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Abstract: The corrosion behavior of pure copper exposed to the atmosphere of Nansha Islands for 21 months was
studied by mass loss method, composition analysis, morphology observation and electrochemical measurements. The
results showed that the average corrosion rate of copper exposed for one year was approximately 7.85 um/a, implying
that Nansha Islands was classified as a corrosion category of CX. The structure and properties of the corrosion product
layer generated on the front and back sides of the exposed sample differed significantly. The inner corrosion product
layer (Cu,0) on the front side was relatively thick and dense, whereas the outer product layer (Cu,Cl(OH);) was
extremely thin. However, the outer product layer on the back side was thicker than the inner layer. Electrochemical
measurements indicated that the protection afforded by the corrosion product layer on the front side was improved

gradually, while that on the back side was deteriorated.
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1 Introduction

As important functional materials, copper and
its alloys are widely used in communications,
electronic components and outdoor buildings.
Similar to other metal materials, their atmospheric
corrosion is a complex physical and chemical
process, and essentially, an electrochemical reaction
under a thin liquid film [1], which is mainly
affected by environmental parameters such as
temperature, relative humidity, and pollutants in the
atmosphere.

In recent years, many studies have been carried
out to investigate atmospheric corrosion of copper
through various typical outdoor exposures [2—4].
The corrosion data can reflect the real corrosion
behavior of copper in atmospheric environments.

Cu,0 is typically the corrosion product first formed
independently of the exposure conditions; hence,
it is always present on the surface of pure
copper [5—8]. Cu,O can react with pollutants in the
atmosphere to form different basic copper salts.
In general, in wurban, industrial and rural
atmospheres, basic sulfates are the predominant
components [9—12], while basic chlorides dominate
in marine atmospheres [13—15]. The characteristics
of the corrosion products formed on the metal
surface affect their long-term corrosion rate.
Numerous outdoor exposure experiments have
shown that the atmospheric corrosion rate of copper
is the highest in the initial years of exposure, and
then decreases and stabilizes over time. This is
mainly due to the formation of protective corrosion
products on the surface of copper. However, it
was found that the morphology and crystallization
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degree of the corrosion products are also factors
that increase the corrosion rate of copper under
sheltered coastal conditions with time [13]. In
addition to the properties of the metal, the factors
affecting the atmospheric corrosion of copper
include temperature, relative humidity, rainfall
and corrosion media (such as SO,, NO,, O3 and
Cl'). Atmospheric corrosion usually
under the synergistic effect of these factors. KONG
et al [16,17] found that deposits on copper in hot
and dry atmosphere in Turpan improved its
resistance to corrosion, but the protection
performance decreased with the increase of
temperature. AN et al [18] found that rainfall
significantly accelerated the corrosion rate of
copper exposed to the atmosphere in Shenyang,
China. SU et al [10] conducted the exposure tests
for copper in Zhanjiang and Zhuhai, and their
results showed that the corrosion behavior of
copper exposed to different atmospheric
environments was different. These results illustrate
that atmospheric environment plays an important
role in the corrosion behavior of copper.

Nansha Islands are located in the southern part
of the South China Sea, belonging to marine
tropical rainforest climate. Affected by the ocean,
the temperature varies little throughout the year,
with an annual average of 28.1 °C. The relative
humidity is high, with an average of 79%, and the
amount of rainfall is abundant, reaching 2000 mm
per year. The average deposition rate of chloride is
1154.25 mg/(m*-d), which is the S; level in ISO
9223. Therefore, Nansha has a typical harsh marine
atmospheric environment characterized by high
temperature, high humidity and high salt. Owing to
severe weather conditions, the metal materials used
in the construction of islands and reefs in the South
China Sea face a serious risk of atmospheric
corrosion. To date, the corrosion data for pure
copper subjected to the specific atmospheric
environment of Nansha have not been reported. To
obtain accurate and current information about
copper corrosion in Nansha, it is essential to
conduct field exposure experiments for copper in
Nansha Islands.

In this work, the corrosion process of pure
copper exposed to the environmental conditions
of Nansha was examined using the mass loss
method, X-ray diffractometry, scanning electron
microscopy and electrochemical measurements.

occurs

The results of this study will provide more real and
effective corrosion data for the application of
copper in Nansha Islands.

2 Experimental

2.1 Sample preparation

The material exposed on the site was copper
T2 (=299.70 wt.% Cu). All sample coupons were
200 mm x 100 mm % 3 mm in size. Prior to the
exposure to the atmosphere, they were degreased
ultrasonically in acetone, rinsed with deionized
water, dehydrated with alcohol, dried by cold air
and stored in a desiccator.

2.2 Field exposure

The samples were exposed to environmental
conditions of Nansha Islands, by placing them at an
angle of 45° on a sample shelf, with the front side
facing up and the back side facing down, in
accordance with GB 11112—89. The exposure
began in September 2017, with sampling periods of
2,5, 13 and 21 months, respectively.

2.3 Mass loss

Mass loss is a proven measure of corrosion
damage. It can be obtained by subtracting the mass
of the sample after removing the corrosion products
from the original mass before exposure. To
determine the corrosion rate of the samples for
different exposure periods, the average values of
three parallel samples were taken for each exposure
period. The removal of corrosion products from the
surface of the sample was conducted in accordance
with ISO 8407. First, the sample surface was
cleaned with deionized water, following which the
remaining corrosion product was removed by
immersion in a specific solution (100 mL H,SO,4 +
900 mL deionized water) for 1-3 min at 20-25 °C.
Finally, the sample was rinsed with deionized
water, dehydrated with alcohol and dried by cold air
before being weighed by an electronic balance to
determine the mass loss. In addition, the mass loss
during rust removal was corrected with the
unexposed specimens.

2.4 Characterization

After the samples were retrieved, the corrosion
products formed on the surface of the samples were
analyzed and characterized by various methods.
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The macroscopic morphologies of the corroded
specimens were observed using a digital camera.
The cross-sectional micro-morphologies of the
samples were examined by SEM at 20kV and
energy dispersive spectroscopy (EDS). The
chemical composition and phase structure of the
corrosion products were identified by X-ray
photoelectron spectroscopy (XPS) and XRD. The
phases present were identified using the Joint
Committee on Powder Diffraction Standards
(JCPDS) database.

2.5 Electrochemical measurements

Potentiodynamic polarization and electro-
chemical impedance spectra (EIS) were performed
using an electrochemical workstation (PARSTAT
2273) to analyze the protective nature of the
corrosion product layer formed on the sample. In
the present work, the exposed samples, flat
platinum plate and saturated calomel electrode
(SCE) were served as the working electrode,
counter electrode and reference electrode,
respectively. In order to reduce the error caused by
the uneven surface of the entire sample and ensure
the reliability of the obtained data, at least three
different positions were measured for each sample
with different exposure periods. Subsequently,
the electrochemical results of the sample were
selected from the experimental data with good
reproducibility. The surface area of the working
electrode was 1 cm®. All tests were conducted in a
three-clectrode electrolytic cell with a 3.5% NaCl
solution. Before the polarization and EIS
experiments, the open circuit potential (OCP) was
measured for 15 min to stabilize the system. The
scanning rate of the potentiodynamic polarization
measurements was 20 mV/min. EIS measurements
were carried out at OCP in the frequency range
from 1x10° to 1x102Hz, and the potential
disturbance amplitude was 10 mV.

3 Results

3.1 Corrosion Kinetics

The deterioration of the materials was
evaluated in every sampling cycle by measuring the
mass loss in triplicate. In order to obtain a clearer
view of the corrosion damage, the mass loss of the
exposed samples was converted to the loss of
thickness. Figure 1 shows the variations in the

average thickness loss as a function of exposure
time. The corresponding fitting formula for the
measured data is as follows:

D=a+bt =1.3917+6.4632¢ (1)

where D (in um) represents the loss of thickness
after exposure time 7 (in a), a and b are constants.
The thickness loss of the copper samples was found
to obey a linear increase during the 21 months of
exposure.
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Fig. 1 Thickness loss of copper exposed to Nansha
marine atmosphere as function of exposure time

It can be determined from Eq. (1) that the
average corrosion rate of copper exposed for one
year was approximately 7.85 um/a. According to
ISO 9223, Nansha was classified in corrosion
category of CX (5.6—10 um/a). In addition, the
one-year average corrosion rates of copper T2
exposed to other marine climate exposure sites is
shown in Fig. 2 [19]. The climate of Wanning is
characterized by strong winds and a short dew time.
Moreover, the average Cl deposition rate of
Qingdao and Wanning is far lower than that of
Nansha. Therefore, compared with other exposure
fields, the relatively high temperature, relative
humidity, rainfall and ClI deposition in Nansha
accelerated the copper corrosion, confirming that
the atmospheric environment of Nansha is an
extremely harsh corrosive environment.

3.2 Macroscopic morphology

The surface color of the exposed samples
changed after exposure to the Nansha marine
atmosphere. The macroscopic morphologies of the
copper samples exposed for different periods are
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Fig. 2 Average corrosion rates of copper T2 during one
year of exposure at several marine climate exposure
sites [19]

displayed in Fig. 3. Significant differences in the
morphologies of the front and back sides of the
exposed samples were observed.

Macroscopically, the corrosion product layer
on both sides of the copper sample had a
double-layered structure. On the front side, uneven
bluish green corrosion products were generated on
the brownish red corrosion products of the inner
layer after two months of exposure. As the exposure
time increased, the inner layer gradually turned
brown, and the amount of bluish green corrosion
products gradually increased, but was significantly
less than the amount of bluish green corrosion
products on the back side. On the back side, the
inner layer also gradually changed from brownish
red to brown, but the bluish green corrosion
products grew faster and connected to become the
loose outer layers. Furthermore, after 13 months of

2 months 5 months

Front side

Back side

exposure, a small amount of black compounds
appeared in the bluish green corrosion products.
After 21 months, large masses of black compounds
were observed on the back side. These results
indicate that the corrosion mechanism of the front
and back sides of the exposed sample might be
different.

3.3 Composition of corrosion products

The phase compositions of the corrosion
products formed on the surface of copper exposed
to the Nansha marine atmosphere for different
periods are presented in Fig. 4. The XRD results
indicate that the corrosion products on copper were
mainly Cu,O (PDF 99-0041) and Cu,CI(OH); (PDF
87-0679), which corresponded to the brown and
bluish green corrosion products observed in the
macroscopic morphologies, respectively. It can also
be found that the peaks of CuO (PDF 89-5899)
began to appear after 13 months of exposure. After
21 months of exposure, the number of CuO peaks
detected on the back side increased, and the
intensities of the CuO and Cu,O peaks were
significantly higher than those on the front side,
which explains why part of the area on the back
side of the exposed sample was observed to blacken
after 13 months of exposure. Cu,O is the main
corrosion product of copper exposed to the
atmosphere, while Cu,CI(OH); is generated by the
interaction between Cu,O and Cl under the water
film when the concentration of Cl is high in the
atmosphere, particularly in the marine environment.

To confirm the compositions of the corrosion
products more accurately, high-resolution Cu 2p
spectra for the front and back sides of the samples
exposed for 21 months were obtained, as shown

13 months 21 months

Fig. 3 Macroscopic morphologies of copper exposed in Nansha marine atmosphere for different periods
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Fig. 4 XRD patterns of copper exposed in Nansha
marine atmosphere for different times: (a) Front side;
(b) Back side

in Fig. 5. Remarkably, the Cu 2p spectra showed
the 2p;, peak at 932.9 eV and the 2p, peak at
952.8 eV. The core-level Cu 2p;, spectra were
recorded in binding energy range of 926-937 eV
for the front and back sides and are presented in
Figs. 5(b, c), respectively. Peaks at binding energies
of 932.50, 933.60 and 934.56 eV correspond to
Cu,0, CuO and Cu(ll), respectively [16,20,21].
This result is consistent with the XRD results and
confirms the presence of CuO. The fitting
parameters for the XPS spectra in Fig. 5 and the
relative quantity of compounds in the corrosion
layers of the exposed samples are listed in Table 1.
The major constituent of the corrosion product layer
on the front side is Cu,O. However, the amount of
the three phase components of the corrosion
product layer on the back side is relatively average,
which indicates that the component of the corrosion
product layer on the back side of the sample after
21 months of exposure is mainly composed of Cu,0,
CuO and Cu,CI(OH)s.

(@)

Cu 2p;,

Cu 2p,;,

Front side

Back side

930 940 950 960
Binding energy/eV

(b)

927 930 933 936

Binding energy/eV

©

9I27 93I0 9‘33 956
Binding energy/eV
Fig. 5 XPS spectra of corrosion product layer on surface
of copper exposed for 21 months: (a) Cu 2p spectra of
corrosion product layer; (b) Core-level Cu 2p;,, spectrum
for front side; (c) Core-level Cu 2p;,, spectrum for back
side

3.4 Micromorphology

The corrosion product layer generated on the
surface of the sample has a direct impact on the
corrosion sensitivity of the metal, which may act as
a diffusion barrier to prevent the migration of the
corrosive electrolyte to the metal surface, or
produce a diffusion channel to accelerate the
immersion of the corrosive medium. Therefore, it is
necessary to study the structure of the formed
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corrosion product layer and relate it to the corrosion
properties of the metal.

Figure 6 shows the evolution of the cross-
sectional morphology of the copper samples
exposed in Nansha marine atmosphere for different
periods. It can be clearly seen that the corrosion
product layers formed on both sides of copper
gradually thickened with prolonged exposure, in the
form of a double-layered structure. The difference
is that the outer corrosion product layer on the front
side was extremely thin and the inner layer was
very thick, while the outer layer of the corrosion
product on the back side was thicker than the inner
layer. In addition, the corrosion product layer on the
front side was very compact and dense and had a

Table 1 Fitting parameters for Cu 2ps, XPS spectra in Fig. 5

good combination with the substrate, while obvious
transverse cracks appeared on the back side,
resulting in poor adhesion between the corrosion
product layer and the substrate.

The distribution of elements on the front and
back sides of copper exposed for 21 months was
scanned to analyze the composition of the
double-layer, as shown in Fig. 7. The Cl element
was mainly concentrated in the outer corrosion
product layer, indicating that the outer layer
was chlorine-containing compound of copper.
Combined with the XRD and XPS results, it can be
concluded that the outer corrosion products on the
surface of copper were mainly Cu,CI(OH); and the
inner corrosion products were copper oxide (Cu,0).

Exposed sample Chemical state Binding energy/eV ~ FWHM/eV Area Relative quantity
Cu,O 932.50 2.34 28082.79 0.732
Front side CuO 933.60 1.33 7247.285 0.189
Cu(ID) 934.56 1.1 3036.416 0.079
Cu,O 932.50 2 15876.78 0.451
Back side CuO 933.60 2.06 11191.57 0.318
Cu(Il) 934.56 2.22 8099.095 0.231
2 months 5 months 13 months 21 months

1.053 pm
\I

0.482 um
]

C 5579 m

() |

Fig. 7 Element distributions on cross-section of copper exposed for 21 months: (a) Front side; (b) Back side
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This indicates that the corrosion products that
covered the front side were primarily composed of
CuZO.

3.5 Electrochemical results

Potentiodynamic polarization was performed
on the front and back sides of copper to assess the
anti-corrosion performance of the corrosion product
layers. Figure 8 displays the polarization curves for
different exposure times. The polarization curves
of the exposed samples presented similar shapes,
which implies that the polarization behavior of
copper did not change at different exposure time.
When the cathodic overpotential is not very high,
oxygen reduction is the main reaction on the
electrode [22—24]; thus, for the copper samples
exposed to the Nansha atmosphere, the anodic
process is the metal dissolution reaction and the
cathodic process is the reduction of O,.

The corresponding electrochemical parameters
deduced by Tafel fitting are listed in Table 2. The
corrosion current density (J.;) can be used to
estimate the kinetics of the overall corrosion
process [25—28]. The results show that the corroded

0
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E 5 months
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= / 13 months
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21 months
1077 1076 105 10* 10 102 10"
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(b)
0 |

’Z“ Unexposed
Q -02
%)
é)’ 21 months
£ 041
% 2 months 13 months
(=W
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107 10 10 10* 103 102 107!
JI(A+cm?)
Fig. 8 Polarization curves of copper exposed for different

time: (a) Front side; (b) Back side

Table 2 Tafel fitting results of polarization curves shown

in Fig. 8
Exposed Exposure  @con(vs SCE)/ Jeor!
sample time/months mV (tA-cm )

- 0 —235.04 11.54
2 —180.01 1.344
5 -170.64 0.813

Front side
13 -177.97 0.664
21 -206.37 0.384
2 -178.29 1.239
5 -207.04 1.375

Back side
13 -169.41 2.111
21 -105.41 4.663

samples exposed for different periods exhibited
lower corrosion densities than the
unexposed sample, indicating that the corrosion
product layers formed on the surface of copper
could provide certain protection in the Nansha
marine environment. In addition, it is of particular
interest to note that the variation trend of the
corrosion current density on the front and back
sides of the samples was significantly different. The
Jeorr value on the front side of copper decreased
gradually with prolonged exposure, which indicates
that the corrosion rate on the front side of the
sample decreased gradually, that is, the protective
effect of the corrosion product layer on the
substrate was gradually enhanced. In contrast, the
back side showed a reverse trend, suggesting that
the corrosion rate on the back side of the sample
increased gradually and the protection of the
corrosion product layer was gradually weakened.
Thus, it can be understood that the overall corrosion
rate of copper, as measured by the mass loss
method, remained essentially unchanged. These
results show the complexity of the overall corrosion
process of copper exposed to the Nansha marine
atmosphere and demonstrate that the corrosion
products on the front and back sides had a profound
impact on both the corrosion rate and corrosion
mechanism.

In order to interpret the structure and corrosion
resistance of the corrosion products formed on the
sample surface, EIS measurements were conducted
on both sides of copper exposed to Nansha for
different periods. The Nyquist and Bode plots are
shown in Fig. 9. The impedance measured on the

current
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Fig. 9 Nyquist (a;, b;) and Bode (a,, b,) plots of copper exposed for different time: (a;, a,) Front side; (b;, b,) Back side

front side showed a tail corresponding to the
Warburg impedance in the low-frequency region
during the whole corrosion process (Fig. 9(a))),
which indicates the occurrence of diffusion process
on the sample surface, including the anodic
diffusion of soluble metal species from the surface
to solution and the cathodic diffusion of dissolved
oxygen in the opposite direction [24,29,30].
However, the Warburg impedance was measured
only after 21 months of exposure for the back sides
(Fig. 9(by)), indicating that the diffusion process
played an important role in the electrode reaction at
the later stage of exposure.

Considering the features of the Nyquist plots
and cross-sectional morphologies, the equivalent
circuit models used to fit the experimental
impedance data are presented in Fig. 10. The two
capacitive arcs in series (Fig. 10(a)) were used to
interpret the sub-electrochemical structure of the
corrosion products formed on the front sides.
Parallel capacitive arcs (Figs. 10(b, ¢)) were used to
fit the data of the back sides. In the models, R; is the

Or

models used to fit

circuit
experimental impedance data of exposed samples:
(a) Front side; (b) Back side without displaying Warburg

Fig. 10 Equivalent

impedance; (c) Back sides displaying Warburg

impedance
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solution resistance; Q¢ and R; represent the
capacitance and resistance of the corrosion product
layer, respectively; Q4 and R correspond to the
double-layer capacitance and charge transfer
resistance, respectively; Z, is the
impedance appearing in the low-frequency region.
When fitting data by the circuits, the Chi-squared

values were on the order of 107, and the

Warburg

corresponding fitted data shown in Fig. 9 also
agreed well with the experimental data, which
validates the applicability of the adopted equivalent
electrical circuits.

The fitting parameters for Fig. 9 are listed in
Table 3. In this study, a total resistance (R;) was
used to characterize the anti-corrosion performance
of copper, where R; is defined as the sum of the
corrosion products film resistance (Ry) and charge
transfer resistance (R.). Obviously, the R, values on
both sides of the exposed samples were different.
With the increase of exposure time, the R, of the
front side increased gradually, while the reverse
trend was observed on the back side. Moreover, the
R, of the front side was significantly higher than
that of the back side. These results demonstrate that
the protection afforded by the corrosion product
layer on the front side was improved gradually,
while that on the back side was deteriorated. The
EIS
potentiodynamic polarization results
proving the reliability of the electrochemical

results were fairly consistent with the

in Fig. 8,

measurements.

4 Discussion

It is known that copper is an excellent
corrosion resistant material; however, compared
with other marine climate exposure fields, the
average corrosion rate of copper T2 exposed in
Nansha for one year was particularly high at
7.85 um/a, indicating that Nansha has an extremely
severe corrosive atmospheric environment. In
addition, because of the different exposure
orientations of the front and back sides of the
samples, the atmospheric conditions endured by the
two sides, such as the amount of sea salt deposition,
rain erosion force and light irradiation intensity,
were different. Therefore, corrosion mechanisms of
the front and back sides of the exposed samples
were also different.

When copper was exposed to the Nansha
marine atmosphere, a thin electrolyte film could be
formed on the sample due to sea salt deposition and
dew-formation. The electrochemical dissolution of
copper first occurred to form Cu’ under the thin
liquid layer:
4Cu+0,+2H,0—~4Cu'+40H" ()

Subsequently, Cu" was transformed into the
slightly soluble CuCl and soluble CuCl; in the
presence of Cl, and most of the CuCl, was
further converted to Cu,O through precipitation as
follows [31]:

2CuCl; +20H ==Cu,0+H,0+4Cl" 3)

Table 3 Fitting results of EIS parameters for copper for different exposure time

P Front side Back side
arameter
2 months 5 months 13 months 21 months 2 months 5 months 13 months 21 months
RJ(Q-cm’) 6.83 10.00 5.68 8.80 13.78 8.28 15.63 6.20
(Q_I’SQ”t:/Crn_z 3.04x10° 1.14x10° 4.99x107 1.83x107 2.55x10° 5.17x10° 1.29x10* 1.19x10°*
ng 0.6496  0.5395  0.6252  0.7869 0.5266  0.4545 04185 0.8791
R{(Q-cm’) 135.5 567.6 3914 592.2 81.64 287.3 171.7 229.7
(Q,lgf{‘im,z) 6.08x107* 1.26x107* 8.52x107° 3.48x10° 1.73x107* 1.07x107* 1.92x107* 2.42x107*
ng 0.5949 03865  0.5143 0.4021 0.6045  0.6667  0.4486  0.4249
R/(Q-cm’) 2482 2626 3348 9014 1947 1363 1326 1095
(Q*l-s*ZOWS/-cm*Z) 2.14x107* 753107 2.91x107*  4.19x10*  4.89x10™* 6.68x10* 3.24x107° 1.09x107
R/(Q-cm®) 2617.5  3193.6 72620  9606.2 2028.6  1650.3 1497.7 1324.7
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The stability of Cu,O is inversely dependent
on the concentration of CI'. Due to the high salt
environment in Nansha, the chloride ions would
destroy the compact Cu,O film on the copper
surface to form soluble species, such as CuCl or
CuCl;. CuCl; produced was further oxygenated to
Cu,CI(OH); [14]:
3CuCl; +3/40,+3/2H,0—~ Cu,CI(OH);+Cu” +5CI”

“4)

Thus, the corrosion product layers with a
double-layered structure were formed on the surface
of copper: the inner layer was mainly composed of
Cu,0, in contact with the copper substrate; while
the outer layer was mainly composed of
Cu,CI(OH);, in contact with the environment.
These processes resulted in a net release of OH on
the copper surface. Considering the equilibrium
between Cu,CI(OH); and CuO, CuO was found to
be stable at pH values above 8 [32,33]:

Cu,C1(OH); +OH ==2CuO+2H,0+CI” (5)

Because Nansha is in a rainy environment, it
should be considered that the salt deposited on the
front side of the exposed sample was diluted by rain,
reducing the production of Cu,CI(OH)s; further, the
small amount of loose Cu,CI(OH); that had formed
on the front side was easily washed away, leading
to an extremely thin outer layer and leaving a very
compact and thick Cu,O inner layer on the front
side of copper. The compact products may act as a
barrier to block the diffusion of the corrosive
electrolyte and oxygen, resulting in a lower
corrosion rate. Furthermore, this dense Cu,O layer,
which is a p-type semiconductor and thus has low
electronic conductivity, was mainly responsible for
the high resistance [34—36]. Therefore, a decreasing
corrosion rate with exposure time was observed on
the front side of copper due to the increased
thickness of the Cu,O layer.

However, the outer corrosion product layer on
the back side gradually thickened. It has been
generally accepted that the loose and very
hygroscopic Cu,CI(OH); layer can prolong the
surface wetting time [13,37], thus accelerating the
corrosion of copper. In addition, transverse cracks
can be observed in the cross-sectional morphology
on the back side (Fig. 6), indicating that the inner
layer on the back side had poor adhesion with the
matrix. The thick outer product layer and cracks can

also trap water and provide a channel for the
transport of the electrolyte film and oxygen to the
surface of the substrate. These led to a decrease in
the impedance of the corrosion product layer and
severe corrosion on the back side.

In addition, with the continuous formation of
corrosion products, the concentration of OH
released on the copper surface also increased,
resulting in a gradual increase in the pH. Therefore,
black CuO compounds began to appear on the
sample surface after 13 months of exposure. Since
the back side was not susceptible to rain erosion,
OH could be at a high concentration for a long
time; consequently, the amount of CuO on the back
side of copper was greater than that on the front
side.

5 Conclusions

(1) Nansha has an extremely harsh marine
atmospheric environment, classified as a corrosion
category of CX. The thickness loss of copper
obeyed a linear increase during the 21 months of
exposure, and the average corrosion rate of copper
exposed for one year was approximately 7.85 um/a.

(2) The corrosion products formed on the
copper surface mainly consisted of Cu,O and
Cu,CI(OH);. After 13 months of exposure, CuO
was detected.

(3) The corrosion product layer formed on
copper had a double-layered structure. The outer
corrosion product layer on the front side was
extremely thin because of rain erosion, while the
outer product layer on the back side was thicker
than the inner layer.

(4) The R, values of the corrosion product layer
on the front side increased as the exposure time
increased, while the reverse trend was observed on
the back side, indicating that the protection afforded
by the corrosion product layer on the front side was
improved gradually, while that on the back side was
deteriorated.
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