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Abstract: Al-Cu-Li alloys are widely used in aerospace due to their excellent mechanical properties.
However, the surface of Al-Cu-Li alloy components is prone to localized corrosion, when it serves
in humid environments such as the ocean, due to the action of moisture in the air and Cl~ in the
atmosphere. Therefore, it is significant to study the corrosion performance of typical third-generation
Al-Cu-Li alloys in a marine environment. The corrosion tests of the experimental materials are carried
out in different concentrations of NaCl solution, and their morphology and maximum corrosion depth
are characterized to evaluate their corrosion resistance at a particular time. The corrosion behavior
of the third generation typical Al-Cu-Li alloys (2A97-T3, 2A97-T6, 2060-T8, and 2099-T83) and high-
strength Al alloy 2024-T4 in solution containing CI™ is investigated using correlative immersion
testing. The results show that 2A97-T3 possesses the best corrosion resistance performance of all under
the same concentration of NaCl solution and soaking time. The corrosion resistance performance of
2024-T4 is respectively stronger than that of 2060-T8 and 2099-T83, but weaker than that of 2A97 (T3,
T6). The corrosion morphologies of 2060-T8 and 2099-T83 are characterized by deep pits and large
areas of exfoliation corrosion, while the corrosion morphology of 2099-T83 is the worst, indicating
that its corrosion resistance is the weakest of all. The local corrosion preferentially occurred in
the boundary region between intermetallic compounds or precipitates and alloy matrix in NaCl
solution, and the lithium is selectively dissolved during the dissolution process, which brings about
the enrichment of copper-containing residues. Subsequently, the copper-rich residue serves as the
cathodic relative to the Al matrix, which leads to the anodic dissolution of the peripheral Al matrix
occurs.
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1. Introduction

Lightweight is the eternal goal pursued in the aviation and space fields. As lightweight
metals, Al-Cu-Li alloy meets the needs of different types of aircraft and sophisticated
equipment [1-4]. It has the characteristics of low density, high strength, wear resistance,
damage resistance, and fatigue crack resistance compared with traditional Al alloys [5-7]. It
not only can reduce the mass of aerospace components and structures by 10%~20% but also
raise the stiffness by 15%~20%. Owing to these features, the conventional 2XXX and 7XXX
series of high-strength Al alloys have been replaced by Al-Cu-Li alloy [8-13]. However, the
addition of lithium is a double-edged sword: improves the excellent mechanical properties
of Al-Cu-Li alloys and also increases its corrosion susceptibility. Therefore, it has become
an urgent problem to master the corrosion mechanism of Al-Cu-Li alloys and improve
their corrosion resistance. Al-Cu-Li alloys are susceptible to localized corrosion in marine
environments with aggressive C1~ ions, which can even lead to the failure of structural
components of the aircraft in severe cases [14,15]. The corrosion protection methods, such
as corrosion inhibitors, anodic oxidation, protective coatings and cathodic protection, can
improve the corrosion resistance of Al-Cu-Li alloys, which increases the service time of
aircraft in wet environments [16-19].

Coatings 2022, 12, 1899. https:/ /doi.org/10.3390/ coatings12121899

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings12121899
https://doi.org/10.3390/coatings12121899
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://doi.org/10.3390/coatings12121899
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12121899?type=check_update&version=1

Coatings 2022, 12, 1899

20f16

The type, quantity, and distribution of precipitates were directly affected by the heat
treatment process in the manufacture of Al-Cu-Li alloy. Then its corrosion behavior was
impacted by the precipitates. Proton et al. [20] explored the effect of artificial aging on
the corrosion behavior of 2050 Al-Cu-Li alloy in NaCl solution. The results showed that
artificial aging promoted the formation and growth of intercrystalline precipitates and
the intracrystalline T; (AlpCuLi) phase. Thus, the corrosion morphology of the alloy
changed from intergranular corrosion to intragranular corrosion, eventually raising the
corrosion sensitivity of the alloy. Jiang et al. [21] studied the effect of aging on the corrosion
properties of the 2197 Al-Cu-Li alloy. It found that the &’ (Al3Li) and T; phases were the
main strengthening precipitates of the alloy when the aging temperature was 160 °C and
175 °C. In addition, the T; phase distribution was more uniform and the size was finer at
160 °C aging temperature, so the alloy had the best corrosion resistance performance. Liang
et al. [22] discussed the effect of aging on the microstructure and corrosion resistance of
Al-3.5Cu-1.5Li-0.22 alloy. The results displayed that the T; phase was the main precipitation
strengthening phase when the aging treatment was 160 °C & 40 h, and then the alloy had
the best corrosion resistance. However, as the aging time surged, the T; phase became
coarser and the precipitation-free precipitation zone at the grain boundary became wider,
which caused the susceptibility of intergranular corrosion and exfoliation corrosion of alloy
increased.

The above scholars expounded on how the number and distribution of T; phases
in Al-Cu-Li alloy were affected by the heat treatment process. However, the mechanism
of the effect of the T; phase on the corrosion behavior of Al-Cu-Li alloy needed to be
studied in depth. Zhang et al. [23] investigated the corrosion behavior of 2A97-T3 Al-
Cu-Li alloy in NaCl solution. The results exhibited that the distribution of the local
T; and Tp (AlyCuyLi) phases of the alloy had an impact on the corrosion propagation
path, and the local corrosion occurred preferentially along the subgrain boundaries in
the unrecrystallized grains of some recrystallized alloys. Zhang et al. [24] researched the
effect of precipitates distribution on the corrosion behavior of 2A97-T6 Al-Cu-Li alloy in
3.5 wt.% NaCl solution. The results presented that the un-uniform distribution of the T
phase was caused by the introduction of plastic strain during the rolling process. Moreover,
the intragranular corrosion of the alloy occurred, which was caused by the preferential
dissolution of the T; phase in the dense precipitation zone. Ma et al. [25] discussed the
localized corrosion of 2099-T83 Al-Cu-Li alloy in 3.5 wt.% NaCl solution. It showed that
the localized corrosion of the alloy was influenced by the selective dissolution of the Tq
phase. Furthermore, the T; phase had a high electrochemical activity, which resulted in the
susceptibility of the grains to localized corrosion increased in a corrosive environment. Luo
et al. [26] studied the localized corrosion behavior of 2A97-T4 Al-Cu-Li alloy in 3.5 wt.%
NaCl solution. The results revealed that localized corrosion typically began at the 6 (Al,Cu)
phase grains. In addition, the 8 phase became the cathode relative to its alloy matrix in the
process of corrosion, which caused the anodic dissolution of the outer alloy matrix. Xu
et al. [27] investigated the corrosion behavior of Al-Li-Cu-Mg alloy in 3.5% NaCl solution.
It concluded that the enrichment of copper-containing residues was produced, due to the
lithium was preferentially selectively dissolved in the T; phase. Then the copper-containing
residue acted as the cathode, which caused the anodic dissolution of the adjacent alloy
matrix.

2A97 Al-Cu-Li alloy is the third-generation Al-Cu-Li alloy independently developed
by China. It has more excellent properties, such as high strength, excellent weld ability,
and high damage resistance, compared with the third-generation typical 2060-T8 and
2099-T83 Al-Cu-Li alloys and high-strength 2024-T4 Al alloy [23,27-31]. In previous work,
our research group explores the effect of the heat treatment process on the electrochemical
corrosion properties of Al-Cu-Li alloys and Al alloy. However, the corrosion behavior of
them in different concentrations of NaCl solution needs to be further studied. Therefore,
in the present work, their corrosion behavior is observed and analyzed, and it is obtained
under different NaCl solutions(2 wt.%, 3.5 wt.%, and 5 wt.%) and immersion time.



Coatings 2022, 12, 1899

30f16

2. Experimental Methods

The raw materials used in the experiment are the 2A97-T3 Al-Li alloy, the third-
generation typical 2060-18, 2099-T83 Al-Li alloys, and the 2024-O Al alloy. Furthermore,
the 2A97-T6 aluminum-lithium alloy is obtained by solid solution (520 °C & 1.5 h), then
quenching and artificial aging (200 °C & 6 h + 165 °C & 6 h) at the rate of 25 °C/min for the
2A97-T3 Al-Li alloy. The 2024-T4 high-strength Al alloy is obtained by heating to 495 °C for
35 min in the furnace at the rate of 19 °C/min, then quenching, and finally natural aging
for 120 h of the 2024-O Al alloy.

Furthermore, the 2A97-T6 Al-Li alloy is obtained by solid solution(520 °C & 1.5 h),
then quenching, and finally artificial aging (200 °C & 6 h + 165 °C & 6 h) of the 2A97-T3
Al-Li alloy. Then, the 2024-T4 high-strength Al alloy is obtained by heating to 495 °C for
35 min in the furnace, then quenching, and finally natural aging for 120 h of the 2024-O Al
alloy. The above materials are all provided by the Aviation Industry Xi’an Aircraft Industry
(Group) Co., Ltd. (Xi'an, China), and their thickness is 1.5 mm. The element content
of the materials is determined by X-ray fluorescence spectrometry (XRF, ARLA dvant
X Intellipower 3600, American). Its determination element error is 0.5%. The chemical
composition of the alloys is given in Table 1.

Table 1. The chemical constituents of the alloys (wt.%).

Alloy Cu Li Zn Mg Mn Zx Fe Ag Si Ti Al
2A97 3.55 131 0.5 0.37 0.31 0.11 0.044 <0.03 <0.03 0.024 Bal.
2060-T8 3.81 0.8 0.311 0.793 0.269 0.169 0.02 0.527 0.07 0.0281 Bal.
2099-T83 2.22 1.87 0.581 0.352 0.276 0.122 0.023 - 0.048 0.026 Bal.
2024-T4 6.12 - 0.086 1.15 1.24 - 1.17 - 0.16 0.022 Bal.

The specimens were prepared according to the GB/T17897-2016, and the size was
20 mm x 20 mm X 1.5 mm. The specimens were ground successively in water with 600 #,
1000 #, 1500 # SiC papers, and pictures of the sample before soaking are shown in Figure 1.
The specimens were cleaned ultrasonically in an ethanol bath and dried in a cool air stream.
Besides, the corrosion solutions were 2 wt.%, 3.5 wt.%, and 5 wt.% NaCl solution, and the
3.5 wt.% NaCl solution was simulated the seawater environment.

2A97-T6 2024-T4 J : 2099-T83

Figure 1. The macroscopic morphology of the sample before soaking.

Each kind of test pieces were soaked into a 350 mL of NaCl solution at the temperature
of 25 &+ 2 °C. The concentration of each group is 2 wt.%, 3.5 wt.%, 5 wt.%. There are
3 repeated test pieces in each group. The immersion corrosion experiment took 7 days
as a cycle and the total time was 28 days. The corrosion morphology of specimens was
observed by the Optical Microscope (OM, Jiangnan MR5000, Shanghai, China) and the
Electron Scanning Microscope (SEM, JEM-6490LV, Japan). Additionally, the specimens
were taken out after the first day of immersion to analyze the corrosion susceptibility at the
initial stage of immersion.

3. Results and Discussion

Figure 2(A1-3,B1-3,C1-3,D1-3,E1-3) shows the macroscopic morphology of the alloys
after being respectively immersed in 2 wt.%, 3.5 wt.%, and 5 wt.% NaCl solution for
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1 day. The corrosion morphologies of the 2A97-T3 and 2A97-T6 are roughly the same
in Figure 2(A1-3,B1-3). A uniform gray-black corrosion product film is formed on the
surface of the alloys. In addition, there is a modicum of white flocs in the solution and on
their surface. Both surfaces of the 2A97-T3 and 2A97-T6 are coated with a uniform gray
corrosion product film, and no visible pitting is observed in low concentration (2 wt.%)
NaCl solution in Figure 2(A1,B1). On the contrary, a mass of circular tiny pits emerge
on their surface, when the corrosion solution is 3.5 wt.% NaCl solution. The oxide film
dissolves, due to the Cl~ being adsorbed on the active point of it [32,33]. Finally, the
alloys are corroded in Figure 2(A2,B2). However, a large number of tiny pits are not
observed on the surface of the alloys, and the corrosion morphology does not aggravate
with the rise of NaCl concentration in the high-concentration (5 wt.%) NaCl solution in
Figure 2(A3,B3). The reason is that the alloys are immersed in a high-concentration NaCl
solution, which greatly advances the corrosion process of the alloy. Then the corrosion
products are continuously generated and accumulated in the pits, which results in the
corrosion pits being buried [34,35]. In the end, the alloy shows a relatively nice corrosion
morphology on the surface.

Figure 2. The macroscopic morphology of the alloys immersed in different concentrations of NaCl
solution for 1 day ((A1-A3): 2A97-T3; (B1-B3): 2A97-T6; (C1-C3): 2024-T4; (D1-D3): 2060-T8;
(E1-E3): 2099-T83).
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Figure 2(C1-3) displays the macroscopic corrosion morphology of the 2024-T4 alloy
after being immersed in three concentrations of NaCl solution for 1 day. The corrosion
morphology of 2024-T4 is roughly the same in three concentrations of NaCl solution
in Figure 2(C1-2). It indicates that the 2024-T4 has better corrosion resistance in low-
concentration NaCl solution. The pits turn up on the surface of the 2024-T4, when the
corrosion solution is a high-concentration (5 wt.%) NaCl solution, as shown by the circle in
Figure 2(C3).

The corrosion morphologies of the 2060-T8 and 2099-T83 alloys are different from that
of the 2A97-T3, 2A97-T6, and 2024-T4 in Figure 2(D1-3,E1-3). The gray corrosion product
film emerges gully-shaped on the surface of the 2060-T8, which destroys the surface unifor-
mity in low-concentration NaCl solution in Figure 2(D1), and the corrosion morphology
of the 2099-T83 displays a large number of small pits on its surface in Figure 2(E1). When
the concentration of NaCl solution surges to 3.5 wt.%, there is an abundance of tiny pits
shown on the surface of the 2060-T8. However, the pits of the 2099-T83 are expanded
into big corrosion pits, as shown by the arrow in Figure 2(D2,E2). In high-concentration
NaCl solution, the corrosion morphologies of the 2060-T8 and 2099-T83 are further aggra-
vated. Moreover, a large number of corrosion pits appear on the surface of the 2060-T8 in
Figure 2(D3). Meanwhile, the increasing trend of the size of the pits of the 2099-T83 is also
shown in Figure 2(E3).

Figure 3 exhibits the macroscopic morphology of the alloys after respectively being
soaked in three concentrations of NaCl solution for 7 days. There are a great deal of pits on
the surface of the 2A97-T3, and the size of the pits gets larger in low-concentration NaCl
solution in Figure 3(A1). However, the corrosion morphologies are completely different
in 3.5 wt.% and 5 wt.% NaCl solutions. The pits are not observed on the surface of the
alloys, and the corrosion morphology does not show a change with the increase in NaCl
concentration and immersion time in Figure 3(A2-3). The dissolution of the oxide film is
sped up by a significant amount of C1~, which accelerates the corrosion process of alloy
in high-concentration NaCl solution. Further, the corrosion pits are buried, because of
the corrosion products are continuously generated and accumulated in the pits. In the
end, the number of pits of the alloy is relatively reduced on its surface. The corrosion
morphology of the 2A97-T6 is similar to that of the 2A97-T3. However, the number of
pits of the 2A97-T6 is more than that of the 2A97-T3 in Figure 3(B1,A1). The T; phase is
the primary precipitation phase of the 2A97-T6, it has a higher amount than other phases
and a more uniform distribution [13]. When 2A97-T6 is submerged in NaCl solution, the
preferential dissolution of the T; phase is due to the selective dissolution of lithium, which
results in the copper-containing residues enriching. Subsequently, the copper-rich residue
serves as the cathodic relative to the Al matrix, which leads to the anodic dissolution of
the peripheral Al matrix occurring [24,36-38]. Finally, the number and size of pits of the
2A97-T6 are both larger than those of the 2A97-T3.

Figure 3(C1-3) demonstrates the macroscopic corrosion morphology of the 2024-T4
alloys after being immersed in three concentrations of NaCl solution for 7 days. There are a
large number of corrosion pits on its surface, and the oxide film of the surface has been de-
stroyed in low-concentration NaCl solution in Figure 3(C1). Moreover, the corrosion degree
is aggravated with the rise of the concentration of NaCl solution. The pits of the 2024-T4
are further expanded in 3.5 wt.% NaCl solution in Figure 3(C2). In 5 wt.% NaCl solution,
the exfoliation corrosion occurs on the surface in Figure 3(C3). When the 2024-T4 alloys
are immersed in NaCl solution, the boundary region is preferentially dissolved, which is
between the intermetallic compound particles(Al,Cu, Al,CuMg, AICuFeMn) and the Al
matrix [39,40]. The microcell is formed by Mg-rich intermetallic compounds (Al,CuMg,
etc.) and the Al matrix. Moreover, the intermetallic compounds are dissolved preferentially
as an anode, because the potential of them are lower than that of the Al matrix [41]. The
formation of the oxide film is affected by the alloying elements of intermetallic compounds
and second-phase materials, which makes the oxide film presents an irregular porous



Coatings 2022, 12, 1899

6 of 16

morphology formed on the Al matrix [42]. This irregular oxide film facilitates C1~ intrusion
into the Al matrix, accordingly the corrosion rate of the alloy is accelerated.

Figure 3. The macroscopic morphology of specimens immersed in different concentrations of NaCl
solution for 7 days ((A1-A3): 2A97-T3; (B1-B3): 2A97-T6; (C1-C3): 2024-T4; (D1-D3): 2060-T8;
(E1-E3): 2099-T83).

The oxide film is gradually thinned and partially ruptured with the prolongation
of immersion time, and macroscopically, there are many visible pits on their surface.
Figure 3(D1-3,E1-3) exhibits the corrosion morphologies of the 2060-T8 and 2099-T83
alloys in three concentrations of NaCl, and the sizes of their partial pits range from 505 to
780 um. Meanwhile, a lot of small pits turn up on their surface. The strong driving force
for the preferential and selective dissolution of Al and Li in the grains, which is provided
by the high copper content of the intermetallic compounds in 2099-T83. Moreover, the
porous copper-rich residues act as an efficient cathode in the copper-rich phases (Al,Cu,
Al,CulLi). Accordingly, the anodic dissolution of the nearby Al matrix occurs [25,37,38].
Additionally, the formation of the protective oxide film is hindered by the relatively high
content of lithium and copper in the copper-rich phase [43—46]. In solution containing CI~,
the copper-rich phases are preferentially dissolved in the Al matrix. Further, the anodic
dissolution of the Al matrix comes up, owing to the electrochemical reaction between the
copper-rich corrosion products and the Al matrix. Finally, it accelerates the formation of
the pits [47,48].



Coatings 2022, 12, 1899

7 of 16

At the initial stage of immersion, the oxide film of the alloys is in a dynamic equilibrium
state of dissolution and repair in NaCl solution, and the dynamic equilibrium state of
dissolution and repair is destroyed as the concentration of C1~ raise. Furthermore, the C1~
is adsorbed in preference to O, on the surface of Al alloy, and then the CI™ is combined
with the cations to form the soluble chloride in the oxide film, which causes the formation
of the pits [33]. The pitting mechanism of the alloy is shown in Figure 4.

Figure 4. The schematic diagram (a) and mechanism diagram (b) of the Al alloy pitting corrosion.

Figure 5 is the macroscopic morphologies of the alloys immersed in different concen-
trations of NaCl solution for 14 days. With the increase of immersion time, the extensive
white flocs emerge on the surface of the alloys, and their coverage is gradually expanded.
The oxide film of the 2A97-T6 and 2A97-T3 ruptures, and the number of pitting points on
the surface of the specimen is also more concentrated in Figure 5(A1-3,B1-3). The number
of pits of the 2024-T4 is further raising in Figure 5(C1-2), and the area of the exfoliation
corrosion becomes larger and deeper in 5 wt.% NaCl solution in Figure 5(C3). The size of
the pits of the 2060-T8 and 2099-T83 ranges from 510 to 910 um in three concentrations of
NaCl solution. Meanwhile, there are many pits on their surface in Figure 5(D1-3,E1-3).

Figure 6 presents the microscopic morphology of the alloys are immersed in different
concentrations of NaCl solution for 14 days. The 2A97-T6 and 2A97-T3 are partially
covered with a layer of corrosion products. Meanwhile, the network structure is the
corrosion morphology of them, and the type of corrosion is intergranular corrosion in
Figure 6(A1-3,B1-3). However, the corrosion products are less on the surface of 2A97-T6
and the crack width is larger, compared with 2A97-T3. The microscopic morphology of the
2024-T4 is similar to that of the 2A97-T6 and 2A97-T3. However, the corrosion products
are the most on its surface, and the cracks are covered with corrosion products, so the
observation is not clear in Figure 6(C1-2). What’s more, the corrosion behavior of the
2024-T4 is typified by typical layered exfoliation corrosion in 5 wt.% NaCl solution in
Figure 6(C3). The annular corrosion products are formed in local areas on the surface
of the 2060-T8 and 2099-T83, and the obvious cracks on the irregular block products in
Figure 6(D1-3,E1-3).
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Figure 5. The macroscopic morphology of specimens immersed in different concentrations of NaCl
solution for 14 days ((A1-A3): 2A97-T3; (B1-B3): 2A97-T6; (C1-C3): 2024-T4; (D1-D3): 2060-T8;
(E1-E3): 2099-T83).

When the time of immersion reaches 14 days, the corrosion morphology of the alloys
is further aggravated. The 2A97-T3 has the best surface integrity of all, through a thorough
analysis of the macroscopic and microscopic corrosion morphology. That is to say, its
corrosion resistance performance of all is the best. What’s more, as shown in Figure 6, 2A97-
T3 has the shallowest maximum corrosion pits on the surface, so the corrosion resistance
performance of the 2A97-T6 is inferior to that of the 2A97-T3. The number of pits of
the 2024-T4 is more than the 2A97-T3 and 2A97-T6, which illustrates that the corrosion
resistance performance of the 2024-T4 is worse than that of theirs. The number and size of
the pits of the 2060-T8 and 2099-T83 are further increased. In other words, their corrosion
resistance performance is inferior to that of the 2A97-T3, 2A97-T6, and 2024-T4.

Figure 7 shows the corrosion surface and 3D morphology of the test material after
28 days of immersion in 3.5 wt.% NaCl solution as shown. The maximum corrosion pit
depths of each specimen from the smallest to the largest: 2A97-T3 < 2024-T4 < 2A97-T6 <
2060-T8 < 2099-T83.
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Figure 6. The microscopic morphology of specimens immersed in different concentrations of NaCl
solution for 14 days ((A1-A3): 2A97-T3; (B1-B3): 2A97-T6; (C1-C3): 2024-T4; (D1-D3): 2060-T8;
(E1-E3): 2099-T83).
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Figure 7. The corroded surface and 3D morphology of the test material after soaking in 3.5 wt.%
NaCl solution for 28 days.
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When the time of immersion reaches 21 days, the macroscopic corrosion morphology
of each alloy is shown in Figure 8. There are more and more white flocs in the solution
and on the surface of the alloy. Many bright pits appear on the surface of the 2A97-T3 and
2A97-T6 in low-concentration NaCl solution. Furthermore, the oxide film is destroyed,
and the number of pits on the surface of the specimen is becoming more and more dense.
Some pits expand to the surrounding area and are connected to the surrounding pitting pits
with a smaller area in a local area, thereby expanding the corrosion area in Figure 8(A1,B1).
However, the corrosion morphology of the alloys is completely different in 3.5 wt.% and
5 wt.% NaCl solutions. The pits are buried by corrosion products, and their outlines are
shown on the surface in Figure 8(A2-3,B2-3). The 2024-T4 is characterized by the presence
of numerous corrosion pits on its surface in 2 wt% and 3.5 wt% NaCl solutions. These
pits are covered by corrosion products and unexposed the Al matrix in Figure 8(C1-2).
Meanwhile, it still presents the exfoliation corrosion morphology in 5 wt.% NaCl solution,
and the flake spalling is formed, due to the mutual penetration of the original local spalling
area in Figure 8(C3). The pits of the 2060-T8 and 2099-T83 are covered by plenty of corrosion
products in Figure 8(D1-3,E3). Furthermore, as the soaking time increases, the expansion
of the pits is delayed or the pits are completely buried, owing to the corrosion products
being continuously accumulated.

2wt.%NaCl 3.5wt.%NaCl 5wt.%NaCl

- .

Figure 8. The macroscopic topography of specimens soaked in different concentrations of NaCl
solution for 21 days ((A1-A3): 2A97-T3; (B1-B3): 2A97-T6; (C1-C3): 2024-T4; (D1-D3): 2060-T8;
(E1-E3): 2099-T83).

A continuous thick liquid film is formed on the surface of the alloy in the NaCl solution,
which hinders the diffusion of oxygen in the solution, and the electrochemical corrosion
process is mainly a cathodic reaction that is affected by the thick liquid film on the alloy
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surface [33,49,50]. Generally, the reactions of the anodic dissolution of Al alloy and the
cathodic oxygen reduction are described by Equations (1) and (2):

Al —3e~ — APt 1)

0, + 2H,0 + 4e~ — 40H ™ @)

In addition, the concentration of Cl~ is a crucial characteristic that determines the
local corrosion of the alloy. The CI™ and O; compete to adsorb on the oxide film, or the
Cl™ is first adsorbed on the active sites of the Al matrix in the liquid film. Subsequently,
the chemical reaction of the Cl1~ with the metal cations occurs in the oxide film, which
causes the oxide film is thinned and the Al matrix is disintegrated. Eventually, the pitting
is formed.

In solution containing CI~, the reactions of anodic of Al alloy are described by
Equations (3)-(5):

AP* + H,0 — AI(OH)*" + H* ©)
AI(OH)*" 4+ CI~ — AI(OH)CI* (4)
Al(OH)CIT + H,0 — Al(OH),Cl+ H" (5)

The Reaction (4) is accelerated as the Cl~ concentration raises, so the intermediate
reaction product AI(OH)?* is continually consumed, which results in the anodic reaction
of the Al matrix speeding up. However, the intermediate products of corrosion come into
being at the junction, where the cathode and anode immediately contact in the solution.
Moreover, the insoluble intermediate products can adhere to the alloy, which forms a thick
and protective hydroxide layer immediately on the surface of the alloy. It also can cover a
sizable portion of the metal surface, which hinders the further occurrence of corrosion. The
expansion mechanism of the pits is shown in Figure 9.

Figure 9. The expansion mechanism of the pits.
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When the immersion time reaches 28 days, the corrosion morphologies of alloys are
shown in Figure 10. A significant number of brilliant pits are shown on the surface of the
2A97-T3 in low-concentration NaCl solution in Figure 10(A1). However, the bright pits
decrease as the concentration of NaCl solution increases. Instead, the majority of the pits are
covered by the corrosion products in Figure 10(A2-3). The corrosion process is accelerated
as the concentration of NaCl solution rises. Moreover, the corrosion products are produced
massively, and as a result, they are accumulated and covered around the pits. Eventually,
the process of corrosion is impeded. The corrosion morphology of the 2A97-T6 is similar to
that of the 2A97-T3 in low-concentration NaCl solution, and a large number of bright pits
emerge on its surface in Figure 10(B1). However, it is distinct from that of the 2A97-T3, there
are still brilliant pits on its surface as the concentration of NaCl solution increases. Further,
the number of the pits drops, but their size increases in Figure 10(B2-3). There is still a
large number of pits on the surface of the 2024-T4 in 2 wt.% and 3.5 wt.% NaCl solutions
in Figure 10(C1-2), and some pits are covered by corrosion products, which hinders the
further occurrence of corrosion, whereas the range of exfoliation corrosion morphology is
further expanded in 5 wt.% NaCl solution in Figure 10(C3). The pits of the 2060-T8 and
2099-T83 are covered by plenty of corrosion products, which leads to retarding or stopping
the expansion of the pits. Furthermore, the corrosion products that cover some pits prevent
them from being seen. However, the size of the pits of the 2099-T83 is significantly larger
than that of the 2060-T8 under the same conditions in Figure 10(D1-3,E1-3). It can be seen
that the corrosion resistance of the 2099-T83 is the worst of all, followed by the 2060-T8.

2wt.%NaCl 3.5wt.%NaCl Swt.%NaCl

Figure 10. The macroscopic morphology of specimens immersed in different concentrations of NaCl
solution for 28 days ((A1-A3): 2A97-T3; (B1-B3): 2A97-T6; (C1-C3): 2024-T4; (D1-D3): 2060-T8;
(E1-E3): 2099-T83).
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Figure 11 is the microscopic morphology of the alloys immersed in different concen-
trations of NaCl solution for 28 days. The corrosion products on the surface of the 2A97-T3
are slightly peeled off in bulk in the low-concentration NaCl solution in Figure 11(A1).
The typical pitting pits and corrosion ring are observed on the surface of the 2A97-T3
in 3.5 wt.% NaCl solution in Figure 11(A2). In high-pconcentration NaCl solution, the
cellular corrosion product is formed above the pits of the 2A97-T3 in Figure 11(A3). The
corrosion morphology of the 2A97-T6 is similar to that of the 2A97-T3. Specifically, the
peeling area of the corrosion products of the 2A97-T6 is enlarged, and the degree is also
intensified in the low-concentration NaCl solution in Figure 11(B1). The circular corrosion
product is formed above the pits of the 2A97-T6 in local areas in 3.5 wt.% and 5 wt.% NaCl
solutions in Figure 11(B2,B3), and the difference between the two is that the area of circular
corrosion products is significantly larger in 5 wt.% NaCl solution. The network fractures
on the surface of the 2024-T4 are more visible, and the corrosion pits have an obvious
layered structure. With the rise of NaCl concentration, the number of pits also increases in
Figure 11(C1-2), and the local corrosion products on the surface of the 2024-T4 fall off on a
large scale in Figure 11(C3). The microstructure of the 2060-T8 illustrates that the pits grow
in the direction of depth and width, and the obvious cellular corrosion products are formed
in local areas in Figure 11(D1-3). The corrosion morphology of the 2099-T83 is similar to
that of the 2060-T8 in Figure 11(E1-3). The pits of the 2099-T83 are significantly larger than
the 2060-T8 regardless of the width and depth.

2wt.%NaCl 3.5wt.%NaCl Swt.%NaCl
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Figure 11. The microscopic morphology of specimens immersed in different concentrations of NaCl
solution for 28 days ((A1-A3): 2A97-T3; (B1-B3): 2A97-T6; (C1-C3): 2024-T4; (D1-D3): 2060-T8;
(E1-E3): 2099-T83).
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4. Conclusions

(1) The pitting corrosion and minor block erosion morphologies are visible on the 2A97
(T3, T6). The corrosion morphology of 2024-T4 is severe localized exfoliation corrosion.
Furthermore, there are many deep pits and large areas of exfoliation corrosion on the
corrosion surface of the 2060-T8 and 2099-T83.

(2) The corrosion morphology of the sample and the maximum depth of the etching pit
are analyzed. It is concluded that the corrosion resistance of each specimen is from
strong to weak: 2A97-T3 > 2A97-T6 > 2024-T4 > 2060-T8 > 2099-T83.

(3) The dissolution and rupture of the oxide film of the alloys are accelerated with the
increase in NaCl solution concentration and the extension of immersion time, so the
local corrosion occurs. However, the intermediate products adhere to the alloy, which
retards the process of corrosion.
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