0.4782 4.0365 16.2705 3.3814 2.7887
Ecorr (V) −1.1720 −1.1543 −0.9403 −1.1196 −1.1396 −0.6643 −0.9882

βa (mV/decade) 237 250 130 127 274 26 114
βc (mV/decade) −98 −81 −72 −71 −93 −320 −77

Rp (Ω·cm2) 717.47 2520.40 42,130.5 4905.34 1855.41 3091.86 7165.3
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The anode regions of the polarization curves have distinct passivation zones and
pitting potentials, with essentially the same value of the pitting potential. The similar
shapes of the polarization curves demonstrate that the corrosion mechanism of the 7B04-T74
aluminium alloy does not change. The passivation zone disappears in the electrochemical
sample curve after 432 h of corrosion, and the corrosion potential is the same as that of
the pitting potential, indicating that the specimen’s surface oxide film is in the state of
breakdown when the potentiodynamic polarization curve is tested, and the corrosive
medium can directly attack the aluminium alloy matrix through the oxide film. The anodic
Tafel slope is lower after 432 h than other corrosion times. The lower the slope, the lower
the reaction resistance, the higher the corrosion rate, and the easier it is to corrode.

As the corrosion time increases, the corrosion potential moves forward and gradually
increases from −1.17 V to −0.94 V, but the overall fluctuation range is not large. This
means that the corrosion of the sample gradually produces a suppression effect. Combined
with the relevant conclusions of surface morphology observation, it can be shown that in
the tropical marine atmospheric environment, the 7B04-T74 aluminium alloy is always
dominated by pitting corrosion, and that the second phase particles contained on the
surface gradually dissolve in the corrosive medium as the corrosion time increases. The
corrosion rate is steadily decreasing. The corrosive medium did not penetrate to the interior
of the aluminium alloy, so no obvious intergranular or exfoliation corrosion was found. The
corrosion current of the uncorroded electrochemical specimen is 42.0146 µA/cm2, while that
of the corroded 7B04-T74 aluminium alloy invariably fluctuates around 10 µA/cm2. The
Rp value of the 7B04-T74 aluminium alloy also increased from 717.47 to several thousand,
increasing by at least one order of magnitude. These two points can also prove that the
pitting corrosion which occurs on the 7B04-T74 aluminium alloy is difficult to develop
further in the marine atmosphere.

3.5. Corrosion Behavior Analysis

The corrosion mechanism and behavior of the 7B04-T74 aluminium alloy in tropical
marine atmospheres were obtained by a combination of corrosion kinetics analysis, surface
morphology observation, corrosion product composition analysis, and electrochemical
analysis. The 7B04-T74 aluminium alloy contains many second phase or eutectic Si phase,
which is cathode or anode relative to the matrix. Under extreme relative humidity, the
surface absorbs a large amount of water vapor and forms a thin liquid film. When the
thickness of the liquid film reaches a certain stage, the 7B04-T74 aluminium alloy begins
to react with the ions in the film due to the potential difference between the second phase
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particles and the substrate. For particles with higher Mg content, the potential is more
negative than the matrix, so that the particles themselves dissolve, while for particles with
higher Fe and Cu content, the potential is more positive, so that the matrix around the
particles undergoes anodic dissolution. In the marine atmosphere, these electrochemical
reactions are more easily induced due to the presence of Cl−.

The corrosion mechanism of the 7B04-T74 aluminium alloy in the tropical marine at-
mosphere is shown in Figure 12. When the corrosion starts to occur, the α-Al matrix will un-
dergo anodic dissolution due to the dissolution of the intermetallic particles or the REDOX
reaction between the second phase particles and matrix. The reaction process is as follows:
the anodic process; Al − 3e→ Al3+, while the cathode process; O2 + 4e + 2H2O→ 4OH−

(oxygen absorption reaction) and 2H2O + 2e→ 2OH− (hydrogen evolution reaction). Then,
Al3+ and OH- in the environment undergo a secondary reaction to form Al(OH)3. At
the same time, part of the reaction leads to the formation of an inert alumina film Al2O3,
which makes the aluminium alloy passivated. In the tropical marine atmospheric environ-
ment, the oxide film of the aluminium alloy is susceptible to penetration in incomplete
or defective regions due to the rich Cl− which is easy to adsorb. The Cl− in the corro-
sive medium will also participate in the electrochemical reaction; the reaction process
includes Al(OH)3 + Cl−→ Al(OH)2Cl + OH−, Al(OH)2Cl + Cl−→ Al(OH)Cl2 + OH−, and
Al(OH)Cl2 + Cl− → AlCl3 + OH−. However, in the T74 thermal treatment, η′ and η phase
particles at the grain boundary aggregate and spheroidise, resulting in a larger size of these
intergranular precipitates [6,28,29]. In contrast to the fine intergranular precipitate of T6
thermal treatment, it effectively blocks the anode corrosion channel at the grain boundaries,
preventing the corrosive medium from attacking the aluminium alloy matrix along the
grain boundaries and significantly improving the intergranular corrosion resistance of
7B04 aluminium alloy.
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4. Conclusions

The corrosion behavior and mechanism of the 7B04-T74 aluminium alloy in tropical
marine atmospheric environments were studied using the 576 h alternate immersion test.
A detailed study revealed the following:

1. The corrosion kinetics of the 7B04-T74 aluminium alloy followed the power func-
tions D = Atn = 2.92t0.141, which attests that this aluminium alloy has high corrosion
resistance in the tropical marine atmospheric environment;

2. Due to the abundance of Cl- in the marine atmospheric environment, the surface of the
7B04-T74 aluminium alloy undergoes rapid pitting corrosion. However, no significant
intergranular or exfoliation corrosion was found while the corrosion time increased,
which proves that the T74 thermal treatment process could be a successful means of
improving the intergranular corrosion resistance of the 7B04-T74 aluminium alloy;

3. The corrosion products of the 7B04-T74 aluminium alloy gradually accumulate around
the pitting, forming a cluster. The corrosion products were Al2O3, Al(OH)3, and AlCl3.
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The detection of Cl- in the form of metallic chlorine, AlCl3, proves that chlorine ions
in the marine atmosphere are involved in the corrosion reaction of the 7B04-T74
aluminium alloy. Al(OH)3 is the main component of surface corrosion products;

4. The similar shape of the potentiodynamic polarization curves at different corrosion
times proves that the corrosion mechanism of the 7B04-T74 aluminium alloy does not
change. The pitting potential is clearly observed in the curves, which proves that the
oceanic atmospheric corrosion of the 7B04-T74 aluminium alloy remains in the pitting
stage. The forward motion of the corrosion potential, the decrease in the corrosion
current, and the change of the charge transfer resistance all demonstrate that the
tropical marine atmospheric corrosion of the 7B04-T74 aluminium alloy presents a
deceleration process, and the corrosion resistance is also proved from the side.
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