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Abstract: The atmospheric corrosion behavior of pure copper exposed for three years in Turpan, China, which is a typical hot and
dry atmosphere environment, was investigated using mass-loss tests, morphology observations, composition analyses, and
electrochemical techniques. The results indicated that the annual corrosion rate of pure copper was approximately 2.90 um/a. An
uneven distribution of corrosion products was observed by scanning electron microscopy; this uneven distribution was attributed to
the dehydration process during wet—dry and cold-hot cycles, and the compositions mainly consisted of cuprite (Cu,0) and atacamite
(Cu,CI(OH);). Electrochemical measurements showed that deposits on copper improved its resistance to corrosion and the
protectiveness decreased with increasing temperature. On the other hand, results obtained using the scanning vibrating electrode
technique showed that the porous and uneven structure of the deposit layer generated a spatial separation of cathodic and anodic

reaction sites, which accelerated the corrosion process in wet and rainy weather.
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1 Introduction

Copper has long been employed as an outdoor
building material for constructing statues, sculptures, and
monuments because of its good mechanical properties
and corrosion resistance. Copper is also stable in a part
of the stability region of water in the Pourbaix
diagrams [1]. Because of the high conductivity of copper,
it is an important electrical conductor in the
communication and electronic industries; however, the
atmospheric corrosion of copper is common.

The colors of copper corrosion products that form
during outdoor exposure range from pink-salmon to
dark-brown and green (patina); patina is the result of
chemical interactions among trace contaminant elements
in the atmosphere, primarily sulfates and chlorides. The
composition and morphology of these corrosion products
depend on the geographic location of the test station,
climatic conditions, and contaminant aggressiveness
levels [2,3].

Cuprite is generally the first corrosion product
formed, irrespective of exposure conditions; it is
therefore always present on the copper surface [4—7].
Cuprite reacts slowly with pollutants such as chloride
ions, SO,, and CO, to form basic copper salts. NASSAU
et al [8,9] and PICCARDO et al [10] have identified the
main compounds on Cu patinas formed in the
atmosphere as follows: cuprite (CuyO), brochantite
(CuySO4(OH)g), antlerite (CuzSO4(OH),), ponsjankite
(CusSO4(OH)6-H,0), and atacamite (Cu,CI(OH);).

The atmospheric corrosion rate depends mainly on
pollutants present in the atmosphere, the time of wetness
(i.e., the duration and frequency of wetting to which a
metal surface is subjected [11,12]), and the rate at which
the metal surface dries. The composition, hygroscopicity,
and degree of the crystallization of the corrosion
products are also functions of these parameters and can
play important roles in determining the atmospheric
corrosion kinetics of copper.

In a study related to the influence of seasonal
variations (air temperature and relative humidity) on
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copper corrosion products, ZHANG et al [13] reported
changes in the composition of the obtained patinas,
especially those obtained after exposure periods of as
short as a few months. In similar studies at three test sites
in Tokyo during one summer month and one winter
month, WATANABE et al [14] observed that cuprite and
ponsjankite were formed on copper exposed in summer,
whereas only cuprite formed when the exposure test was
initiated in winter. The corrosion products formed at all
three exposure sites were the same for both initiation
seasons.

In this study, we analyzed the long-term corrosion
of copper exposed in Turpan for 3 years. Turpan has a
typical hot and dry atmosphere environment with a high
temperature difference, low humidity, and long sunshine
period; its climate is classified as a continental dry
tropical desert. In our study, a copper plate (99.7%) was
installed on a test rack with an inclination of 45° and was
exposed outdoor for 3 years. We used scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), and X-ray diffraction (XRD) to analyze the
morphology and composition of the deposits. The
subsequent study was conducted in alkalescent chloride
solution using electrochemical methods, including open-
circuit potential (OCP) measurements, electrochemical
impedance spectroscopy (EIS), and the scanning
vibrating electrode technique (SVET). From this research,
we provide valuable experimental data and also offer a
powerful theory basis of copper corrosion in hot and dry
atmosphere environment.

2 Experimental

2.1 Environment and material

Turpan has a typical hot and dry atmosphere
environment, as has been monitored in Ref. [15], the
annual average temperature in Turpan is 17.4 °C, the
average relative humidity is 27.9%, the annual total
radiant quantity is 5513 MJ/m’, the average annual
sunshine is 3200 h, the average annual rainfall is
16.4 mm, and the temperature changes severely between
day and night with a maximum temperature difference
greater than 40 °C. These climatic conditions are
expected to strongly affect the corrosion resistance of
pure copper [16]. The soil in Turpan is a typical
saline-alkali land and the average wind speed is
approximately 2.5 m/s. In this region, sand storms are
frequent, and the erosion of sand and dust is significant.

The exposed copper plates were carefully cleaned in
alcohol using an ultrasonic cleaner, cleaned in deionized
water, and then dried under a flow of cool air. The copper
substrate pieces were cut from the exposed copper plates
and were subsequently ground using SiC papers as fine
as 1500-grit, polished with 0.1 pm alumina polishing

powder, degreased with alcohol, cleaned in deionized
water, and then dried in a cool air flow. The working area
in all of the electrochemical measurements was 10 mm X
10 mm.

2.2 Mass-loss method

According to standard GB/T 16545—1996, hydro-
chloric acid and deionized water with ratio of 1:1 was
chosen. The exposed copper was de-rusted in an
ultrasonic cleaner for approximately 3 min and then
washed with water, carefully cleaned in alcohol using an
ultrasonic cleaner, washed in deionized water, and dried
in a cool air flow before being weighed.

2.3 Morphology observation and composition analysis

The macroscopic morphology was observed by
digital camera, and the surface and cross-sectional
morphologies of the samples were observed using a
scanning electron microscope (Quanta 250) and
energy-dispersive X-ray spectroscopy (EDS) techniques.
The crystalline corrosion products formed on the
exposed copper surface were analyzed by XRD (Bruker
D8, Germany) on an instrument equipped with a Cu K,
radiation source (4=0.15406 nm); the samples were
scanned over the 26 range from 20° to 80°. The phases
present were identified using the Joint Committee on
Powder Diffraction Standards (JCPDS) database. The
chemical composition of the surface films formed was
investigated by XPS (ESCALAB 250xi, Thermo Fisher)
on an instrument equipped with an Al K, X-ray source
(hv=1486.6 eV) operated at 150 W. Because of the
possible oxidation of the electrodes in air, they were
sputter-coated with a 5 nm passive film using a 3 kV,
1 pA Ar'-ion beam. The charge shift of the spectra was
corrected by assuming that the C 1s peak was at
284.8 eV; the curve fitting was performed with the
commercial software XPSpeak version 4.1 using Shirley
background subtraction and a Gaussian—Lorentzian tail
function.

2.4 Electrochemical measurements

The samples for electrochemical measurements
were cut from the exposed copper plate into pieces with
a rectangular shape (10 mm x 10 mm). A 0.5% NaCl
solution was prepared, and sufficient NaOH was added
to adjust its pH to 9.0. Electrochemical measurements
were performed using a VMP3 multichannel potentiostat
(PARC, USA); all potentials are reported with respect to
a saturated calomel electrode (SCE). The EIS measure-
ments were conducted at the corrosion potential over the
frequency range from 100 kHz to 10 mHz using a 10 mV
(vs SCE) sinusoidal potential modulation. All electro-
chemical tests were performed at ambient temperature
((25£1) °C). While investigating the influence of
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temperature, we used a water bath to stabilize the
temperature of the electrochemical cell.

2.5 Scanning vibrating electrode technique (SVET)

The SVET was used to measure the local
distribution of the potentials on the exposed copper
surfaces. The experiments were conducted on a M370
electrochemical workstation, which included a scanning
microprobe with a tip, a 370 scanning control unit, a
M236A potentiostat, and a video camera system. The
SVET resolution was 100 nm; independent linear
encoders were installed on all axes, and the stepper
motors provided 8 nm resolution. Experiments were
conducted in a single-electrode electrochemical cell with
an exposed copper plate as the working electrode. The
testing electrolyte was 0.5% NaCl solution (pH=9.0), the
scanning area was 100 pm x 100 um, and the scanning
steps were all 4 pum/s. The tests were conducted at
ambient temperature.

3 Results and discussion

3.1 Corrosion rate and deposit thickness

Figure 1 shows the mass loss rate of three pure
copper samples after the 3-year outdoor exposure in
Turpan. The corrosion rate was calculated according to
equation 1 [17]:

L= Gy -G
2T x(AxB+ AxC+ BxC)

(M

where o represents the corrosion rate, g/(rnz-a); Gy is the
initial mass, g; G, is the mass after the sample was
cleaned, g; T is the exposure time, a; and 4, B, and C are
the length, width, and thickness, respectively, m. As
evident in Fig. 1, the mass loss rates were similar, and
the average corrosion rate was 2.43 g/(m’-a), which was
relatively slow. Figure 2 shows the SEM cross-sectional
morphology of three pure copper samples after the
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Fig. 1 Mass loss rate of three pure copper samples after 3-year
outdoor exposure in Turpan

Fig. 2 SEM cross-sectional morphology of three pure copper

samples after 3-year outdoor exposure in Turpan

3-year outdoor exposure in Turpan. The average deposit
thickness was 2.90 pum/a, which is much thinner than
the average deposits formed in a marine atmosphere
(5.90 um/a) [17].

3.2 Morphology and analysis of corrosion products
3.2.1 Macroscopic and microscopic morphology

Figure 3 shows the macroscopic morphology of the
exposed copper plate before and after the samples were
cleaned. The sample dimensions were 150 mm X
70 mm x 3 mm. Dark-brown corrosion products are
clearly observed to cover the surface. In addition, some
green mineral deposits are distributed on some locations;
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these deposits were tentatively identified as
atacamite (Cu,CI(OH);) or basic cupric carbonate
(Cuy(OH),CO3) [8-10]. Figure 4 shows the SEM
morphology of the exposed copper plate before and after
it was cleaned. An uneven distribution of the corrosion
products was observed on the surface; these products
were attributed primarily to the dehydration process
during the wet—dry and cold-hot cycles in Turpan [15].
The cleaned substrate was porous.

EDS results for the corrosion products on pure
copper after the 3-year outdoor exposure at Turpan are

Fig. 3 Macroscopic morphology of exposed copper plate
before (a) and after (b) being cleaned

[T E—

Fig. 4 SEM morphology of exposed copper plate before (a) and
after (b) being cleaned

shown in Table 1; the main elements are Cu, O, CI, C, Si,
Al, and Mg.

Table 1 EDS results for corrosion products on pure copper after
3-year outdoor exposure in Turpan

Element Cu O Cl C Si Al Mg
Mass fraction/% 38.06 32.53 8.46 8.33 5.89 3.49 3.24

3.2.2 XPS and XRD results

The main compositions of the corrosion products of
copper exposed in Turpan for 3 years were analyzed
using XPS and XRD. The XPS survey spectrum of the
copper subjected to 3 years of exposure is shown in
Fig. 5. The presence of some solid pollutants, including
Si, Al, Mg, Cl, and other soil elements, is clearly
indicated; these pollutants are attributed to the high-
speed wind and occasional sand storms at Turpan.
Meanwhile, the soil in Turpan is a typical saline-alkali
land, which means it contains a high chloride
concentration. The XPS results are clearly consistent
with the EDS results.

Cu2p

0 200 400 600 800 1000 1200 1400
Binding energy/eV

Fig. 5 XPS survey spectrum of copper plate subjected to

3 years of outdoor exposure in Turpan

To further investigate the composition of the
deposits, high-resolution Cu 2p and O 1s spectra of the
exposed copper were obtained; the results are presented
in Fig. 6. In general, the Cu 2p spectrum of pure Cu is
composed of two peaks: a Cu 2p;, peak at a binding
energy of 952.45-952.56 ¢V and a Cu 2p;, peak at a
binding energy of 932.20-933.1 eV [18]. The Cu 2p
signals are shown in Fig. 6(a). These signals were
characterized by a typical Cu 2ps, and Cu 2p;,, doublet
separated in energy by 20 eV. Using a fitting procedure
described in previous papers [19,20], we determined that
the Cu 2p;, peak of the exposure copper sample was
composed of two peaks at 932.5 and 935.0 eV, which are
assigned primarily to Cu,O/CuCl and to a Cu(Il)
compound, respectively. The Cu 2p;, peak was
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composed of two peaks located at 952.5 and 953.7 eV,
which were assigned to Cu,O and to a Cu(Il) compound,
respectively [21]. In particular, the O 1s peak was
deconvoluted into one at 530.3 eV, corresponding to O”";
one at 532.0 eV, corresponding to OH; and one at
532.8 eV, corresponding to H,O.

930 940 950 960
Binding energy/eV

(b)

524 528 532 536
Binding energy/eV

Fig. 6 High-resolution spectra of Cu 2p (a) and O 1s (b) for

copper subjected to 3 years of outdoor exposure in Turpan

Figure 7 shows the XRD patterns of the corrosion
products on pure copper after 3 years of outdoor
exposure in Turpan. Only Cu,O and Cu,CI(OH); were
detected, consistent with the dark-brown and green
deposits, respectively, observed in the macroscopic
morphology examination. Cuprite was the predominant
phase and formed first, irrespective of the exposure
conditions. Cuprite is an electrically conducting
compound and is known to play a decisive role in the
protectiveness of corrosion layers on copper [12,22]. We
thus considered the electrolyte film on the surface to be
in contact with cuprite (no copper substrate), in which
further oxidation occurs via the following reaction [23]:

2Cu,0+0,+4H,0+2C1 —2Cu,CI(OH);+20H ©)

The XRD results in Fig. 7 show that atacamite is
also present, which is also reported in the literature as

one of the main constituents of copper patinas formed in
marine atmospheres [24—27]. Because of the resolution
of the X-ray diffractometer, some oxides or chlorides
present in small quantities could not be detected.

- CUzO
* — Cu,CI(OH),

X _JL_JL I

20 30 40 50 60 70 80
26/(°)

Fig. 7 XRD pattern of corrosion products on pure copper after
3 years of outdoor exposure in Turpan

3.3 Electrochemical results

The OCP of exposed copper in 0.5% NaCl (pH=9.0)
as a function of time at 25, 30, and 35 °C is displayed in
Fig. 8. The potentials at the three temperatures rapidly
stabilized and were essentially time-invariant at
(—0.12+£0.02) V (vs SCE) over the monitored period. All
of the potentials decreased with increasing ambient
temperature, which indicates that corrosion became more
serious when the weather turned hot and humid.
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Fig. 8 Open-circuit potential of exposed copper sample in 0.5%
NaCl (pH=9.0) as function of time at 25, 30, and 35 °C

EIS is an efficient method to study the surface
condition of metals and is also a powerful tool for
evaluating the protectiveness of the corrosion product
layer formed on metals [28,29]. Figure 9 shows the EIS
results of the copper substrate and the copper subjected
to 3 years of exposure; samples were cut from both the
substrate plate and the exposed plate, and the data were
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collected with the samples immersed in 0.5% NaCl
(pH=9.0) at room temperature.
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Fig. 9 EIS results of copper substrate and copper plate

subjected to 3 years of exposure

To confirm the data obtained and presented as
Nyquist plots, the Bode impedance and phase angle were
also plotted, as shown in Fig. 10. The Bode impedance
diagram clearly indicates that the exposed copper
exhibits greater impedance than the copper substrate over
the investigated frequency range, which simply reflects
the protectiveness of the deposits on the copper surface.
The impedance spectrum of the exposed copper exhibits
a 45° Warburg line in the low-frequency range, which
indicates that the diffusion process plays a dominant role
in the electrode reaction at low frequencies.

2500 50
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Fig. 10 Bode impedance and phase diagram

The equivalent circuit models in Fig. 11 were used
to fit the EIS data in Fig. 9. In model (a), R, is the
solution resistance, Cpr and R; are the constant-phase
element of the corrosion product layer and its resistance,
respectively, and Cy and R, are the double-layer
capacitance and the charge transfer resistance,
respectively. In model (b), W is the Warburg resistance,
which represents the diffusion of reaction ions.

(a) Cre
3y
RS
Ca
3y
Ry
VA
RCI
(b) G
N
RS
Ca
NN
Ry
R W

ct
Fig. 11 Equivalent circuit used to fit EIS data for copper
substrate (a) and exposed copper (b)

3.4 Scanning vibrating electrode technique (SVET)

results

In this technique, the potential due to metal
corrosion results in a very weak electric field within an
electrolytic medium; this field can be imaged as the
distribution of potentials on the exposed copper surfaces.

Figure 12 shows the SVET potential 2D contour
map measured on the exposed copper in 0.5% NaCl
solution (pH=9.0). The map shows that the potential
distribution was not uniform; the maximum potential was
approximately 1.54 pV, whereas the minimum potential
was approximately —3.72 pV, indicating the porous and
non-compact nature of the corrosion product deposits.
Also, we observed that the lack of uniformity of the
potential distribution was due to the porous structure of
the deposit layer generating a spatial separation of
cathodic and anodic reaction sites [30]. A similar
situation has been observed in the case of 2A12
aluminum alloy during the initial stage of atmospheric
corrosion [31,32]. Figure 13 shows the dimensions of

Nz Potential/V
N~ -3.780x10°°
} I3.033x 106

i ~2.295%10°°

~1.553%10°
-8.100%1077
-6.750%107
6.750x1077
Z s Q < ) 1.417x10°
40 o § XA AN NS 2.160%10°6

100 g

Fig. 12 SVET potential 2D contour map measured on exposed
copper in 0.5% NaCl solution (pH=9.0) (Scan rate: 4 pm/s)
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some bulgy deposits observed during the SEM
morphology observations of exposed copper; the
dimensions of these bulgy deposits clearly coincide with
the projected 2D contour map. This surface structure
may accelerate the corrosion of copper in solution, which
means that the protective effect of the deposits would be
diminished in wet or rainy weather.

Fig. 13 Dimensions of some bulgy deposits observed in SEM
morphology of exposed copper

4 Conclusions

1) The average corrosion rate is 2.43 g/(m*-a),
which is relatively slow, and the average deposit
thickness is 2.90 um/a, which is much thinner than the
average deposit formed under a marine atmosphere.

2) The XRD and XPS results indicate that the
corrosion products mainly consist of cuprite (Cu,O) and
atacamite (Cu,CI(OH)s).

3) The exposed copper exhibits greater impedance
than the fresh copper over the investigated frequency
range, which simply reflects the protectiveness of the
deposits on the copper surface.

4) The SEM micrographs show that the corrosion
products on the surface are unevenly distributed, which
is attributed primarily to the dehydration process during
the wet—dry and cold-hot cycles in Turpan. The SVET
results show that the potential distribution is not uniform
and the dimensions of bulgy deposits coincide with the
projected 2D contour map.
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Electrochemical performance of initial corrosion of 7A04
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