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The corrosion behaviors of copper under periodic wet/dry cycle conditions were investigated. The char-
acteristics of the corrosion product formed on copper were analyzed by x-ray diffraction, scanning electron
microscopy, energy-dispersive spectroscopy, and in situ electrochemical impedance spectroscopy. Weight
loss results showed that the corrosion of copper under an MgCl, deposition condition was more severe than
that under NaCl. The main corrosion products formed on the tested sample under NaCl deposition con-
dition consisted of Cu,Cl(OH); and Cu,0O, while those under the MgCl, deposition condition consisted of
Cu,ClI(OH); and Mg,(OH)3;CI'4H,O0. In the case of the NaCl deposition condition, a two-layered structure
formed during the corrosion process. However, the corrosion product layer formed on copper under the
MgCl, deposition condition had an extremely loose structure. The effect of MgCl, on the corrosion

mechanism of copper is discussed.
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impedance spectroscopy, MgCl,

1. Introduction

The atmospheric corrosion of metals is attributed to chemical
and electrochemical reactions between the materials affected by
environmental factors including temperature, relative humidity
(RH), and corrosive medium. In other words, it occurs owing to
the interactions of the materials with climatic factors. Many
studies have been carried out to investigate the corrosion
behaviors and mechanisms of metals subjected to various
atmospheric environments such as rural, industrial, and coastal
atmospheres, which are characterized by different environmental
factors (Ref 1-3). In recent years, the rich mineral resources in salt
lakes have attracted increasing attention. For example, up to 70%
of the world lithium reserves, which are crucial for the
development of lithium batteries, are contained in salt lakes
(Ref 4). However, the salt lake atmosphere is extremely dry and
usually rich in MgCl,, very different from other typical
atmospheres. This implies that metals exposed to a salt lake
atmosphere would have distinct corrosion behaviors (Ref 5-8). Li
etal. reported that C1™ has a significant influence on the corrosion
of a weathering steel under a salt lake atmosphere (Ref 5). Wang
et al. revealed that the large amount of Mg in the rust layer had a
large influence on the corrosion behavior of a weathering steel
subjected to an indoor wet/dry cyclic test (Ref 6). Wang et al. (Ref
7) also investigated the corrosion behavior of a carbon steel
exposed to a natural salt lake atmosphere. The experimental
results indicated that Mg gradually accumulated in the rust layer
formed on the carbon steel surface by replacing some ferric ions
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in the intermediates to form the corrosion product Mg,Fe(O-
H)gOCI:xH,0. This corrosion product provided anion selectivity
of the rust layer, promoted the diffusion of chloride ions,
destroyed the structure of the rust layer, and finally accelerated
the corrosion of the carbon steel. Wang et al. (Ref 8) reported that
the corrosion rate of AA2024-T3 exposed to a salt lake
atmosphere was higher than those for coastal and industrial

atmospheres. In addition, [Mgl,XAlx(OH)z}x+Cl; -mH,0 was
observed in the corrosion products, which demonstrates that
Mg*" was involved in the corrosion process as a reactant.

Northwest China has hundreds of salt lakes as well as arid-
rainless and land salinization characteristics, which make the
climatic conditions different from those of the central and eastern
regions. With the gradual implementation of the western devel-
opment strategy and rapid development of the local economy,
more communication and power facilities will be needed in the
western region. Copper is of significance in communication and
electronics industries owing to its high conductivity. It is thus
essential to investigate the corrosion behavior and mechanism of
copper exposed to a salt lake atmosphere. Although many studies
have been carried out to investigate the atmospheric corrosions of
copper and its alloys through various typical outdoor exposures
(Ref 9-11) and laboratory tests (Ref 12-14), no extensive studies
have been performed on the corrosion behavior of copper
subjected to a salt lake atmosphere.

The aim of this study was to investigate the corrosion
behavior and mechanism of copper exposed to a simulated salt
lake atmosphere using a weight loss measurement, scanning
electron microscopy (SEM), x-ray diffraction (XRD), and in situ
electrochemical impedance spectroscopy (EIS). The results of
this study provide a detailed understanding of the corrosion
behavior of copper under a natural salt lake atmosphere.

2. Experimental Methods

2.1 Material Preparation

High-purity copper (> 99.99 wt.%) was selected as the test
material. The samples for loss gain and weight loss measure-
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ments were cut to dimensions of 50 x 25 x 2 mm’ and were
ultrasonically cleaned in acetone, dried, weighed, and stored in
a moisture-free environment. The samples for the electrochem-
ical test were cut to dimensions of the size of
10 x 10 x 2 mm® and were then embedded in epoxy resin,
leaving an exposed working area of 1 cm?. The electrochemical
test samples were ground with a 2000-grit SiC paper and then
degreased by acetone, dehydrated with ethanol, and finally
dried for 24 h.

2.2 Electrode Preparation

A two-electrode system with a comb-like arrangement was
used for the in situ EIS measurements. In order to utilize the
collection of electrical signal, comb-like electrodes separated
by a microscale distance were prepared from pure copper plates
with dimensions of 10 x 10 x 2 mm’. The plates were
separated from each other by a thin insulator and then
embedded in epoxy. A schematic of the electrode design is
presented in Ref 15, which shows that the distance between the
two plates is approximately 60 pm. After grinding with the SiC
paper to 2000 grit, the electrodes separated by the microscale
distance were stored in a desiccator for 24 h and then subjected
to the wet/dry cyclic corrosion tests.

2.3 Wet/Dry Cyclic Accelerated Test

MgCl, and NaCl are the most common corrosive media in
salt lake and marine atmospheres. In order to distinguish the
corrosion mechanisms of copper under MgCl, and NaCl
deposition conditions and to elucidate the role of magnesium
ions, a comparative group experiment was performed using a
NaCl corrosive medium. The wet/dry cycling test was carried
out using a Weiss—Voetsch temperature and climatic test
system. The corrosion tests involved the following steps within
a period of 24 h: (1) coating of the sample surface with 20 pL/
cm? of 0.1 mol/L MgCl, (simulating a salt lake atmosphere) or
0.2 mol/L NaCl (comparative group experiment), (2) drying of
the sample in an oven at 40 °C, (3) wetting of the sample in the
test box set at 30 °C and RH of 80% for 60 min, (4) drying of
the sample again in the test box maintained at 30 °C and RH of
20% for 120 min, and (5) steps (3) and (4) are repeated seven
times. The test samples were retrieved for analysis after 96,
192, 288, 384, and 480 h. For gravimetric experiments, the
corrosion products on the retrieved samples were chemically
removed by soaking in a specific solution (100 mL H,SO4 +
900 mL distilled water) at 20-25 °C according to the Inter-
national Organization for Standardization (ISO) 8407 standard
(Ref 16).

2.4 Electrochemical Measurements

As an effective method for investigation of the corrosion
behaviors of metals, EIS is usually employed to nondestruc-
tively estimate the corrosion rate and to determine the corrosion
mechanisms related to the interfacial processes (Ref 17).
Particularly, the in situ EIS technique can provide instantaneous
information on the prevailing electrochemical processes, which
are essential for studies on the corrosion mechanisms of metals
(Ref 18-20). The in situ EIS measurements were performed
using a PARSTAT 2273 potentiostat/galvanostat. The EIS data
of the electrodes (separated by the microscale distance) with
MgCl, and NaCl particles were measured in the corrosion test
box at an RH of 80%. The amplitude of the AC voltage was
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10 mV, while the frequency range was in the range of 10° to
1072 Hz. The frequency sweep in EIS is always performed
from high to low values.

2.5 Characterization of Corrosion Products

The surface and cross-sectional morphologies of the corro-
sion products were observed by SEM and energy-dispersive
spectrometer (SEM/EDS, XL30FEG). The samples used in the
observation of the cross-sectional morphologies were embed-
ded in epoxy resin. An XRD analysis was used to characterize
the crystalline corrosion products formed on copper. The XRD
measurements were performed using a Rigaku D/max 2000
diffractometer with a Cu K, target at 50 kV, 250 mA, 20 of 10—
80°, and scanning speed of 2° min~'. The wavelength of the Cu
K, radiation is 1.54056 A.

3. Results

3.1 Mass Loss of Copper

The extent of corrosion can be determined by measuring the
mass loss of copper before and after the test. The mass loss
measurement results showed that the mass loss of copper under
the MgCl, deposition condition after 480 h of exposure is
27.0 + 2.3 g/m?, while that under NaCl is 20.4 &+ 0.4 g/m*.
Therefore, the mass loss of copper under the MgCl, deposition
condition is higher than that under NaCl, which demonstrates
that the corrosion of copper in the case of the MgCl, deposition
condition is more severe. Under the same concentration of
chloride ions, it can be deduced that the Mg elements may
accelerate the corrosion of copper.

3.2 Electrochemical Measurements

In order to provide further insights, we employed an in situ
EIS analysis to explain the structure and protective role of the
corrosion products formed on the surface using the electrodes
separated by the microscale distance, as in the previous study
(Ref 15). Figure 1 shows Nyquist and Bode plots of copper as a
function of the corrosion time under both deposition conditions.
In the case of copper under the MgCl, deposition condition, the
low-frequency impedance exhibits a tail corresponding to the
Warburg impedance during the whole corrosion process
(Fig. 1a). The existence of Warburg impedance indicates the
diffusion-controlled corrosion process on the sample surface
(Ref 21), including the cathodic diffusion of dissolved oxygen
from the solution to the surface and anodic diffusion of soluble
copper species in the opposite direction (Ref 22). However, for
the copper under the NaCl deposition condition, the Warburg
impedance can be measured only in the initial corrosion stage
(Fig. l1a). With the progress of the corrosion, the Warburg
impedance disappeared, followed by irregular changes in the
impedance spectra. The changes in magnitude and shape of the
impedance spectra with the progress of the corrosion indicate
that the structure of the corrosion product layer also changed. In
addition, the Bode plots in Fig. 1(b) show three time constants
during the whole corrosion process for the copper under the
MgCl, deposition condition. However, under the NaCl depo-
sition condition, three time constants were obtained at the initial
stages, while two at the later stages, after the corrosion
substantially progressed (Fig. 1d). According to the Bode plots,
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Fig. 1 Nyquist diagrams and Bode plots of copper under the two salt deposition conditions after different corrosion times: (a) and (b) for

copper under the MgCl,; (c) and (d) for copper under the NaCl
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Fig. 2 Equivalent circuit models used to fit the experimental impedance data for copper: (a) for fitting the data displaying the Warburg
impedance; (b) for fitting the data without displaying the Warburg impedance

two equivalent electrical circuits were employed to fit the in situ
EIS data (Fig. 1). The first equivalent circuit was utilized to fit
the EIS data containing the Warburg impedance, while the
second circuit was used for the EIS data with only two
capacitive loops. In Fig. 2, Ry is the solution resistance, Q¢ and
R¢ represent the corrosion product film capacitance and
resistance, respectively, Qg and R, represent the double
electric layer and charge transfer resistances, respectively, and
Z,, represents the Warburg impedance in the low-frequency
region. Figure 1 shows that the fitting results are in good
agreement with the experimental data in most of the frequency
range, which indicates that the two equivalent circuits were
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suitable for the fitting of the in situ EIS data. The fitting
parameters for copper under both deposition conditions are
presented in Tables 1 and 2. It is known that if the impedance
response exhibits more than one time constant, an erroneous
corrosion rate is obtained in the calculation of R, (Ref 23).
Therefore, in this study, as the charge transfer resistance (R) is
more correlated to the corrosion rate, 1/R. can be used as an
effective parameter to characterize the corrosion rates of copper
exposed to both salt deposition conditions. Figure 3 shows the
evolutions of 1/R; under both salt conditions as a function of the
corrosion time. A distinct difference was observed between the
values of 1/R.. 1/R. of the copper under the MgCl, deposition
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Table 1 The fitting results of EIS parameters of the copper under the MgCl, deposition condition

0h 96 h 192 h 288 h 384 h 480 h
R,, Q cm? 29.54 16.79 14.13 11.72 10.8 9.955
Op Fem 2 Hz' ™ 6.88E—4 9.15E—4 7.05E—4 5.63E—4 4.67E—4 4.89E—4
ne 0.3639 0.4012 0.4403 0.4815 0.5128 0.5245
Rp, Q cm? 115.3 81.81 78.25 66.16 63.7 54.08
QOa, F em™2 Hz' ™ 1.59E—3 2.1E-3 1.33E-3 9.23E—4 6.93E—4 7.74E—4
na 0.5858 0.5045 0.5355 0.6047 0.6432 0.6237
Ry, Q cm? 179.8 3373 451.3 408 419 445.7
Zy 431E-3 5.08E-3 4.55E-3 6.03E-3 5.83E-3 6.45E-3
Table 2 The fitting results of EIS parameters of the copper under the NaCl deposition condition
0h 96 h 192 h 288 h 384 h 480 h
R,, Q cm? _ 18.14 28.67 21.86 21.18 17.56 14.94
O, F em™ Hz' ™ 9.29E—5 1.39E—4 1.34E—4 1.46E—4 438E—5 1.20E—4
ne 0.3419 0.3832 0.426 0.4537 0.573 0.4878
Rp, Q cm? 2716 311.7 414.1 454.1 172.1 408.4
QOq, F em™2 Hz' 4! 3.62E—4 1.22E—4 6.45E—5 4.59E—5 1.24E—4 3.75E-5
na 0.7851 0.5921 0.6552 0.7117 0.611 0.6501
Ry, Qrem? 1014 3.34E4 1.81E4 1.07E4 7651 8455
Ze 9.37E—4
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Fig. 3 Plot of the reciprocal of R of copper under the MgCl, and NaCl salt deposition conditions as a function of corrosion time

condition was significantly higher than that for the NaCl
deposition condition, indicating that the copper under the MgCl,
deposition condition exhibited a more severe corrosion, which is
consistent with the results of the weight loss measurement. In
addition, fluctuations can be observed in the 1/R. plot of the
copper under the MgCl, deposition condition, as the values of R,
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were very small and close to each other, indicating the low
protectiveness of the corrosion products. 1/R. of the copper
under the NaCl deposition condition initially decreased and then
gradually increased, indicating that the structures and/or com-
positions of the corrosion product layer change, which may
directly influence the corrosion rate of copper.
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3.3 Morphologies of Corrosion Products

The corrosion product layer formed on the copper may
influence the corrosion process owing to its diffusion barrier
effect. Therefore, it is necessary to study the structures of the
corrosion product layers formed during different corrosion
periods. Figure 4 and 5 shows the surface morphologies of
corrosion products formed on the samples during the whole
corrosion process under both salt deposition conditions. Flaky
corrosion products accumulated loosely on the tested sample in
the case of the MgCl, deposition condition. However, the
corrosion products formed on the copper under the NaCl
deposition condition were more compact compared with those
formed under the MgCl, deposition condition. More detailed

information about the structures of the corrosion product layers
can be obtained by observing their cross-sectional morpholo-
gies (Fig. 6 and 7). An apparent difference was observed
between the structures of the corrosion product layers formed
on copper under the two salt deposition conditions. Under the
MgCl, deposition condition, the corrosion product was single-
layered and extremely loose, leading to contamination of the
epoxy resin with corrosion products during the embedding
process (Fig. 6). Furthermore, no obvious change in the
compactness of the corrosion products was observed with the
progress of the corrosion. However, under the NaCl deposition
condition, a double-layered corrosion product can be observed
on the sample surface at all corrosion periods, consisting of
inner and out layers, which were in contact with the substrate

Fig. 4 Surface morphologies of corrosion products formed on the copper under the MgCl, salt deposition condition after different corrosion

times

2566—Volume 28(5) May 2019
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Fig. 5 Surface morphologies of corrosion products formed on the
times

and atmosphere, respectively (Fig. 7). In addition, with the
progress of the corrosion, the compactness of the outer layer
gradually decreased and then increased, which may be related
to the changes in 1/R of the copper under the NaCl deposition
condition, as shown in Fig. 3.

3.4 Analysis of Corrosion Products

It has been shown that corrosion products are important in
the whole corrosion process of metals (Ref 24). Therefore, the
corrosion products formed on the copper under the MgCl, and
NaCl salt deposition conditions were further analyzed by XRD.
Figure 8 shows XRD patterns of the corrosion products formed
on copper after different corrosion times under both salt
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copper under the NaCl salt deposition condition after different corrosion

deposition conditions. The composition of the corrosion
products formed under the MgCl, deposition condition differs
from that of the products formed under the NaCl deposition
condition. In the case of the NaCl deposition condition, the
main corrosion products formed on the copper were Cu,.
CI(OH); and Cu,0, while the corrosion products formed on the
copper under the MgCl, deposition condition were composed
of Cu,CI(OH); and Mg,(OH);Cl-4H,0, without Cu,O. The
presence of MgCl, may inhibit the formation of Cu,O on the
sample surface.

In order to further clarify the composition of the corrosion
products formed on the copper, an elemental analysis was
performed by EDS. Figure 9 presents SEM images showing the
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Fig. 6 Cross-sectional morphologies of corrosion products formed on the copper under the MgCl, salt deposition condition after different

corrosion times

surface morphologies of the copper after removal of the loose
outer layer corrosion products with a brush. EDS of corre-
sponding sites is also shown in Fig. 9. The chemical compo-
sitions of the corresponding sites are presented in Table 3.
Many small holes were uniformly distributed on the surface of
the sample under the MgCl, deposition condition. The region
outside the holes is composed only of Cu (spectrum A), while
the region inside the holes contained not only Cu but also O,
Cl, and Mg (spectrum B), indicating the formation of
Mg,(OH);Cl'4H,0. In the case of the NaCl deposition
condition, an inner layer compact corrosion product can be
observed on the copper, which is composed mainly of Cu and
O and small amount of Cl (spectra C and D). XRD and SEM
results show that the compact inner layer corrosion product
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consists of Cu,O, while the loose outer layer consists of
Cu,CI(OH);.

4, Discussion

4.1 Effect of the MgCl, Deposit on the Time of Wetness
of Gopper

The atmospheric corrosion of metals is significantly affected
by the time of wetness, which depends on environmental
factors including temperature, RH, and the presence of
corrosive pollutants such as chlorides, which promote the
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Fig. 7 Cross-sectional morphologies of corrosion products formed on the copper under the NaCl salt deposition condition after different

corrosion times

corrosion of metals. It is known that the deliquescence relative
humidity (DRH) of MgCl, (32%) is significantly lower than
that of NaCl (75%), which implies that the time of wetness of
copper under the MgCl, deposition condition was longer than
that under NaCl during a wet/dry cycle. Therefore, compared to
that under the NaCl deposition condition, the real corrosion
time of copper under the MgCl, deposition condition was
increased, which might lead to the severe corrosion of copper.

4.2 Effect of the MgCl, Deposit on the Corrosion Products
of Copper

Electrochemical dissolution of copper occurs to form Cu"
during the initial corrosion stage under thin electrolyte layers.
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Subsequently, Cu™ is transformed into the insoluble CuCl and
soluble CuCl,™ in the presence of CI™. CuCl,” can be then
converted to Cu,O through precipitation or oxidized into
Cu,(OH);Cl according to Eq (1) or (2), respectively (Ref 25,
26):

2CuCl; 4 20H < Cu,0 + H,0 + 4C1™ (Eq 1)

(Eq 2)

In this study, for the copper under the NaCl deposition
condition, the main corrosion products Cu,O and Cu,(OH);Cl
formed gradually according to the above chemical reactions.
However, the composition analysis of the corrosion products

2CuCl; + O, + 2H,0 — 2Cu, (OH),Cl(s) + OH™
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Fig. 8 XRD patterns of corrosion products formed on the copper under the MgCl, (a) and NaCl (b) salt deposition conditions for 96, 192, 288,

384, and 480 h

Fig. 9 SEM images and corresponding EDS spectra of corrosion products formed on the copper under the MgCl, and NaCl salt deposition

conditions for 480 h

indicates that the formation of Cu,O was suppressed under the
MgCl, deposition condition. Cu,O is a p-type semiconductor
with a low electrical conductivity (Ref 27), which is mainly
responsible for the protectiveness of copper. The lack of Cu,O
in the corrosion product layer implies that the corrosion rate of
copper under the MgCl, salt deposition condition would
increase. MgCl, restrains the formation of Cu,O, as Mg2+

2570—Volume 28(5) May 2019

may react preferentially with OH™ and CI” to form
Mg,(OH);C1-4H,0, which shifted the equilibriums in Eq (1)
and (2) to left and right with the consumption of OH™,
respectively. Therefore, Cu,O cannot be deposited in response
to the left shift of Eq (1), and more Cu,(OH);Cl would be
formed owing to the right shift of Eq (2), which is consistent
with the composition analysis by XRD (Fig. 8). Therefore, the
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absence of Cu,O directly led to the severe corrosion of copper
under the MgCl, deposition condition.

4.3 Effect of the MgCl, Deposit on the Corrosion
Morphology of Gopper

In order to further investigate the effect of the MgCl, deposit
on the corrosion attack of copper, SEM was employed to
observe the surface morphologies of copper after the removal
of the corrosion products. Figure 10 presents a series of SEM
images showing the surface morphologies of copper exposed
for 480 h under both testing conditions after the removal of the
corrosion products. The samples under the two deposition
conditions have different corrosion morphologies. In the case of
the MgCl, deposit, a uniform corrosion attack can be observed
at a low magnification, as shown in Fig. 10a. However, when
the surface was analyzed at a high magnification, many small
corrosion pits can be observed on the sample surface
(Fig. 10b). The region of one pit was further analyzed at a
higher magnification (Fig. 10c). A similar intergranular corro-
sion occurred on the copper, which may lead to the formation
of loosely packed corrosion products. In the case of the NaCl

Table 3 The EDS results of the chemical composition of
corresponding sites shown in Fig. 9

Element, wt.% Cu o Cl Mg
A 100 . .
B 75.09 13.23 5.18 6.50
C 84.67 14.36 0.97

D 80.45 19.55

deposit, the local corrosion can be observed on the surface
(Fig. 10d). A selected part from the corrosion region was
observed at high magnifications (Fig. 10e and f). A uniform
corrosion was observed on the copper under the NaCl
deposition condition, which was significantly different from
that under the MgCl, deposition condition. The loose corrosion
products can lock water and promote the transport of oxygen to
the metal surface, thus leading to the severe corrosion of the
sample under the MgCl, deposition condition. On the contrary,
the compact corrosion products formed on the copper under the
NaCl deposition condition may act as a barrier to retard the
diffusion of the corrosive electrolyte and oxygen, leading to a
lower corrosion rate.

5. Conclusion

The atmospheric corrosion behaviors of copper under the
MgCl, and NaCl deposition conditions were investigated. The
experimental results showed that, compared to that under the
NaCl deposition condition, the corrosion of copper under the
MgCl, deposition condition was more severe. The main
corrosion products formed on the tested sample in the case of
the NaCl deposition condition consisted of Cu,CI(OH); and
Cu,0, while those in the case of the MgCl, deposition
condition consisted of Cu,CI(OH); and Mg,(OH);CI-4H,0.
Under the NaCl deposition condition, a double-layer structure
formed during the corrosion, while the corrosion product layer
formed on the copper under the MgCl, deposition condition
had an extremely loose structure. MgCl, affected the corrosion
of copper by inhibiting the formation of Cu,0, which led to the
severe corrosion.

Fig. 10 Surface morphologies of the copper under the MgCl, (a)—(c) and NaCl (d)—(f) salt deposition conditions for 480 h after removing the

corrosion products
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