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Abstract: Aircraft are subjected to extreme weather conditions in coastal areas. This study reports
long-term atmospheric exposure tests carried out on an epoxy primer-coated aluminum alloy in a
coastal environment for 7, 12, and 20 years. The micromorphology and characteristics of the section
and surface, the products of corrosion, electrochemical impedance, and molecular structure of the
coated specimens were examined through a spectrophotometer, scanning electron microscopy (SEM),
atomic force microscopy (AFM), X-ray diffraction (XRD), electrochemical impedance spectroscopy
(EIS), and X-ray photoelectron spectrometer (XPS). The results showed that the angles of contact of the
specimens with different numbers of years of atmospheric exposure satisfied the normal distribution.
Their fractal dimensions increased with an increase in the duration of exposure. Intergranular
corrosion and exfoliation corrosion appeared in the specimens after 20 years, where the product
of corrosion was Al(OH)3. The impedances and thermal properties of the epoxy coatings were
influenced by the synergistic effects of aging and post-curing. The impedances of the coatings
decreased greatly after long-term atmospheric exposure. After 20 years of corrosion, the specimen
showed the characteristics of the substrate being corroded. The mechanism of corrosion and the
electrochemical equivalent circuit were also analyzed.

Keywords: long-term aging and corrosion; epoxy primer; SEM; XPS; EIS

1. Introduction

To prevent damage to the aluminum alloys used in aircraft structures due to corrosion,
a double-layer protection system consisting of epoxy primers along with an anodized
film of sulfuric acid has been used as a protection measure [1,2]. Because aircraft are on
the ground for most of the time, the main corrosive environment for them is the ground
atmosphere, where the coastal atmosphere has the most significant impact on the safety
of the structure of aircraft [3-6]. Qiao et al. [7] investigated the corrosion kinetics and
patina (corrosion products) layer evolution of galvanized steel submitted to wet/dry cyclic
corrosion tests in a simulated coastal-industrial atmosphere. Sun et al. [8,9] carried out
outdoor atmospheric exposure tests on the aluminum alloys 2024 and 7075 with and
without aluminum coating in Beijing, Wanning, and Jiangjin, in China, to represent urban,
coastal, and industrial atmospheric environments, respectively. After a 20-year exposure
test, they found that the products of corrosion were y-Al(OH)3 and «-Al,O3-3H,0. The
pitting corrosion on the surface of the two aluminum alloys with aluminum coatings did
not penetrate their surfaces, and both maintained good static performance.

The aging of epoxy coatings and the corrosion of coated aluminum alloys are the two
most important factors influencing the failure of coatings [10]. The aging of the coating
is usually characterized by a loss of gloss, discoloration, pulverization, embrittlement,
and cracking [11-13]. Three important material-related factors that determine the failure
of the coating are water, oxygen, and corrosive ions [14-16]. From the point of view
of the coating itself, it includes the corrosion resistance of the substrate in the coating,
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the extent of the pigment corrosion resistance, coating defects and other factors [17-19].
Ramezanzadeh investigated the hydrolytic aging process of epoxy coatings and proposed
a mechanism to explain this. Research has also suggested that the -C—O—C- chain in the
epoxy coatings has a low degree of cross-linking, which is prone to hydrolytic fractures
and results in the formation of pores and microscopic defects on the surface. This degrades
their protection-related performance [20]. Liu et al. [21] investigated the evolution of
the chemical functional groups, microstructure, and properties of the water barrier of a
polyamide-cured epoxy (diglyceryl ether of bisphenol-A epoxy resin, DGEBA) coating
exposed to ultraviolet A (UV-A) photo-oxidative aging.

This study examines the processes of corrosion and degradation of epoxy primer-
coated 7075-T6 aluminum alloys in the atmosphere over the long term. Changes in the
rate of gloss loss, the off-color rate, and contact angle with the duration of corrosion
were compared in the long-term in an atmospheric environment. Furthermore, electro-
chemical impedance spectroscopy (EIS) was used to explore the changes in the corrosion
resistance of the specimens as a function of the duration of corrosion. In addition, the
surface and cross-sectional morphologies, as well as the products of corrosion of the epoxy
primer-coated specimens, were analyzed using scanning electron microscopy (SEM), atomic
force microscopy (AFM), electron probe microanalysis (EPMA), and energy dispersive
spectroscopy (EDS). Finally, X-ray photoelectron spectrometer (XPS), thermo-gravimetric
analyzer (TGA), and differential scanning calorimeter (DSC) were used to examine changes
in the molecular structure and thermal properties of the epoxy coatings after exposure for
different durations.

Research in this paper shows that the contact angles of the specimens with different
atmospheric durations of exposure satisfied a normal distribution. The wettability of the
surface of the epoxy coatings improved owing to hydrophilic groups produced by aging,
and the contact angle decreased with the duration of exposure. The surface roughness
increased gradually in the first 12 years, but decreased after 20 years of exposure. Significant
intergranular corrosion and exfoliation corrosion occurred in the area where the coating
had peeled, and the product of corrosion was AI(OH);. The impedances and thermal
properties of the epoxy coatings were influenced by the synergistic effects of aging and
post-curing.

2. Experiment
2.1. Specimens

The substrates were composed of 7075-T6 aluminum alloy; their geometric shapes are
shown in Figure 1. A double-layer protection system consisting of an “anodic oxidation
film + epoxy primer” was used for the specimens [22]. The aluminum substrates were
anodized with sulfuric acid and sealed with hot water. The thickness of the layer was
about eight microns. The paint was atomized with compressed air, and all surfaces of the
specimens were sprayed with epoxy primer within 24 hours. After having been dried, the
average thickness of the epoxy primer was measured at about 50 microns. The chemical
composition of the aluminum alloy substrates is shown in Table 1 [1].

Table 1. Chemical composition (wt.%) of 7075-T6.

Element Si Fe Cu Mn Mg Cr Zn Ti Al
Weight fraction (%) 0.50 0.50 1.68 039 231 0.18 6.01 0.10  Balance
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Epoxy coating—,

Anodic oxide film—

Aluminum alloy substrate

Figure 1. Schematic drawing of the epoxy-coated specimen. R45 refers to the radius of machining
fillet at this point.

2.2. Atmospheric Exposure Test

To simulate the structure of the interior aluminum alloy of a ground aircraft in coastal
areas, especially the environment of the interior structure of the non-enclosed cabin, coastal
atmospheric exposure tests were carried out for 7, 12, and 20 years in ventilated rooms of the
Wanning Natural Environment Test Station (Wanning Station) in Hainan province, China.
This was 350 m from the coastline, as shown in Figure 2. The Wanning Station is located at
longitude 110° 30’ 31" and latitude 18° 58’ 05" north, as shown in Figure 2a. It has typical
humid and hot oceanic atmospheric environment, characterized by a high concentration
of chloride ions. Table 2 lists the annual average of atmospheric environmental data for
the station in 1997. Data for different numbers of years are available on the website of the
China Gateway to Corrosion and Protection [23]. All epoxy-coated specimens were placed
horizontally on the test racks in the ventilation rooms according to ISO 8565:2011 [24].
After 7,12, and 20 years of exposure, five epoxy-coated specimens were withdrawn and
kept in a desiccator.
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Figure 2. Location of the coastal atmospheric exposure testing station and the indoor exposure testing shed: (a) location of
Wanning Natural Environment Test Station; (b) ventilated rooms for atmospheric exposure tests.

Table 2. Atmospheric environmental data for the Wanning Environmental Test Station in 1997.

Environmental Characteristics Annual Mean

Temperature (°C) 23.9
Relative humidity (%) 87.6
Amount of precipitation (mm) 198.156
Velocity of wind (m/s) 2431
SO, (mg/m3) 0.045275
NO, (mg/m?) 0.002025
Cl~ deposition rate (mg/ m?2d) 14.5875
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2.3. Micromorphological Characteristics of Surface and Cross-Section
2.3.1. Gloss, Chroma, and Contact Angle

The gloss and the chromatic values of each epoxy coating after different durations
of exposure were measured by using the V53200 non-contact spectrophotometer (X-rite,
Grand Rapids, MI, USA) and iQC software (Basic), manufactured by X-rite (Grand Rapids,
MI, USA). The measuring aperture was 12 mm. At least five locations were measured to
obtain an average value. The loss of gloss of the epoxy-coated specimens was calculated as
shown in Equation (1):

GL = (Gy — G)/Gp x 100 1)

where GL is the loss of gloss, Gy is the gloss of the specimen without corrosion and aging,
and G is the gloss of the specimen after several years of exposure.

The chromatic difference between each pair of exposed and unexposed specimens
was measured by Equation (2):

AE = V/AL? + Aa? + Ab2 )

where E is the chroma, L represents the shade of the color, a represents the red—green
direction, and b represents the yellow-blue direction.

The contact angles of the exposed epoxy coatings were measured using a CA100C
contact angle measuring instrument, manufactured by Innuo Precision Instruments Com-
pany (Shanghai, China). The contact angle formed by 6 uL drops of deionized water on the
surface of each exposed specimen was calculated. The average value for 20 points on the
surface of the coating of the same sample was taken as the contact angle of the sample.

2.3.2. Surface and Sectional Appearance

Microscopic morphology and elemental composition analysis were employed using
SEM (VEGA II XMU, TESCAN, Shanghai, China) and EDS (OXFORD 7718, TESCAN,
Shanghai, China). The area of the corrosion pits on the surface was analyzed by Image
Pro Plus 6.0 software. The cross-sectional slices of each sample were ground with 1000-
grit SiC paper, and the elemental distribution of the area of exfoliation corrosion of the
specimen exposed for 20 years was obtained using EPMA (OXFORD 7718, TESCAN,
Shanghai, China). The topography of the three kinds of specimens exposed for different
durations were characterized by using an atomic force microscope (AFM, INNOVA, Veeco,
NY, USA) with a transverse resolution of 0.2 nm (XY direction) and an XYZ standard
scanner: 30 pm x 30 pm X 5 pm. In the phase mode, the probe type was NSC18/CR-Aubs
(MikroMasch, Sofia, Bulgaria).

2.4. Electrochemical Measurement

A PARSTAT?2273 electrochemical workstation (AMETEK, Princeton, NJ, USA) was
used to measure electrochemical impedance. The measurement device was a three-
electrode system. The auxiliary electrode was made of platinum, the reference electrode
was a saturated calomel electrode (SCE), and the working electrode was an epoxy coating
sample. Three locations were selected for each epoxy-coated specimen. The electrochemical
measurements were taken once the samples had been immersed in 3.5 wt.% neutral sodium
chloride solution for 20 min. When the open circuit potential (OCP) was stable, polarization
curves of different samples were acquired at a scanning rate of 0.5 mV/s, and potential
ranging from —0.25 Vgcg to 0.25 Vgcg with respect to the free corrosion potential (Ecorr).
When measuring electrochemical impedance, the range of the frequency of measurement
was 100 kHz-10 MHz, and the disturbance voltage applied was 25 mV. The fitting of the
equivalent circuit was completed using ZSimpWin software (V3.61).

2.5. Characterization of Epoxy Coatings

The surface elemental composition and content of the coatings were measured using
an ESCALAB Xi+ Type X-ray photoelectron spectrometer (XPS) from ThermoFisher Scien-
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tific, Waltham, Massachusetts, USA. Peak fitting was performed using Thermo Avantage
software (V5.967). The source of excitation was a double-positive Al/Mg target, and the
bond energy was adjusted by the main peak C1s at 284.6 eV.

A diamond DSC differential scanning calorimeter (PESTA8000), manufactured by
Perkin Elmer Instruments Co., Ltd. (Waltham, MA, USA), was used to measure the
influence of the duration of exposure on the glass transition temperature of the epoxy
coatings. The weight of the tested samples was 20 mg, the temperature ranged from —30 °C
to 150 °C, the rate of heating was 10 °C/min, and nitrogen was used as the atmosphere. A
Pyris] thermo-gravimetric analyzer (Q50, TA, New Castle, DE, USA) was used to measure
the relationship between the mass and temperature of the substance. This was performed
to measure the change in weight and rate of change of the substance with temperature
and time.

3. Results and Discussion
3.1. Surface Characterization
3.1.1. Analysis of Gloss, Chroma, and Contact Angle

Figure 3a shows the surface morphology of the epoxy primer-coated aluminum alloy
specimen after seven years of exposure. The surface of coating had a small number of
impurities, such as salt and dust. With increasing duration of exposure, the epoxy coating
gradually darkened, and the amount of deposition on the surface gradually increased.
After 12 years of exposure, a greater number of tiny corrosion pits had formed on the
surface of the coating, as shown in Figure 3b. After 20 years of exposure, a large area of
the coating had peeled off, the aluminum alloy substrate had been exposed, and many
white products of corrosion had formed in the area of exfoliation corrosion, as shown in
Figure 3c. An XRD analysis showed that the products of corrosion were AI(OH); [25].
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Figure 3. Analysis of the surface morphology and composition of the products of corrosion of epoxy primer-coated

aluminum alloy exposed in the field. (a-c) Surface morphology of specimens exposed for 7, 12, and 20 years. (d) XRD

analysis of the products of corrosion in the area of exfoliation corrosion of the specimen exposed for 20 years.

Figure 4 shows the curve of the loss of gloss of the epoxy-coated aluminum alloy
specimens subjected to different durations of exposure. According to ISO 4268-1 [26], the
process of aging of a coating can be divided into three stages. When the loss of gloss
is less than 50%, it can be considered a stage of slight gloss loss. After seven years of
exposure, the gloss loss of the epoxy coating was 68.6%, at grade 4, which is the stage of
severe gloss loss. After 12 years of exposure, the gloss loss was 80.3%, which is considered
complete gloss loss, at a grade of 5. After 20 years of exposure, the gloss loss was 93.7%,
possibly because the indoor environment could not block ultraviolet radiation and the
photoaging effect of the coating had gradually accumulated due to prolonged exposure.
In addition to the high temperature, humidity, and chlorine ion content of the air, the
surface film of the coating accelerated its decomposition, and the hydrolysis of the epoxy
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resin intensified. After exposure for 7, 12, and 20 years, the gloss loss on the surface of
the coating could be approximately regarded as a linear growth, with a linear correlation
coefficient of 0.996. Because the epoxy primer-coated specimens were in the stage of severe
gloss loss after seven years of exposure, the main stage of gloss loss had occurred before
this. Moreover, due to salt particles and the deposition of sand on the surface in the initial
stage of exposure, the gloss of the coating decreased rapidly. After seven years of exposure,
due to the balance between the photoaging effect and cross-linking reaction of the coating
surface, the generation of the products of corrosion, and hydrolysis of the coating substrate,
the gloss exhibited steady degradation.

1.0
Complete gloss loss
0.8 I
Severe gloss loss
P 0.6 y =0.0193x + 0.55878
o Pearson's r = 0.99606
(/2]
17}
9004 F
(O]
0.2
—o— Experimental data
- - - Fitting data
0.0 -
1 1 1 1 1
0 5 10 15 20

Exposed years

Figure 4. Gloss loss of the epoxy primer-coated specimens subjected to different durations of
exposure.

Figure 5 shows the curve of the variation in the off-color rate of the epoxy primer-
coated specimens with different durations of exposure. According to ISO 4268-1 [26], the
off-color rate of epoxy primer-coated specimens can be divided into three stages. When the
off-color rate is below 9, it can be regarded as a slight discoloration. After seven years of
exposure, the off-color rate of the epoxy primer-coated specimen was 9.24 and its chroma
change grade was four. After 12 and 20 years of exposure, the off-color rates were 15.56 and
17.73, respectively, with a chroma change grade of five, which signifies the stage of a severe
change in color. Before 12 years of exposure, the difference in the chroma of the epoxy
primer-coated specimens showed a linear increase, with a linear correlation coefficient of
0.999. With an increase in the duration of exposure, the speed of chroma change gradually
decreased, and finally tended to a stable value. This might have occurred because, in
the initial stage of aging due to corrosion, the photodegradation of the coating surface
generated chromophores. Due to the exposure of pigment particles, the chroma changed
prominently. In the later stage of corrosion-induced aging, the aluminum alloy substrate
corroded. At this time, the hydrolysis of the pigment particles reached an equilibrium such
that the chroma of the coatings did not change, and tended to be stable. The main stage of
discoloration occurred 12 years before exposure.

The contact angles of the unexposed epoxy primer-coated specimens, as well as those
exposed for 7, 12, and 20 years, were measured. Thirty locations for each specimen were
selected for the measurements, and the results are shown in Table 3. The Kolmogorov—
Smirnov test was performed on the results [27]. The approximate associated probability
values (bilateral progressive significance level) of specimens exposed for 0, 7, 12, and 20
years were 0.203, 0.201, 0.077, and 0.144, respectively, all greater than the significance level
of 0.05. Therefore, the data for the epoxy primer-coated specimens with different durations
of exposure met the normal distribution [28]. Figure 6 shows a scatter interval plot of
the contact angles of the epoxy primer-coated specimens exposed for different durations,
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as well as the measured mean values of the contact angles at a 95% confidence interval.
Figure 7 shows the surface free energy, dispersion, and polarization of epoxy primer-coated
specimens exposed for different numbers of years. It is clear that in the initial stage of
corrosion, the average contact angle decreased significantly from 85.86° to 73.90°. After
seven years of exposure, the decline in the contact angle gradually flattened out, possibly
because the aging of the epoxy coatings produced hydrophilic groups that enhanced the
wettability of the surface. As the duration of exposure increased, the damage to the coating
surface provided a channel for corrosive ions to infiltrate. The aluminum alloy substrate
then corroded, and the organic coating tended to saturate due to hydrolysis.

18 F
Severe chroma change

15 F

12
Great chroma change

AE

y=1.29817x + 0.04495
Pearson's r = 0.99993

—o— Experimental data
- — —Fitting data

1 1 1 1 1
0 5 10 15 20
Exposed years

Figure 5. Off-color rate of epoxy primer-coated specimens subjected to different durations of
exposure.

Table 3. Measurement of contact angles of epoxy primer-coated specimens with different durations
of exposure. (Unit: °).

Exposed Years Exposed Years
Number Number
0 7 12 20 0 7 12 20
1 9748 79.75 8134 7575 1 8590 7461 7237 68.89
2 96.62 79.03 79.63 7547 2 8547 73.65 7144 68.18
3 93.47 7875 78.63 73.75 3 8490 7299 70.80 68.18
4 9148 7634 7736 7347 4 84.19 7289 70.70 67.89
5 9048 7633 74.04 73.18 5 83.62 7287 70.68 67.89
6 89.76 76.04 7375 72.89 6 83.04 7239 7021 67.06
7 89.19 7575 7347 7261 7 8275 7231 7014 66.73
8 8890 7547 7320 7234 8 82.61 7231 7014 66.04
9 88.61 7547 7320 71.61 9 81.61 7216 69.99 65.88
10 88.04 7546 7319 7146 10 81.04 72.03 69.86 65.58
11 87.75 7533 73.07 71.39 11 80.75 70.03 6792 64.31
12 8725 7518 7292 71.16 12 79.04 7118 69.04 6239
13 87.18 7490 72.65 70.89 13 7889 69.69 6759 62.32
14 8690 7489 7264 70.61 14 76.61 69.16 6231 59.73
15 86.10 74.69 7244 70.46 15 76.04 6533 6035 58.32
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Figure 6. Mean values and 95% confidence intervals of contact angles of epoxy primer-coated
specimens exposed for different numbers of years.

Surface free energy Disperse (mN/m) Polar (mN/m)
(mN/m)
m0years 28.5 25.23 3.27
m7 years 39.72 29.31 10.41
m 12 years 43.91 30.15 13.76
20 years 46.67 32.78 13.89

Figure 7. Surface free energy, dispersion, and polarization of epoxy primer-coated specimens exposed
for different numbers of years.

The free energy 7y of the solid surface, including the polar component (y”) and the dis-
persion component (y%), as well as the relationship between them is shown in Equations (3)
and (4) [29]. The polarity component of the surface energy of the coating increased with
an increase in the duration of exposure, which indicates that polar groups were generated
during the aging and degradation of the epoxy coatings. The component of energy disper-
sion of the coating surface also increased, which indicates that its aging and degradation

caused the epoxy resin to break the bonds, and promoted the cross-linking reaction that
increased the surface density of the coating.

We, = vi(1+ cos) ©)
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1/2 1/2
)

Wi =2(vévD) T+ 2(v5vi )
where v, Y7, and y¥ represent the free energy, dispersion, and polarization on the surface,
respectively, S and L represent solid and liquid, respectively, 6 is the contact angle, and
W¢; is the adhesion work.

3.1.2. SEM Analysis of Micro-Defects on the Surface

The surface morphologies of the intact areas of the epoxy primer-coated aluminum al-
loy specimens exposed for 7, 12, and 20 years, as obtained by SEM, are shown in Figure 8a—c.
It is clear that with an increase in the duration of exposure, defects on the surface of the
specimens gradually increased and the depth of the micropores gradually deepened. After
12 years of exposure, micro-pits began to form on the surface of the specimens but were
not very deep, as shown in the local magnified figure. This might have occurred owing
to the gradual pulverization of the surface of the epoxy coatings in the initial stage of the
exposure test, which led to the surface cracking due to the generation of the products of
aging and hydrolysis. Chlorine and nitrate ions infiltrated through channels formed in the
micro-cracks, gradually eroding the anodic oxidation film under the epoxy coating [30].
Micro-cracks on the surface of the epoxy coatings expanded due to the accumulation of the
products of corrosion. When corrosive ions began to erode the aluminum alloy substrate,
the rate of generation of the products of corrosion accelerated, which caused the channel to
continuously expand, and led to the deepening of the corrosion pits [31].

Micropore

Figure 8. SEM micrographs of the surface of the intact area of the epoxy primer-coated specimens
exposed for different durations: (a) 7 years, (b) 12 years, and (c) 20 years.

Image Pro Plus6.0 software was used to calculate the percentage of the regions of
defect (micro-surface holes) in the macroscopically visible intact area of the surface coating
of the specimens subjected to different durations of exposure, and binarization was carried
out. The results are shown in Figure 9. It is evident that the mean percentage of the regions
of defect in the macroscopically visible intact area of the surface coatings increased with
the duration of exposure; it was 7.21% after exposure for 20 years. Only a few cracks
emerged on the surface owing to the high density of the coatings in the first seven years of
exposure, because of which the growth rate of the area of defect was slow. After 7-12 years
of exposure, the rate of aging and corrosion accelerated due to the generation of pitting
from the extension of the micro-defects. After exposure for 20 years, the rates of aging and
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corrosion began to slow down as the pits deepened and the corrosive ions infiltrated into
the aluminum substrate.

x

-1
T

—o— Average

f=t
T

o
T

U
T

[3+]
T

Percentage of the defect regions / %
= -

0 4 8 12 16 20
Exposed years

Figure 9. Percentage of regions of defect in the macroscopically visible intact area of the surface
coatings subjected to different durations of exposure.

3.1.3. Fractal Characteristics of Surface Corrosion

Because the area of corrosion of the epoxy primer-coated specimens was a 2D plane
closed area, as shown in Figures 3 and 8, its boundary formed a closed curve. The frac-
tal dimension of regions of the surface corrosion of the specimens was obtained by slit
island method [32]. The principle is to estimate the fractal dimension D according to the
relationship between perimeter L(¢) and area A(e), as shown in Equation (5) [33]:

ap(e) = %)

where ¢ is the measurement yardstick, ¢ = Llo, 1 is the absolute measurement yardstick,
and L is the initial circumference of the island.

ap(e) relates to only the measurement yardstick, and is independent of the actual
size of the island. To avoid having to calculate the value of the measurement yardstick,
we assumed that the graphs of islands of different sizes were statistically similar. In
other words, that their perimeters and areas have fractal characteristics under a specific
measurement yardstick. Therefore, Equation (5) can be simplified as follows:

D
lgL = constant + ElgA (6)

The perimeter and area of corrosion, as well as the regions of aging on the surface of
specimens of the epoxy-coated aluminum alloy 7075-T6 exposed for 7, 12, and 20 years,
were measured by using HiRox’s RH-8800 digital video microscope (Gaoxiong, China).
Ten corrosion regions were randomly selected on each specimen exposed for different
durations. The measured perimeter L and area A data were plotted logarithmically, and
the least-square method was used for linear fitting. The results are shown in Figure 10.

As is apparent from the results of linear fitting in Figure 10, a high linear correlation
was obtained between lg L and g A, and the correlation coefficient of fitting R was greater
than 0.987. This indicates that the regions of surface corrosion of the epoxy primer-coated
specimens had clear statistical fractal characteristics under different durations of exposure.
The surface fractal dimension of the regions of surface corrosion of the epoxy primer-coated
specimens was obtained by Equation (6), as shown in Figure 11. The fractal dimensions of
the regions of surface corrosion were all between 1 and 1.2, and increased linearly with an
increase in the duration of exposure. This indicates that the morphology of corrosion of the
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surface of the epoxy primer-coated specimens became more complex with an increase in
the duration of corrosion.

4.0 4.5
(a) (b)
36 40+
IgL=0.5099 IgA + 0.7529
3ol R?=09902 IgL= 0.5384 IgA + 0.5785
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Figure 10. The relationship between the logarithmic perimeter (Ig L) and the logarithmic area (Ig A) of the regions of surface
corrosion of specimens exposed for different durations, and the results of linear fitting: (a) 7 years; (b) 12 years; (c) 20 years.
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Figure 11. The surface fractal dimensions of the epoxy-coated specimens exposed for different
numbers of years.
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Note: We note that a shorter conference version of part 3.1.3 appeared in S. Zhang and
Y. T. He (2018). Our initial conference paper did not address the problem of mechanism
of corrosion and aging of the epoxy coatings. This manuscript addresses this issue and
provides additional analysis using more data and the overall image reconstruction quality.
The previous conference paper published by the author is Sheng Zhang, Yuting He, Teng
Zhang, etc. Study on atmospheric corrosion damage of aviation aluminum alloy coating system
based on fractal theory[C]. The 5th Congress on Marine Materials and Corrosion Protection,
Zhuhai, 2018.

3.1.4. AFM Analysis of Surface Morphology

The morphologies of the epoxy primer-coated aluminum alloys exposed for different
numbers of years are shown in Figure 12. After exposure for seven years, the surface of the
epoxy coating was unevenly distributed, with some bumps and cracks. The area occupied
by bulges and cracks was large, possibly due to the unbalanced osmotic pressure caused
by the hydrolysis of the products of aging on the surface of the epoxy coating [34]. After
exposure for 12 years, the surface roughness (R,) had increased from 55.1 nm to 165 nm,
mainly because the surface aging of the epoxy coating was more significant, and its surface
roughness increased due to an increase in the products of aging and hydrolysis. After
exposure for 20 years, the surface roughness of the epoxy coating decreased to 118 nm,
possibly because its post-curing effect intensified the cross-linking reaction of the functional
groups and caused the distribution of the products of aging and hydrolysis on the surface
to become more uniform [35]. Deep micropores appeared on the surface, indicating that
the coating had failed, and corrosive ions had infiltrated into the matrix along micropores
on the surface.
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Figure 12. Cont.
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Figure 12. 3D AFM morphologies, 2D AFM morphologies and height profiles of epoxy primer-coated aluminum alloys

exposed for different numbers of years: (a) 7 years; (b) 12 years; (c) 20 years.

3.2. Sectional Characterization

Figure 13 shows the cross-sectional morphology and energy spectra of the epoxy
primer-coated aluminum alloy exposed for different numbers of years. It is clear from
Figure 13a that after seven years of exposure, the epoxy coating was bonded well to the
anodic oxidation film, and no cracking had occurred. As shown in Figure 13b, many
significant defects appeared on cross-sections of the epoxy coating after exposure for
12 years. After exposure for 20 years, transport channels for corrosive ions were formed
by cracks on the epoxy coating, which corroded the anodic oxidation film and caused
the intergranular corrosion (IGC) of the aluminum substrate. The area where the epoxy
coatings on the specimen had peeled after exposure for 20 years was analyzed, as shown
in Figure 13d. Severe intergranular corrosion appeared on the aluminum substrate and
exfoliated corrosion appeared on its intermediate layer. By analyzing the composition of
the products of corrosion at point A, we noted that the amounts of Al and O were high.
This might have occurred because the substrate was in a state of passivation after local
pitting, and the precipitated phase (Al-Cu—Fe—Mn—5i), with a higher electrochemical
potential relative to the aluminum substrate, was used as the cathode for the oxygen uptake
reaction (Equation (7)). The Al at the bottom of the corrosion pit was dissolved as an anode
into AI%* (Equation (8)), and was combined with the OH™ formed by the cathode to form
the product of corrosion, AI(OH)3 [31]. By analyzing the elemental composition of point B
and combining this with the result of the EPMA, as shown in Figure 13e, it is evident that
the concentration of C1~ was high. This might have been the case because the deposition
of the products of corrosion can lead to the formation of blocked batteries. To maintain
the charge balance in the hole, C1~ permeated into it, and an increase in its concentration
caused the reaction shown in Equations (10) and (11) [30].

O2(g) +2H,0 +4e~ — 40OH (aq) (7)
Al — AP 4 3e™ 8)

AP + H,O+Cl™ — AI(OH)CIT +H* )
2A1+ 6HT +4Cl~ — 3H, + 2AICLS (10)

Al(OH)Cl, 4+ CI~ — AICl; + OH~ (11)
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7 years 12 years 20 years

Micro defect

12keV 0

Figure 13. Sectional SEM morphology and EDS analysis of epoxy primer-coated aluminum alloy after different numbers
of years exposure: Sectional morphology of epoxy-coated specimen exposed for (a) 7 years, (b) 12 years, and (c) 20 years;
(d) sectional morphology and EDS analysis of exfoliated area of epoxy-coated specimen exposed for 20 years; (e) electron
probe microanalysis (EPMA) of exfoliated area of (d).

3.3. Electrochemical Characterization

The measured results of OCP values and polarization curves are shown in Figure 14,
and the relevant electrochemical corrosion parameters are shown in Table 4. Figure 14a
shows that the OCP values of each sample stabilized after 16 min of testing, and the values
of unexposed samples were more positive than that of exposed sample.
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Figure 14. (a) Typical open circuit potential and (b) polarization curves for the different specimens.

Figure 14b shows the polarization curves measured for the different samples. The
cathodic branch and the anodic branch of the curves corresponded to the oxygen reduction
reaction and the active dissolution reaction, respectively, of the aluminum alloy. According
to ref. [36], the corrosion current density (icorr) of each sample can be determined via
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extrapolation of the Tafel slope. Furthermore, the corrosion rate (CR; um/year) of the
aluminum alloy was calculated in accordance with Faraday’s law ref. [37] and ref. [38]:

CR = 10.89-icorr (12)

The values of Ecorr, icorr, and CR were calculated for the samples under different
years of exposure (see Table 4). As the table shows, the E.or values of unexposed samples
were more positive than those of exposed samples. The anode Tafel line of the unexposed
sample is steeper, possibly because the aluminum alloy has been passivated, and the sample
exposed to atmospheric corrosion may have been previously passivated. The corrosion
potential and corrosion current density increased with the increase in exposure years. The
CR value was also increasing. After 20 years of corrosion, the CR values increased 5.2-fold.

Table 4. Corresponding electrochemical corrosion parameters of the different samples obtained from
Figure 14b.

Sample Ecorr (VscEg) icorr (LA/cm?) Corrosion Rate (CR) (um/year)
0 years —0.737 0.128 1.39
7 years —0.748 0.284 3.09
12 years —0.759 0.337 3.67
20 years —0.808 0.919 10.01

The electrochemical measurements of the epoxy primer-coated aluminum alloys ex-
posed for 7, 12, and 20 years are shown in Figure 15. As shown in Figure 15a, the impedance
of the specimens was significantly reduced owing to the long-term exposure. After seven
years of exposure, the impedance of the epoxy coatings was still high, and protected the
substrate to some extent. However, after 12 years of exposure, the impedance had been re-
duced to 6.53 x 10° Q2 cm?, and it lost its protective effect on the substrate. After 20 years of
exposure, the impedance of the epoxy coatings had increased to 2.56 x 10° Q) cm?, possibly
owing to the increased cross-linking reaction caused by post-curing in the late corrosion-
based aging of the epoxy coatings, but this does not indicate that the corrosion resistance
of the epoxy coatings had increased. As shown in Figure 15b, after exposure for 20 years,
the phase angle was negative, which indicates that the aluminum substrate had corroded
and the epoxy coating had failed.
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Figure 15. Bode plots of the time dependence of the epoxy primer-coated aluminum alloy exposed for 7, 12, and 20 years.
(a) Bode phase angle as a function of log(f), in units of Hz, and (b) Bode log | Z| as a function of log(f), in units of Hz. The ‘f’
in log(f) is logarithm of frequency.

Different equivalent circuit models were needed for fitting because the epoxy-coated
specimens exposed for different periods exhibited different characteristics of aging due to



Coatings 2021, 11, 237

16 of 23

(@)

Pigments

corrosion. The equivalent circuit diagram of the results of the electrochemical impedance
test and the mechanism of corrosion-induced aging of the epoxy-coated aluminum alloy
are shown in Figure 16. The corresponding components of the equivalent circuit were as
follows: R is the resistance of the solution, R, is the resistance of the epoxy coating, Q. is
its capacitance, W is the Warburg impedance, R is the charge transfer resistance of the
reaction of the anodic oxidation film, Q¢ is the capacitance of the interface of the anode
oxidation film, Rt is the charge transfer resistance of the corrosion of the aluminum alloy
substrate, Cq; is the interfacial double-layer capacitance of corrosion of aluminum alloy
substrate, and L and Ry, are the inductance and the resistance to inductance generated by
the corrosion of the aluminum alloy substrate, respectively. Inductance is often caused
by the accumulation of the products of corrosion around the electrode [35,39]. Because
the frequency response of the anodic oxidation film is not that of a pure capacitor, the
constant phase angle element Q (CPE) was used instead of C [3,40-42]. As shown in
Figure 15b, the curve of the unexposed epoxy-coated specimen had two time constants,
representing the epoxy coating and the anodic oxidation film of the double-layer protective
system, respectively. These two time constants appeared in the curve of the epoxy-coated
specimens after 7 and 12 years of exposure. Because the substrate of the specimen had
not corroded at this time, and the characteristics of the Warburg impedance appeared in
the middle-frequency band, as shown in Figure 15a, and the circuit model could be fitted
according to Figure 16b. This stage was the control process of HyO and O,. A large number
of aging products were generated on the surface of epoxy coating due to the breaking of
its main chains, as shown in Figure 17 [34]. The yellow zinc pigment was hydrolyzed, as
shown in Figure 18, resulting in a large number of hydrolyzed products. Because small
cracks and pores formed in the outer layer of the anodic oxidation film, the electrolyte
easily penetrated into it, because of which Q. was directly connected to the matrix [43]. The
curve of the epoxy-coated specimens exposed for 20 years had three time constants, and
the phase angle of the low-frequency region was negative, indicating that the aluminum
alloy substrate had corroded. The three time constants corresponded to the resistance
of the epoxy coating, the dissolution of the anodic oxidation film, and the corrosion of
the aluminum alloy substrate. At this stage, owing to the intensified post-curing effect of
the coating, the cross-linking reaction of functional groups played a dominant role in the
corrosion-induced aging process, as shown in Figure 19 [21,44].

Corrosion and aging Corrosion and aging

ain segment

0 years 20 years

OH:0 0, (O K:Cr04, ZnCro,, Zny(OH),Cr0,, Zn(OH), () Cr A AI(OH);, Al(CI)s

Figure 16. The mechanisms of corrosion and aging of epoxy primer-coated specimens after exposure for different numbers

of years: (a) 0 years, (b) 7, 12 years, (c) 20 years, and the equivalent circuit of the EIS data from Figure 14.
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Figure 17. Schematic of the molecular chain scission. The ‘R’ is arbitrary organic.
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4Zn0-4Cr0;-K20-3H,0 222 Zn(OH)+ZnCrOs+Zn;(OH),CrO,+K,CrO.+H,Cro,

Zn(OH),+ZnCrO+Zn3(OH),CrO4+K,CrO+4H —s 4Zn**+3CrO, +2K " +4H,0

Figure 18. Hydrolysis of particles of the pigment.
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Figure 19. Schematic of the cross-linking reaction.

The curves of resistance R. and capacitance Q. of the epoxy coatings exposed for
different durations were compared, as shown in Figure 20. It is clear that the resistance of
the epoxy coatings dropped from 10° to 10° )-cm? with increasing duration of exposure.
However, after 20 years of exposure, a slight increase was noted. As shown in the change
of coating capacitance, the capacitance of the epoxy coating rose to 10~® F-cm~2 in the first
12 years, but decreased slightly after 20 years of exposure. This might have occurred owing
to the intensified post-curing effect of the epoxy coatings and the relatively uniform surface
formed by the cross-linking of small groups. However, at this time, the substrate began to
corrode, because of which the epoxy coating was ineffective.
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Figure 20. Variations in the (a) resistance R. and (b) capacitance Q. of the epoxy primer-coated
specimens exposed for different numbers of years.

3.4. Aging Characteristics of Coatings
3.4.1. TGA and DSC analysis

To further analyze the influence of corrosion-induced aging on the thermal properties
of the epoxy coatings, TGA and DSC analyses were carried out. The weight loss and glass
transition temperature of the epoxy coatings under different durations of exposure were
obtained, and were used to characterize their degrees of cross-linking in the corrosion
and aging processes [40,44]. Figure 21 shows the TGA-DTA curves of the coatings under
different durations of exposure. The DTA curves in Figure 21 show that the unexposed
epoxy coating had two peaks, representing two weightlessness stages. The first stage
corresponded to the decomposition of glassy water molecules and water obtained due to
crystallization, whereas the second stage corresponds to the removal of their functional
groups [45,46]. The stage of maximum weightlessness was the first, and might have
occurred because the surface of the unaged epoxy coatings had not yet generated a large
number of hydrophilic groups [47]. After long-term atmospheric corrosion and aging,
the epoxy coating exhibited additional weight loss at 270-280 °C due to the products
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of aging generating on the surface containing crystalline water [48]. By comparing the
rate of weight loss and the corresponding temperature in the main chain cracking stage
of the epoxy coatings under different durations of exposure, we found that weight loss
decreased with duration. Moreover, the temperature of weight loss decreased, from an
initial temperature of 660.54 °C to 535.57 °C, after exposure for seven years. This indicates
that the effects of corrosion and aging on the epoxy coatings may be concentrated in the first
seven years. After seven years of exposure, the temperature of weightlessness gradually
decreased, indicating that the degree of cross-linking on the surface of the epoxy coatings
had gradually increased.
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Figure 21. TGA-DTA curves of epoxy coatings exposed for different durations: (a) 0 years; (b) 7 years; (c) 12 years;

(d) 20 years.

Figure 22 shows the DSC curve of the epoxy coatings under different durations of
exposure. It is clear that the glass transition temperature Ty of the unexposed epoxy coating
was 39.75 °C, lower than the value after long-term atmospheric aging and corrosion. This
indicates that corrosion and aging may increase the degree of cross-linking and increase
the brittleness of the epoxy coating. The glass transition temperature Ty was 60.02 °C
after exposure for 20 years, slightly higher than the value of the samples exposed for 12
years. This indicates that the corrosion and aging of the epoxy coatings was a combination

of degradation due to aging and the post-curing process after long-term atmospheric
exposure.
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Figure 22. DSC analysis of epoxy coatings under different durations of exposure.

3.4.2. XPS analysis

XPS analysis was performed on the chemical composition of the epoxy coatings
under different durations of exposure, and peak fitting was performed on the main ele-
ments, Cls and Ols. The results are shown in Figure 23. Those for Cls can be divided
into four characteristic peaks, located at 289.3, 286.5, 285.2, and 284.9 eV. They represent
the bonds O—C=0, C—O—-C, C—N, and C—C/C—-H/C=C, respectively [46—48]. The re-
sults for Ols can also be divided into four characteristic peaks, located at 534.1, 533.2,
532.5, and 531.8 eV. They represent the bands O—C=0, N—-C=0, O—H, and N-C-0,
respectively [49-51]. As shown in Figure 23b,d, the content of N—C=0 and C-C/C—-H/
C=C decreased after 12 years of exposure owing to the small number of amino radicals and
carboxyl molecules generated by the fracture of the main chain of the epoxy resin. This
increased the content of N—C—O and C—N [52,53]. As shown in Figure 22f, the contents
of N—C=0 and C—-C/C—H/C=C increased while those of N—C—O and C—N decreased
after exposure for 20 years. This might have occurred because of the small number of amino
radicals forming on the surface cross-link with other groups to produce new functional
groups, owing to the post-curing effect of the epoxy coatings [54,55]. The soluble or volatile
debris generated by the aging of the epoxy coatings flowed outside the surface, releasing
internal stress, and increasing osmotic pressure; thus, the surface of epoxy coating became
more convex and fold [34,56].
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Figure 23. Split peak fitting of the XPS spectra of Cls and Ols: (a,b) epoxy coating exposed for 7 years; (b,c) epoxy coating
exposed for 12 years; (e,f) epoxy coating exposed for 20 years.

4. Conclusions

@

)]

®)

The results of our study can be summarized as follows:

By measuring the chroma, gloss, and contact angle of epoxy coatings exposed to the
atmosphere in the long term, we found that different durations of exposure induce
different characteristics of aging. The island method was used to calculate the fractal
characteristics of corrosion on the surface of the coatings. The number of fractal
dimensions increased with the duration of exposure. AFM was used to analyze the
micro-morphology and roughness of the coating surface, and showed that the surface
roughness increased gradually in the first 12 years, but decreased after 20 years of
exposure.

After 20 years of exposure, the transport channels of corrosive ions appeared in the
cross-section of the epoxy coating, resulting in the intergranular corrosion of the
substrate. Significant intergranular corrosion and exfoliation corrosion occurred in
the area where the coating had peeled, and the product of corrosion was Al(OH)s—as
determined by EDS and XRD. With the increase in the corrosion years, the CR values
representing the corrosion kinetic parameters also increased continuously, and the
CR values increased by 5.2-fold compared with the uncorroded sample after 20 years
of exposure.

TGA and DSC analyses of the epoxy coatings showed that the weight loss decreased
with the duration of exposure. The glass transition temperature Ty after exposure for
20 years was slightly higher than that exposed for 12 years. The components of the
coating, as analyzed by XPS, showed that after 12 years of exposure, the contents of
N—-C=0 and C—-C/C—H/C=C decreased. After 20 years of exposure, the contents of
N—-C=0 and C—C/C—H/C=C increased.
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Abbreviations

The formula symbols and their meanings in the article.

Symbols Meaning

GL the loss of gloss

Go the gloss of the specimen without corrosion and aging
G the gloss of the specimen after several years of exposure
E the chroma

L the shade of the color

a the red—green direction

b the yellow-blue direction

Y the free energy on the surface

yP dispersion on the surface

vd polarization on the surface

S solid

L liquid

0 contact angle

Wé, adhesion work

€ measurement yardstick

n absolute measurement yardstick
Lo initial circumference of the island
ap(e) measurement yardstick

L measured perimeter

A measured area

Ecorr corrosion potential

Icorr corrosion current density
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