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Abstract: 3003 aluminum alloy exhibits commendable corrosion resistance, ease of processing, and
good formability, rendering it extensively utilized across many industrial sectors. In this study,
the corrosion behavior of 3003 aluminum alloy in a homogenized state and after hot extrusion
deformation in an acidic salt spray environment for different times was studied. The microstructure
of the 3003 aluminum alloy in the homogenized state and after hot extrusion was characterized using
scanning electron microscopy (SEM), optical microscope (OM), laser scanning confocal microscope
(LSCM) etc., while electrochemical methods were employed to study the difference in corrosion
resistance between these two states. The results show that corrosion pits on the surface of the
homogenized 3003 aluminum alloy increase with time, and corrosion extends along the second phase
arrangement, while the hot extruded 3003 aluminum alloy mainly exhibits corrosion pit extension.
The grain size of the homogenized 3003 aluminum alloy is larger than that of the hot extruded state,
and the second phase is distributed in a reticular pattern. Hot extrusion deformation ensures not only
a uniform distribution of the second phase in the 3003 aluminum alloy but also a reduced grain size,
an increased grain boundary density, a heightened electrochemical activity in acidic environments,
and an augmented pitting density. Compared with the homogenized 3003 aluminum alloy, the pitting
density, maximum pitting depth, and weight loss of the hot extruded state are increased.

Keywords: 3003 alloy; homogenization; hot extrusion; acid salt spray; pitting corrosion;

microstructure; electrochemical tests

1. Introduction

Aluminum and its alloys exhibit favorable mechanical properties, lightweight charac-
teristics, and corrosion resistance. These materials have increasingly used across various
engineering fields in recent years [1-3]. The Al-Mn alloy, a non-heat treatment-strengthened
aluminum alloy, distinguishes itself with good plasticity, with exceptional processing and
welding capabilities. It exhibits higher strength compared to pure aluminum while retain-
ing corrosion resistance comparable to that of pure aluminum [4,5]. In addition, as the
main alloying element, the strength of the alloy increases with the increase of Mn content.
Mn can also form an AlgMn phase with Al, and impurity Fe can dissolve in AlgMn to form
Alg (MnFe) compounds [6,7]. 3003 aluminum alloy is one of the most common aluminum
manganese alloys, which is widely used in building construction, food packaging, automo-
tive parts, and air conditioning radiators due to its good formability, corrosion resistance,
and welding performance [8-10].

The corrosion resistance of aluminum alloys is affected by a number of factors, and fine-
tuning the composition of the alloy may be considered to improve corrosion resistance [11].
For example, the addition of Cu or Zr may help improve the corrosion resistance of
aluminum alloys [12,13]. The introduction of corrosion inhibitors, such as organic corrosion
inhibitors, forms a protective film that slows the corrosion process [14]. In addition,
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the shape, size, and distribution of the second phase also have a certain impact on the
corrosion performance of aluminum alloys. Clustered second phases make aluminum
alloys more susceptible to localized corrosion, and deformation or the introduction of
dispersed particles is considered to be an effective way to improve the second phase in
aluminum alloys [15,16]. In practical applications, the 3003 alloy is primarily employed
after plastic deformation. It can undergo different processes, such as rolling, extrusion,
stretching, and other forming methods, to manufacture products of various shapes [17]. In
many of these applications, the 3003 aluminum alloy is either continuously or temporarily
exposed to corrosive environments. Generally speaking, when aluminum and its alloys are
exposed to the atmosphere, a dense oxide layer (Al;O3) can be formed on the surface, so
aluminum has high corrosion resistance [18-20]. The oxide film is in a continuous state of
breakdown and repair. In noncorrosive environments, it can be immediately repaired [21-23].
However, in the presence of solutions containing corrosive ions, especially chlorides, these
anions entering the metal surface will prevent repair [24,25]. In addition, temperature and
pH value in the external environment can also affect the decomposition and repair of the
oxide film on the surface of aluminum alloys. Currently, most studies on the corrosion
resistance of 3003 aluminum alloy are conducted separately in cast or deformed forms.
Chen et al. [26] investigated the corrosion and electrochemical behavior of 3003 aluminum
alloy plates in ethylene glycol-water solution at different temperatures. The results indicate
that the increase in temperature accelerates the dissolution of anode aluminum and the
reduction of cathode oxygen. Liu et al. [27] found that the passivation film formed on
3003 aluminum alloy cast rod is the most stable in a chlorine free solution, while the
passivation film formed in a chlorine containing solution is the least stable. The film formed
in air falls between the two. Yin et al. [28] found that homogenization treatment can change
the quantity, distribution and morphology of the second phase in 3003 aluminum alloy,
thus affecting the corrosion resistance.

Due to the wide application of 3003 aluminum alloy, there are many studies on the
corrosion behavior of 3003 aluminum alloy in different environments. Liu et al. [29] studied
the passivation and pitting behavior of 3003 aluminum alloy round bar in aqueous ethy-
lene glycol solution using various electrochemical measurements. Statistical evaluation of
pitting susceptibility of 3003 aluminum sheets in a saltwater environment using pitting coef-
ficient criteria was used by Paredes-Dugarte et al. [30]. Sun et al. [31] studied the short-term
and long-term corrosion behavior of 3003 aluminum alloy in saturated Na;SO4 solutions
at different temperatures. Additionally, corrosion resistance research on aluminum alloys
can be conducted using a salt spray test. These real-world challenging conditions can be
emulated through a salt spray test, offering an improved assessment of material corrosion
resistance [32,33].

In this study, we prepared homogenized 3003 aluminum alloy cast rods and de-
formed the rods by hot extrusion. A comparative analysis was conducted on the corro-
sion resistance, microstructure, corrosion morphology, and electrochemical test results of
3003 aluminum alloy under acidic salt spray corrosion after different times in both the
homogenized and hot extrusion states. The research results can provide guidance for the
practical engineering application and corrosion protection of 3003 aluminum alloy in acidic
environments such as marine engineering and chemical industry.

2. Materials and Methods

The present study was carried out using commercial 3003 aluminum alloy. The
3003 aluminum alloy was homogenized and hot extruded, and acidic salt spray corrosion
tests, microstructure characterization, and electrochemical tests were performed on the
3003 aluminum alloy in both processed states to study its corrosion behavior.

2.1. Materials

The 3003 alloy round bar used in the experiment was provided by Henan Runze Light
Alloy Technology Co., Ltd. (Pingdingshan City, China), and its composition is shown
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in Table 1. The composition of the 3003 aluminum alloy was determined by inductively
coupled plasma-optical emission spectrometry (ICP-OES).

Table 1. Chemical composition of the 3003 alloy, wt%.

Element Si Fe Cu Mn Zn Al
% 0.12 0.36 0.15 1.08 0.10 Balance

2.2. Preparation of Homogenized and Hot Extruded 3003 Aluminum Alloy

The homogenization process of the 3003 aluminum alloy casting rod involves putting
the rod in a furnace of 595 £ 5 °C for a duration of 12 h, followed by air cooling to 250 °C
and then rapid cooling with strong wind until reaching room temperature. A cylinder
measuring 59 mm in diameter and 30 mm in height was obtained from the homogenized
aluminum rod for subsequent hot extrusion deformation. Prior to hot extrusion, the
3003 aluminum alloy underwent preheating at a temperature of 540 °C for a period of 0.5 h
using a box furnace, with the mold temperature set at 400 °C and an extrusion ratio of 55:1.
After extrusion, it transformed into a strip with a cross-section dimension of 25 mm x 2 mm.

2.3. Acid Salt Spray Test

Specimens were cut to 30 x 25 x 2 mm for the acid salt spray corrosion test. The
corrosion tests were carried out according to ASTM G85-2011 standard [34]. The exposure
zone of the acetic acid-salt spray fog chamber was maintained at 35 + 2 °C, and the
temperature in saturator tower was 47 °C. The salt solution was 50 g/L NaCl, and the pH
was adjusted to 3.0-3.1 with acetic acid. The block-shaped sample was tilted and placed
in a V-shaped groove at a 30° angle to the vertical direction. The samples for salt spray
testing were recovered at different time intervals, up to a maximum of 4 days. Two parallel
samples were set for each group. The corroded samples were mechanically cleaned under
running water to remove salt deposits from their surfaces, then dried and weighed using
an analytical balance to obtain weight loss.

2.4. Electrochemical Measurements

The electrochemical measurements were carried out on DH3000 electrochemical work-
station using the conventional three-electrode system, with 3003 aluminum alloy as the
working electrode, saturated calomel electrode (SCE) as the reference electrode (preserved
in saturated KCl solution before), and a platinum plate as the counter electrode. The test
was conducted in 50 g/L sodium chloride (NaCl) acetic acid solution (with pH = 3.0-3.1).
The samples were immersed in electrolyte solution for at least 30 min, and then the open
circuit potential (OCP) was measured until it became stable. All the other electrochemical
tests were conducted based on a stable OCP. Repeatability was tested by measuring at least
three specimens.

Electrochemical impedance spectroscopy (EIS) was tested to evaluate the corrosion
behavior of the alloys in a frequency range from 100 KHz to 10 mHz. The polarization
curves of the dynamic potential were measured to characterize the corrosion behavior of
3003 alloy in both homogenized and hot extruded states. The potentiodynamic polarization
tests were carried out in a potential range of —0.6~0.4 V vs. OCP with a scanning rate of
1.0mV sl

2.5. Microstructure Examination

X-ray diffraction (XRD) measurements were performed on 3003 aluminum alloy using
a D8 DaVinci X-ray diffractometer with 0.02° step size, scan range 10-90°, Cu K« at
40 kV and 40 mA. An optical microscope (OM, LEICA DM 4000, Wetzlar, Germany) was
employed to examine the metallographic structure of the 3003 aluminum alloy in both
the homogenized and hot extruded states. Field emission scanning electron microscopy
(SEM, Nova Nano SEM 230, Waltham, MA, USA) equipped with energy dispersive X-ray
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spectroscopy (EDS) was used to characterize the corrosion morphology and corrosion
product composition of the 3003 aluminum alloy. The three-dimensional morphology of the
corrosion pits was characterized by laser scanning confocal microscope (LSCM, Keyence
VK-X3000, Osaka, Japan).

3. Results
3.1. Microstructure

The microstructure of 3003 aluminum alloy in the homogenized state and after hot
extrusion is shown in Figure 1. After homogenization treatment, the grain size of the
3003 aluminum alloy became relatively uniform. When the 3003 aluminum alloy was
hot extruded, the grain size was significantly reduced compared to the homogenized
structure because the alloy underwent heavy deformation and recrystallization during the
hot extrusion process. As shown in Figure 1c, the average grain size of 3003 aluminum
alloy in a homogeneous state was about 104.5 um, and that of 3003 aluminum alloy in hot
extruded state was about 54.5 um.
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Homogenized 3003 Hot extruded 3003

Figure 1. The microstructure of 3003 aluminum alloy under different processing states, (a) homoge-
nized, (b) hot extruded, (c) comparison of average grain size of 3003 aluminum alloy in homogenized
and hot extruded.

Figure 2 shows the XRD patterns of the 3003 aluminum alloy in both homogenized
and hot extruded states. Due to the low content of alloying elements and the small and
numerous second phases, the 3003 alloy in both processing states only shows the peak
of x-Al. At the same time, it can be observed that after hot extrusion, there is a clear
preferred orientation in the 3003 alloy, with the strongest diffraction peak intensity on the
(200) plane. On the contrary, the strongest diffraction peak in the homogenized state is (111).
Therefore, after hot extrusion, the grains of 3003 aluminum alloy deformed and developed
a significant (200) preferred orientation.
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Figure 2. X-ray diffraction spectrums of 3003 aluminum alloy under different processing states.

The second phase distribution of the 3003 aluminum alloy in a homogenized state and
after hot extrusion is shown in Figure 3. The homogenization treatment can diffuse the
alloy elements in the 3003 aluminum alloy, so that the second phase is evenly distributed
within the grains, reducing the possibility of local concentration differences in the alloy and
help to improve the uniformity and stability of the alloy. In Figure 3a, the second phase
of the homogenized 3003 aluminum alloy is mainly distributed in a continuous reticular
pattern. When the alloy was in the cast state, the second phase precipitated mainly along
the grain boundaries. After the homogenization treatment, the grains grew, the second
phase was partially dissolved in the matrix, and most of the second phase still maintained
a reticular distribution. After hot extrusion, as shown in Figure 3b, the second phase of
the 3003 aluminum alloy was no longer arranged in a reticular pattern but was evenly
arranged along the extrusion direction. In both homogenized and hot extruded states, the
shape of the second phase included strips and granules. The average size of the second
phase in the homogenized 3003 was slightly smaller than in the hot extruded state, about
2.1 pm for the homogenized 3003, and 2.54 pum for the hot extruded 3003. The EDS results
of the second phase of 3003 aluminum alloy in different states are shown in Table 2. In
both states, the second phase was mainly Al-Mn-Fe, with a small amount of Al-Mn-Fe-Si.
Mn, the main alloying element in the 3003 aluminum alloy can form an Al¢Mn phase
with Al, while Fe can form a solid solution in the AlgMn phase to form an Als (MnFe)
compound, thereby reducing the solubility of Mn in Al. Si can also form Al-Mn-Fe-5i.
Fe and Si can accelerate the decomposition of Mn from the supersaturated solid solution
during thermal deformation.

Table 2. EDS results of the different second phases in Figure 3 (wt%).

Processing Status Points Mn Fe Si Al
A 11.84 7.20 80.96
Homogenized B 11.29 7.39 3.49 77.83
& C 9.18 5.90 84.92
Standard Deviation 1.40 0.81 3.55
D 11.92 7.82 80.25
E 8.07 6.80 85.13
Hot extruded F 10.11 7.90 81.99

Standard Deviation 1.93 0.61 2.47
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Figure 3. SEM image results of 3003 aluminum alloy under different processing states, (a,c) homoge-
nized, (b,d) hot extruded, (c,d) are the enlarged areas of the yellow boxes in (a,b).

3.2. Surface Morphologies and Corrosion Products

The macroscopic morphology of 3003 aluminum alloy with two different processing
states after acid salt spray corrosion for different times is shown in Figure 4. It can be seen
that after one day of the acetic acid spray test, there were no obvious corrosion pits on the
surface of the homogenized 3003 aluminum alloy, while there were many corrosion pits
on the surface of the extruded 3003 aluminum alloy. As the salt spray corrosion test time
was extended to 2 days, corrosion pits appeared on the surface of homogenized 3003 alloy,
while corrosion pits grew larger in the extruded 3003 alloy. After the salt spray corrosion
test for 4 days, the number of corrosion pits in both homogenized and extruded 3003 alloys
increased significantly.

1d 2d 3d 4d

>
>

Figure 4. Macroscopic morphology of 3003 aluminum alloy in different processing conditions and
different acidic salt spray corrosion times, (a-d) homogenized, (e-h) hot extruded.
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The SEM images of the surface morphology of 3003 aluminum alloy under different
processing states after the acid salt spray corrosion test are shown in Figure 5. After one
day of salt spray corrosion, both states of the 3003 aluminum alloy exhibited corrosion pits
on the surface, and the presence of corrosion products on the pits was noticeable. Over
time, the size of the pits on the surface of the homogenized 3003 aluminum alloy gradually
increased, and the corrosion products dropped off, with fresh aluminum alloy exposed to
the corrosion solution. As shown in Figure 5f, corrosion could go underneath the surface
of the material from the pitting locations. Figure 5c,e,g show that for the homogenized
3003 alloy, pitting corrosion occurred in a reticular pattern. With the increase of the salt
spray corrosion time, the size of the corrosion pits grew and the number of pits increased.
The corrosion products in the corrosion pits of the two different alloys were analyzed by
energy spectrum, and the results are shown in Table 3. According to the results of energy
spectrum analysis, it can be seen that the uncorroded areas of the 3003 alloy in two states
was mainly Al,O3, and the corrosion product in the corrosion pit was a mixture of Al,Os3
and AlCl;.

S0pm Sopm

Figure 5. SEM images of 3003 aluminum alloys in different processing states with different acidic salt
spray corrosion times (1,2,3,4d), (a—g) homogenized, (b-h) hot extruded.
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Table 3. EDS results of the corrosion products (wt%).
Processing Status Points (0] Al Cl
A 51.95 48.05
Homogenized B 53.33 36.59 10.08
& C 56.14 38.29 5.57
Standard Deviation 2.14 6.18 3.19
D 56.31 43.69
E 64.91 33.31 1.78
Hot extruded F 53.85 4425 1.91
Standard Deviation 5.81 6.17 0.01

3.3. Density and Depth of Pitting Corrosion

After hot extrusion, the microstructure in hot extruded 3003 is significantly different
from that in homogeneous 3003. The changes in grain size and orientation led to changes in
grain boundary density, orientation, and residual stress. Ultimately, these surface changes
may have an impact on the electrochemical behavior and hence corrosion susceptibility.
Differences in the arrangement of the second phase may also have an effect on the density
and extension of pitting corrosion. Figure 6 shows the localized corrosion morphology of
3003 alloy in two processing states after 4 days of acidic salt spray corrosion. Observed by
laser scanning confocal microscopy, the corrosion pits of the 3003 alloy in the homogenized
state were smaller in size and lower in depth compared to those in the hot extruded
state. The statistical analysis method was applied to calculate the density of corrosion
pits. Figure 7 shows the statistical analysis of corrosion pits, and only the diameter of pits
bigger than 50 pm was counted. The pitting density of homogenized 3003 aluminum alloy
gradually increased with the increase of salt spray corrosion time. After 1 day of salt spray
corrosion, the pitting density of homogenized 3003 aluminum alloy was 5.67/cm?, while
that of extruded 3003 aluminum alloy had reached 27/cm?. Between one day and three
days of salt spray corrosion of the extruded 3003, the pitting density did not change much,
and on the fourth day, the surface pitting pits increased significantly. Figure 7b shows the
maximum pitting depth of 3003 alloy in the two processing conditions under different
salt spray corrosion times. The pitting corrosion depth of homogenized 3003 alloy was
initially as small as 20.5 um, and gradually increased with corrosion time. The corrosion
depth of hot extruded 3003 alloy reached 99.7 um after 1 day of corrosion. After four days
of corrosion, the maximum corrosion depth of homogenized 3003 was 108.9 pm, and hot
extruded 3003 was 156.0 um.

3.4. Weight Loss

Figure 8 shows the corrosion weight loss of 3003 aluminum alloy in two processing
conditions under different acidic salt spray corrosion times. As the salt spray corrosion
time increases, the corrosion weight loss of 3003 aluminum alloy in both states increases.
The corrosion weight loss of the hot extruded 3003 aluminum alloy was higher than that of
the homogenized 3003 aluminum alloy at different corrosion times, and in salt. After 4 days
of fog corrosion, the corrosion weight loss in the hot extrusion state increased significantly.

3.5. Electrochemical Tests
3.5.1. Polarization Analysis

Figure 9 shows the polarization curves of the 3003 alloy with different states. The
polarization curves of 3003 aluminum alloy in both homogenized and hot extruded states
show the same trend, and the cathode curve extrapolation method was used to calculate
Leorr- The cathodic reaction of 3003 aluminum alloy was mainly controlled by the reduction
reaction of hydrogen ions and oxygen, while the anodic reaction was the dissolution of
3003 aluminum alloy. In addition, it can be observed from the polarization curve that
there is a passivation range in both states of 3003 alloy, and their pitting potentials are
close. Table 4 presents the parameters calculated through polarization curves, including
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Ecorr (corrosion potential), Ioorr (corrosion current density), pitting potential Epit, and Epit-
Ecorr. Compared with the hot extruded state, the homogenized 3003 alloy had lower
corrosion potential and corrosion current density, as well as a wider passivation range.
The magnitude of the corrosion current density indicates the corrosion resistance of the
alloy. Homogenized 3003 alloy has a lower corrosion current density, resulting in better
corrosion resistance. Both states of 3003 alloy exhibit significant passivation processes.
The corrosion products layer decomposes at a specific potential, characterized by pitting
potential (Ep;), and the values of Ep;; are shown in Table 4. When the potential reaches
the passivation potential, the current growth slows down. When the potential exceeds the
pitting potential, the corrosion current density sharply increases. This is because during
anodic polarization, the surface of the sample reacts with the solution medium to form a
corrosion product layer, which prevents further corrosion. When the potential continues to
rise and reaches the pitting potential, the dissolution rate of the corrosion products layer
is greater than the formation rate, and the stability is destroyed, causing the current to
increase again. The pitting resistance of an alloy can also be quantified by considering the
passive range, which is essentially the difference between E,;; and the corrosion potential
(Ecorr) [21,35]. Compared with the two states of 3003 alloy, the Epit-Ecorr value of the
homogenized alloy was larger, indicating that the surface corrosion product layer of the
homogenized 3003 alloy was more stable, which is a benefit to the corrosion resistance.

Figure 6. Typical surface morphology of 3003 alloy after 4 days of the acid salt spray corrosion
test using laser scanning confocal microscopy. (a,c) are optical images and corresponding surface
smoothness of homogenized 3003 alloy, (b,d) are the optical images and corresponding surface
smoothness of the 3003 alloy in the hot extruded state.

Table 4. Electrochemical parameters derived from the polarization curves.

. I
SPeCImen Ecorr (VscE) (uA.cc()rl;fz) Epit (Vscp) Epit'Ecorr V)
Homogenized 3003 —0.553 21.36 —0.486 0.065

Hot extruded 3003 —0.523 28.22 —0.483 0.041
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Figure 7. (a) Statistical analysis of corrosion pits with a diameter greater than 50 pm on the surface of
3003 alloy in two different states after the acid salt spray corrosion test, (b) Maximum pitting depth.
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Figure 8. Weight loss of 3003 aluminum alloys in different processing states.
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Figure 9. Polarization curves of 3003 alloy under different processing conditions in 50g/L NaCl solution.

3.5.2. Electrochemical Impedance Spectroscopy Test

Figure 10 displays the Nyquist and Bode plots for two distinct states of the 3003 alu-
minum alloy immersed in a 50g/L NaCl acetic acid solution, and the corresponding fitted
values are presented in Table 5. Observing the Nyquist plot in Figure 10a, it becomes
evident that the impedance spectra of the alloys in the two states exhibit a similar shape.
In the high-frequency band, capacitance arcs resulting from activation polarization are
present, while the middle-frequency band exhibits capacitance arcs associated with cor-
rosion product layers. The observed “diffusive tail” in the low-frequency range signifies
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the Warburg impedance. The generation of Warburg impedance is mainly related to the
material transport on the electrode, especially the diffusion of materials in the electrolyte on
the electrode surface. The initial stages of corrosion encompass the reduction of oxygen on
the surface of the 3003 aluminum alloy, leading to the formation of oxides. This reduction
process may generate a diffusion layer between the electrolyte and the metal surface in
relation to the reactive species. The diffusion of reacting species constrains the rate of the
overall reaction. In the Nyquist plot, the capacitance arc radius of the homogenized 3003 al-
loy is greater than that of the hot extruded alloy. The larger the radius of the capacitive
reaction arc, the lower the corrosion sensitivity, indicating better corrosion resistance of
the alloy.

(a) (b) . 70
} | . = Homogenized 3003
A500 : :g:";%furgzzdaggga . 10000 Hot extruded 3003
-3000 - "
-2500 |- ¢ §
& . e & 1000 =
z ©
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Figure 10. (a) Nyquist diagram, (b) Bode diagram, and (c) equivalent circuit of 3003 aluminum alloy
under different processing states.
Table 5. Electrochemical parameters obtained from EIS analysis.
. R, R¢ Ret 7 )
Specimen (Q-cm?) CPE; y0 nl (Q-cm?) CPE; y0 n2 (Q-cm?) (Ss1/2 x 10-3) X
Homogenized 3003 11.27 4.01 0.72 88.73 7.25 0.74 5415 1.28 1.93 x 1073
Hot extruded 3003 8.18 4.8 0.67 129.2 6.21 0.73 3407 0.88 7.33 x 1074

The modulus-frequency Bode plots for the tested specimens are shown in Figure 10b.
In the | Z|-frequency curve of Figure 10b, the curvature in the low frequency range rep-
resents the corrosion reaction occurring at the metal/solution interface, while the radius
in the medium frequency range represents the capacitance characteristics of the corrosion
product layer during the corrosion reaction process. Homogenized 3003 exhibited the
highest impedance at the lowest frequency of 0.01 Hz. In the high-frequency range, the
impedance of the hot extruded state 3003 was higher than that of the homogenized state.
According to the experimental results and related literature, the equivalent circuit is given
in Figure 10c. The simulated values of the equivalent components by ZSimpWin software
3.60 are shown in Table 5. x? is the precision of the simulated data, and when the value is
in the order of 10~ and below, it can indicate that the fitted data are in good agreement
with the experimental data. The parameters Rs, Rf, and Rct in the equivalent circuit were
designated as solution resistance, corrosion product layer resistance, and charge transfer
resistance, respectively, while CPE; and CPE, belong to corrosion product layer capacitance
and double layer capacitance, and W is Warburg diffusion coefficient [27,36]. As can be
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seen from Table 5, the resistance of the corrosion product layer on the surface of the hot ex-
truded 3003 aluminum alloy is 129.2 QO-cm?, which is higher than that of the homogenized
3003 alloy, indicating that the surface corrosion product layer of the hot extruded 3003 alloy
is denser and thicker. Comparing the charge transfer resistance R in the two states, the
homogenized 3003 alloy is 5415 Q-cm? and the hot extruded state is 3407 Q-cm?. Charge
transfer resistance is often related to electrochemical reactions at the electrode surface. This
resistance is mainly caused by the limitation of the rate of charge transfer between the
electrode surface and the electrolyte, so the electrochemical reaction in the hot extrusion
state is more active. Ry, is the sum of R and Rct. The corrosion rate of 3003 alloy in the two
states was compared through Rp,. The lower the R, value, the higher the corrosion rate.
Therefore, the corrosion rate of the hot extruded 3003 alloy was faster.

4. Discussion
4.1. Corrosion Mechanism

Acetic acid salt spray droplets will continuously deposit on the surface of 3003 alu-
minum alloy during the salt spray testing process. Since a large amount of chloride ions
are dissolved in the salt spray solution, the chloride ions can migrate from the solution
to the oxide film on the surface of the 3003 aluminum alloy, breaking through the dense
oxide film and exposing the 3003 aluminum alloy matrix to salt spray droplets, causing
alloy corrosion. In an acidic environment, the oxide film on the surface of 3003 aluminum
alloy is more susceptible to damage. According to the potential-pH diagram of the Al-H,O
system, the oxide film starts to dissolve in acidic media with pH < 4 [37]. As the corrosion
time increases, the corrosion pits tend to stabilize, and local electrochemical reactions can
continue to occur in the pits. In the electrochemical process inside the pit, the aluminum
matrix serves as the anode, and the intermetallic compound with a higher corrosion po-
tential than the aluminum matrix serves as the cathode. As shown in Figure 11, SEM
images of localized corrosion in the homogenized and hot extruded states are given. The
starting point of corrosion is mostly near the intermetallic compounds, and the corrosion
of homogenized 3003 aluminum alloy extends along the arrangement direction of the
intermetallic compounds. In the hot extruded 3003 aluminum alloy, pits can also be clearly
observed around the intermetallics.

Figure 11. Surface morphology of 3003 aluminum alloy after 4d salt spray test, (a) homogenized 3003,
(b) hot extruded 3003.

An oxidation reaction occurs in the anode part of the pit:

Al — AP 43¢~ (1)
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Meanwhile, the cathodic process occurs on the cathodic phase, involving the reduction
of dissolved oxygen in water and the formation of hydroxide ions:

2H,0 + Oy+4e~ — 40H )

Due to the use of the acidic salt spray test in this experiment, there may also be
reduction of hydrogen ions during the cathodic process:

2H 42~ — Hy 1 (3)

As the AT in the pits continue to increase, in order to maintain electrical neutrality,
external CI~ will continue to migrate into the pits:

APT43C1™ — AlCl; (4)
AlCI3 will be hydrolyzed in water to form Al(OH)j3:
APT4+3H,0 — Al(OH), | +3H" (5)
The Al(OH); can decompose into Al;O3, and the reaction is as follows:
2Al(OH); — AlLO3 +3H,0 (6)

Therefore, the corrosion product layer on the surface of 3003 aluminum alloy under
different processing conditions observed in Figure 5 is mainly Al,O3, and AlICl3 exists in
the corrosion pits.

4.2. Effect of Hot Extrusion on Corrosion Resistance of 3003 Aluminum Alloy

From Figure 4, we can observe that the number of corrosion pits on the 3003 aluminum
alloy after hot extrusion is significantly higher than that in the homogenized state in an
acidic salt spray environment. For 3003 aluminum alloy as a passivable metal, the follow-
ing factors are generally considered to have influence on its corrosion resistance: grain
size, second phase, state of surface film, etc. The grain size of 3003 aluminum alloy after
homogenization treatment was large and uniform, while the hot extruded 3003 aluminum
alloy had significant grain refinement due to severe plastic deformation and recrystalliza-
tion. High density grain boundaries can provide formation sites for the passivation layer,
while reducing the decomposition of the passivation layer [20,38]. In addition, due to
plastic deformation, residual stress may exist on the surface of 3003 aluminum alloy in
the hot extrusion state. Takakuwa et al. [39] believed that due to the presence of surface
compressive stress, the reduction of atomic spacing will also lead to the formation of a
passivation layer more rapidly. However, from Figure 5, it can be seen that during the
acidic salt spray corrosion process, the pitting density of the hot extruded 3003 aluminum
alloy was higher than that of the homogenized 3003 aluminum alloy. At the same time,
the passivation range of the hot extruded state in the polarization curve was narrower,
indicating that in the acidic salt spray environment, the corrosion resistance of the hot
extruded 3003 aluminum alloy is weaker than that of the homogenized 3003 aluminum
alloy. In acidic environments, the surface passivation layer of hot extruded 3003 aluminum
alloy is more prone to damage, and the regeneration process of the passivation layer is also
inhibited. The protective effect of the passivation layer is weakened, and chloride ions can
more easily diffuse to the aluminum alloy matrix. Corrosion behavior mainly occurs on
the 3003 aluminum alloy matrix. When corrosion occurs primarily through dissolution of
the aluminum alloy matrix, then grain boundaries accelerate the rate of corrosion, making
aluminum alloy corrosion pit expansion faster. Due to the high grain boundary density
of hot extruded 3003 aluminum alloys, the rapid failure of the initial oxide film in acidic
environments makes these active sites locations where corrosion rapidly occurs. Therefore,
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the pitting corrosion density and maximum depth of the hot extruded 3003 aluminum alloy
are higher than that of the homogenized state.

5. Conclusions

In this study, the corrosion resistance of the 3003 aluminum alloy in homogenized
and hot extruded states was compared through an acid salt spray test. It is expected to
help evaluate the corrosion resistance of 3003 aluminum alloy in acidic environments (such
as marine engineering, chemical industry, acid rain, etc.). The corrosion behavior and
mechanism of the alloys in the two states were analyzed through SEM, EDS, OM, LSCM,
electrochemical testing, etc. The following conclusions can be drawn:

1.  The average grain size of 3003 aluminum alloy in the homogenized state is larger, and
the second phase is mainly distributed in the form of a network; after hot extrusion,
the grain size of 3003 aluminum alloy is significantly reduced compared with the
homogenized state, and the distribution of the second phase is more uniform, mainly
along the extrusion direction.

2. In acidic salt spray environments, the corrosion resistance of the homogenized
3003 aluminum alloy is better than that of the hot extruded state, and the pitting
density and weight loss of the hot extruded 3003 aluminum alloy are higher. After
4 days of acidic salt spray test, the pitting density of homogenized 3003 was about
17/cm?, and that of hot extruded 3003 was 42/cm?; the maximum corrosion depth of
homogenized 3003 was 108.9 pm, and hot extruded 3003 was 156.0 um; the homog-
enized state of 3003 showed a weight loss of about 0.96 mg/cm?, and hot extruded
3003 was about 1.67 mg/cm?.

3. As the acidic salt spray corrosion time increases, the corrosion of the homogenized
3003 aluminum alloy includes the increase of corrosion pit size and the formation of a
reticular corrosion pit pattern, while the hot extrusion state is mainly the increase of
corrosion pit size.

4.  In acidic environments, the original oxide film on the surface of 3003 aluminum
alloy is easily damaged, and corrosion mainly occurs in the aluminum alloy matrix.
The corrosion product layer can provide a certain protective effect. The higher the
grain boundary density, the higher the corrosion activity. Therefore, the hot extruded
3003 aluminum alloy has more corrosion pits and deeper pitting compared to the
homogenized 3003 aluminum alloy.
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