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A laboratory environment chamber with a constant deposition rate of NaCl was built. With this chamber, the corrosion behavior of
Cu during constant NaCl deposition was investigated with different CO; concentrations and ultraviolet (UV) illumination. XRD and
coulometric reduction techniques were used to identify and quantify the corrosion products. An NayCO3 solution was found to be
more suitable than KCl solutions for quantification of Cu corrosion products. Cuprite was always the dominant corrosion product dur-
ing exposure of Cu in various environments. UV illumination accelerated formation of cuprite significantly but had very little effect on
formation of cupric corrosion product. CO; in the environment was important in determination of cupric corrosion products. With 350
ppm CO;, paratacamite was the dominant product, while tenorite was dominant with <1 ppm CO,. This explains why tenorite is not
a common cupric corrosion product in the field. Pitting corrosion was always the dominant form of corrosion at the beginning of the
exposure period but uniform corrosion dominated at later times. The new environment chamber enables the determination of Cu cor-
rosion kinetics in the lab, especially the formation of paratacamite, which provides insight into Cu atmospheric corrosion in the field.
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Atmospheric corrosion of Cu in the field and in laboratory cham-
bers has been widely studied because of the use of Cu in electronics
and architecture.'® NaCl has a strong accelerating influence on Cu
corrosion in the field, especially in marine environments.>® The ef-
fects of NaCl have also been investigated in laboratory-based atmo-
spheric corrosion studies.”'? NaCl has been shown to accelerate the
breakdown of the naturally formed and protective copper oxide by
the formation of copper chloride complexes,'' especially at high rel-
ative humidity (RH). When the RH is higher than the critical relative
humidity of NaCl, 75%,'? deposition of 4 g /cm? of NaCl before
exposure increases the Cu corrosion rate of Cu by about one order of
magnitude during 10 days exposure.?

NaCl has also been shown to be critical for formation
of Cu,(OH);Cl, a common corrosion product found in marine
environments.> In the presence of NaCl, cuprite (Cu,0O) can be
readily oxidized to atacamite or paratacamite, which are isomers of
Cu,(OH);CL.'? However, because of difficulties generating a constant
deposition rate of NaCl during lab exposure, there is a lack of informa-
tion on the kinetics of Cu,(OH);Cl formation and how Cu,(OH);Cl
affects the Cu corrosion rate.

Methods used to introduce NaCl onto a surface for laboratory study
of atmospheric corrosion of Cu and other metals include deposition
of NaCl particles before exposure by fast evaporation of ethanolic
NaCl solution,®'" thermophoretic deposition'*!> or printing.'® A dis-
advantage of prior deposition for the study of Cu corrosion kinetics
is that the available NaCl in the environment decreases with time due
to formation of Cu,(OH);Cl or CuCl during exposure. Furthermore,
deposited NaCl particles can alter the form of corrosion because lo-
calized attack can initiate at the edge of a particle or under a particle
where deliquescence of NaCl occurs first.?

Although UV illumination has been found to increase Cu sulfi-
dation by a factor of 1.5 to 2 in the presence of H,S,!” the effect of
UV illumination on atmospheric corrosion of Cu has not been widely
studied, especially in the presence of chloride. In slightly acidic or
alkaline solution (pH 4 to 8), the formation of n-type of Cu,O was
observed and anodic photocurrent was measured when UV illumina-
tion was applied.'®!” Therefore, it is interesting to study atmospheric
corrosion of Cu with UV illumination.

The CO, concentration has been shown to have a critical influ-
ence on the initial Cu corrosion reaction in the presence of NaCl
particles.>?® With lower CO,, secondary spreading of NaCl is much
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more significant?® and formation of CuCl is impeded.’ Therefore, de-

pending on loading of NaCl, the effects of CO, concentration on Cu
corrosion can be different.

This paper describes a new chamber to provide constant deposition
of NaCl during atmospheric exposure of Cu. With this chamber, the
combined effects of UV illumination and CO, on Cu atmospheric
corrosion kinetics during constant NaCl deposition are studied. An
appropriate coulometric reduction technique to easily quantify the
amounts of Cu,O and Cu,(OH);Cl is also described.

Experimental

Sample preparation.— All Cu coupons were 99.99% pure and
17 mm x 17 mm x 1.6 mm in size. They were ground sequentially
with 600, 800 and 1200 grit papers, followed by 6 pm and then
1 pwm diamond polishing. After polishing, samples were stored in a
desiccator for 24 h before exposure.

Environment chamber design.— Figure 1 is a schematic represen-
tation of a home-built environment chamber that can provide a contin-
uous and constant rate of NaCl deposition from an aerosol. A 200-mL
beaker of saturated NaCl solution inside the chamber was bubbled
with air through a glass frit tip, labeled inlet flow A. The beaker of
saturated NaCl solution (6.2 M) contained enough undissolved NaCl
particles to maintain saturation during the entire exposure time. Inlet
flow A needed to be pre-humidified to avoid blocking of the frit by
precipitation of NaCl associated with concentration buildup adjacent
to the frit.?! The exposure location of the Cu samples was maintained
at a position 53 mm away from the frit bubbler.

During exposure, the area of the Cu samples covered by NaCl
droplets increased gradually. After approximately 12 h exposure, sam-
ples were completed covered by a thin layer of aqueous NaCl solution.

Another flow of air, inlet flow B, was used to maintain the RH
around 100% when the saturated solution was used for flow A. Unless
otherwise specified, the air used in this work contained 350 ppm CO,
and the RH during exposure was always close to 100%. Ultra-purified
air with less than 1 ppm CO, was also used to study the effect of CO,.
The flow rates of inlet flows A and B were 15 cc/min and 436 cc/min,
respectively. Mass flow controllers were used to control the flows
accurately. Flow A and flow B were started at least three days before
exposure of the Cu to reach steady state conditions in the bubblers
and in the chamber. Once exposure of the Cu started, the flows were
maintained, even during the periods of sample changes.

The top cover of this chamber was a 4 mm thick quartz glass
window, which allowed UV light (254 nm) to penetrate through into
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the chamber. The UV intensity was 3.2 mW/cm? at the top side of the
quartz window. The Cu samples were exposed in the dark unless it is
specified that they were exposed under UV illumination.

In some cases, the beaker in the chamber contained 5 wt.% NaCl.
Under these conditions, inlet flow A was 830 cc/min and inlet flow
B was not used. This is similar to the salt bubble chamber described
previously for the study of Ag atmospheric corrosion.?

Measurement of NaCl deposition rate— NaCl aerosols were gen-
erated in the chamber by flow A. The deposition rate of NaCl was
measured by pseudo-wet-candle collection followed by potentiomet-
ric titration. NaCl aerosols were collected with a cylindrical thin-wall
beaker without a spout (1 mm in thickness and 2.2 cm inside diam-
eter). The beaker was placed in the chamber at a location where its
mouth was at the same distance from the frit and the same height
as where the samples were exposed. It had 5 mL of deionized (DI)
water inside before collection. After exposure, all NaCl droplets on
the top and inside of the wall as well as the inside solution were care-
fully transferred into a large beaker by rinsing with DI water at least
three times. The total volume of the final NaCl solution, including all
rinsing water, was controlled to 100-120 mL to reduce errors.

This NaCl solution was potentiometrically titrated with AgNOs.
Three concentrations of AgNOs, 0.1 M, 0.04 M and 0.004 M, were
used depending on the amount of NaCl. The working electrode was an
Ag wire and the reference electrode was a saturated mercurous sulfate
electrode (MSE). A 0.1 mL aliquot of the AgNOj5 solution was added
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Figure 2. Potentiometric measurement of NaCl concentration in wet candle.

repeatedly and the solution was stirred with a glass rod for about
5 s after each addition. A steady potential was noted after waiting at
least 100 s. The equivalence point was determined by the maximum
of the derivative curve of potential vs AgNO; volume, as shown in
Figure 2. The deposition rate of NaCl, D, in mg/cm?h was determined
from equation 1.

_58.5><V><M
o tx A

where V is the volume of AgNO; at the equivalence point in mL, M

is concentration of AgNO3 in mol/L, t is deposition time in h, and A

is area in cm?.

(1]

Identification and quantification of corrosion products.— After ex-
posure, scanning electron microscopy/energy dispersive spectroscopy
(SEM/EDS) and X-ray diffraction (XRD) were used to characterize
the corrosion products. The amount of corrosion product was then
quantified by coulometric reduction technique using 0.1 M Na,CO;3%*
or 0.1 M KCI** as the supporting electrolyte. A constant reduction
current density of 0.05 mA/cm? was used unless specified otherwise.
A conventional three electrode flat cell was used to carry out the
reduction testing. Saturated calomel electrode (SCE) was used as a
reference electrode and a platinum mesh was used as an auxiliary
electrode. All potentials mentioned in this paper are respect to SCE
unless specified otherwise.

Pit depth measurement.— To determine pit depth, unreduced sam-
ples were pickled in 6.5 M HCI for 5 min followed by soaking in
1 M H,S0, for 1 min. They were then rinsed with DI water for less
than 30 s, sprayed with ethanol and immediately air dried. Pit depth
was measured by optical profilometry. At least 6 spots close to center
of samples with area 0.26 to 1.73 mm? were scanned. No pits were
generated during acid pickling and drying of a control sample that
was not first exposed in the chamber.

Scanning kelvin probe (SKP) measurement.— A 2 WL droplet of
saturated NaCl solution was transferred onto as-polished Cu and the
Cu sample was immediately placed in the airtight SKP chamber. The
relative humidity in the chamber was kept at 98% by wet air flow
(containing ambient CO,) before loading of the sample. After loading
of the sample, the relative humidity increased back to 98% within
10 min. As a result, the droplet did not dry out before or during
SKP measurement. A line scan across the droplet was carried out at
a scan rate of 0.8 pm/s and with 4 pm step size. Details of the SKP
measurements are described elsewhere.?

Results and Discussion

Deposition rate of NaCl.— The accumulated amount of deposited
NaCl per unit area in mg/cm? is plotted in Figure 3. When the bubbler
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Figure 3. Accumulated deposition of NaCl vs deposition period for saturated
and 5 wt.% NaCl solutions in the bubbler beaker.

beaker contained 5 wt.% NaCl, the rate of NaCl accumulation, given
by the slope of the curve in Figure 3, decreased with time even though
a continuous NaCl aerosol was generated. Continuous bubbling in the
solution for 96 h at 830 cc/min resulted in a decrease in the volume
of the solution by about 40 mL. This change in the conditions in
the beaker resulted in a decrease in NaCl deposition rate from 0.026
mg/cm?h at the beginning to 0.01 mg/cm?h after about 96 h.

‘When the bubbled beaker in the chamber contained saturated NaCl
solution instead of 5 wt.% NaCl, a lower rate of input flow A was
needed to get a particular NaCl deposition rate. As a result, the rate of
decrease of solution volume in the beaker was lower. For a 15 cc/min
flow, the loss of the solution over the first 24 h was about 1 mL. Even
though this change is very small, the deposition rate still decreased
during bubbling unless input flow B was added. With the addition of
the water-saturated air in flow B, the RH in the chamber was main-
tained at very close to 100%. This value is much higher than the
equilibrium RH of saturated NaCl (75%), so the saturated solution in
the beaker absorbed water during bubbling. Because the saturated so-
lution contained excess NaCl, the solution remained at the saturation
concentration during bubbling. As long as enough water was absorbed
to compensate for the loss due to bubbling, the volume of the solu-
tion in the beaker stayed constant during bubbling. The decrease of
volume in the saturated solution was less than 0.4 mL after bubbling
the saturated NaCl solution for 120 h, with flows A and B of 15 and
436 cc/min, respectively. Figure 3 shows that the NaCl deposition rate
under these conditions was absolutely constant at 0.1 mg/cm?h. All
the exposures of Cu mentioned in this paper, except the SKP measure-
ment, were performed with an NaCl deposition rate of 0.1 mg/cm?h.
The deposition rate of NaCl associated with the most severe marine
environment (e.g. [SO9223, S; category) is usually less than 0.00625
mg/cm?h.?® Therefore the NaCl deposition rate in the lab chamber is
more than an order of magnitude higher than the deposition rate in
severe field environments.

The deposition rate of NaCl can be changed by adjusting flow A or
using a dispersion frit with different efficiency. However, it would be
necessary to adjust flow B as well to maintain a constant deposition
rate.

The RH in this chamber has to be maintained higher than 75%
so that the saturated NaCl solution in the beaker continues to absorb
water from the ambient atmosphere. It should be possible to achieve
an RH between 75% and 100% while maintaining a constant NaCl
deposition rate using an additional inlet of dry air, but this was not
tried. Another limitation is that the NaCl deposition rate depends on
the distance from the frit bubbler. Therefore, for accurate comparison
of results, all samples must be exposed at the same location and they
cannot be too big or else non-uniform corrosion could occur.
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Figure 4. Analysis of Cu exposed to humid air, 0.1 mg/cm?h NaCl. a) reduc-
tion curve in 0.1 M NayCOs3 for sample exposed with UV b) reduction curve
in 0.1 M Na;COs for sample exposed in dark): XRD spectra of sample from
b) before reduction and after reduction through the first two plateaus only.

Calibration of coulometric reduction technique.— XRD analysis
indicated that paratacamite and cuprite formed on Cu exposed with
350 ppm CO, for longer than 15 h. Quantitative determination of
the amounts of each was performed using coulometric reduction.
Figure 4a shows a typical reduction curve of Cu with paratacamite
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and cuprite. Four regions can be discerned: —0.35 to —0.65 V, —0.65
to —0.8 V, a big plateau at —0.8 V and then hydrogen evolution at
around —1.1 to —1.2 V. The first two regions do not have very well
defined plateaus but have very similar amounts of reduction charge.
Before reduction, the samples had greenish product interspersed on a
reddish-brown corroded surface. The greenish species disappeared at
the end of the first two regions.

To identify the species corresponding to each reduction re-
gion, another sample exposed for 60 h in the dark with similar
amount of corrosion products was reduced in two steps, as shown in
Figure 4b. XRD analysis confirmed the presence of paratacamite
and cuprite on the exposed sample before reduction, as shown in
Figure 4c. Reduction of this sample was interrupted after about 1600 s
when the potential dropped to —0.8 V SCE. The partially reduced area
(within the o-ring) was still reddish-brown but was covered by some
loose black powder instead of the greenish species. The black powder
was likely Cu from the reduction of corrosion products and it was
easily rinsed off with DI water after the sample was taken out of the
cell. The unreduced area (outside of the o-ring) was hand-polished
with SiC paper carefully to remove the corrosion products. XRD was
then performed on the partially reduced product, and only cuprite was
identified on the sample (Figure 4c). This sample was then reassem-
bled into the cell and reduction was continued. Only one plateau at
—0.8 V was observed, as shown in Figure 4b. This experiment shows
that the plateau at around —0.8 V SCE corresponds to reduction of
cuprite and the first two regions or plateaus are likely due to reduction
of paratacamite.

The reduction potential of Cu, O, —0.8 V SCE, is consistent with
previously reported values of —0.75 to —0.9 V SCE in KC1,?7-?* KOH?®
or Na,B40,.% There are few reports on the coulometric reduction
of Cu,(OH);Cl. Malvault et al. reported a peak reduction potential
of paratacamite by linear sweep voltammetry in 0.1 M Na,B,O; of
—0.61 V SCE,?” which is in the range of the first two plateaus in
Figure 4a. Interestingly, the first two plateaus have almost the same
amount of reduction charge. This suggests that reduction of parata-
camite in Na,COj is a two-step process.

The distinction between the first two regions becomes less appar-
ent as the amount of corrosion products decreases. Reduction curve B
in Figure 5 shows reduction of Cu exposed in the same environment
as the one in Figure 4b but for a short time, 23 h, and then reduced
in Na,COj3. XRD analysis indicates the presence of cuprite and parat-
acamite after exposure as well. This reduction curve can be divided
into two regions with a flat plateau for reduction of Cu,O in region II.
Here, region I corresponds to the reduction of paratacamite. Although
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Figure 5. Reduction curve of two samples exposed to 100% RH humid air,
0.1 mg/cm?h NaCl for 23 h. A: reduced in 0.1 M KCI with —0.05 mA/cm?;
B: reduced in 0.1 M Na,CO3 with —0.05 mA/cm?.

Table I. Corrosion products of Cu exposed to 0.1 mg/cm?h NaCl
and humid air.

Exposure duration, h Corrosion products identified by XRD

1to4 N/A
8to 15 Cu0
>15 Cu,0 and Cuy(OH)3Cl1

there is no clear distinction of two reduction plateaus in region I,
its shape is similar to the overall shape of the first two plateaus in
Figures 4b and 4a.

Curve A in Figure 5 is for another sample that was exposed to the
same environment but reduced in 0.1 M KCI as suggested by ASTM
B825.% It is quite different, with only one broad plateau ranging from
—0.6 to —0.8 V so that the reduction of paratacamite and cuprite can-
not be clearly differentiated. This is the same as reduction of tenorite
and cuprite, which cannot be differentiated in neutral KCl but can
be in alkaline solution, e.g. 1 M KOH.?#*° Copper hydroxyl oxides
(Cuz(OH);Cl1 and Cu(OH)CI) are only stable at around pH 3.5 to
5.5,33! while Cu,O is more stable in neutral to alkaline environments.
0.1 M Na,CO;j is basic with a pH of 11.5, which resulted in different
reduction potentials for paratacamite and cuprite. A clearer distinc-
tion between the hydrogen evolution reaction (HER) and reduction
of corrosion products was also found in Na,CO; than in KCI. This
increases the accuracy of quantification of corrosion products with the
coulometric reduction technique. Therefore reduction of Cu corrosion
products in Na,COj; solution rather than KCI is recommended.

Identification and quantification of corrosion products.— Table [
lists corrosion products of Cu exposed to humid air with an NaCl
deposition rate of 0.1 mg/cm?h as determined by XRD. Similar to
field-exposed Cu, the initial corrosion product identified by XRD
was cuprite and then paratacamite formed later. For Cu exposed less
than 4 h, there was insufficient corrosion product to be detected by
XRD, but the reduction curve confirms the presence of cuprite after
exposure as Figure 6 indicates. Besides reduction of cuprite, it also
shows a reduction plateau around —0.6 to —0.7 V. This is probably
due to reduction of trace cupric compounds, although XRD could not
identify the presence of a cupric compound after exposure.

As the NaCl deposition rate increases in a marine environment,
e.g. by wave splashing, paratacamite formation becomes much faster.
Detection of Cu,(OH);Cl by XRD was reported after one month
exposure,’?> while it usually could take several months up to years

cupric

cuprite

E vs SCE, V

" " " " 1 " "
0 250 500 750 1000 1250 1500

Reduction time, s

Figure 6. Cu exposed to humid air with 0.1 mg/cm?h NaCl for 3 h. Solid line:
Reduction curve. Dashed line: Derivative of the reduction curve. Note that
cupric here represents cupric compounds such as paratacamite or atacamite.
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before Cu,(OH);Cl is detected by XRD under normal NaCl depo-
sition conditions.** A typical deposition rate of NaCl in a marine
environment without splash or spray is less than 0.00625 mg/cm?h,
which is much less than the deposition rate during most lab exposures.
In this work, detection of paratacamite by XRD on Cu exposed for
only 15 h with an NaCl deposition of 0.1 mg/cm?h clearly indicates
that formation of paratacamite can be dramatically accelerated by
increasing the NaCl deposition rate.

An equivalent weight loss of Cu can be calculated from reduction
curves by the following equation:

W= 10000 x (Qc+ 0.5 x QOp) x M
N F

(2]

where W is total weight loss in g/m?, Qc is reduction charge corre-
sponding to reduction of cuprite in C/cm?, Qp is reduction charge
corresponding to reduction of paratacamite in C/cm?, M is molecular
weight of Cu, 64 g/mol, and F is the Faraday constant, 96500 C/mol.

The approach used for determination of Qc and Qp is described in
Figure 6. The length of each plateau is determined by local minima of
the derivative of the reduction curve.?’ Although no paratacamite was
detected by XRD for samples exposed less than 15 h, the reduction
charge above the cuprite reduction plateau can still be assigned to Qp,
since it was due to reduction of Cu?* ions. Besides the calculation
of total Cu weight loss, the weight loss due to formation of cuprite
or paratacamite can be calculated separately with equations 3 and 4,
respectively:

10000 x Qc x M

We= —M— 3
¢ 7 (3]
10000 x Op x M
Wp=—— T [4]
x F

where Wc is weight loss due to formation of cuprite and Wp is weight
loss due to formation of paratacamite in g/m?.

Figure 7a summarizes weight loss data of Cu exposed to humid
air with 0.1 mg/cm?h NaCl deposition rate up to 80 h with UV or in a
dark environment. Figure 7b presents the derivative of each curve in
Figure 7a, showing the formation rates of cuprite and paratacamite and
the total corrosion rate of Cu. Generally, the formation of cuprite was
much faster than paratacamite and it has the most dominant influence
on the Cu corrosion rate. At the beginning, only part of the Cu surface
was covered with NaCl droplets. The covered area kept increasing
during exposure until the whole sample surface was fully covered
with NaCl solution after about 12 h. During this period, the formation
rate of cuprite and total corrosion rate were relatively low but kept
increasing, while the formation rate of paratacamite stayed close to
zero. After the surface was completely covered with NaCl solution, the
cuprite and paratacamite formation rates, and thus the Cu corrosion
rate, all increased significantly, which was likely due to continuous
increase of NaCl loading. Eventually, the rates all became relatively
stable. A constant Cu corrosion rate has been found previously for lab
exposure of Cu in mixed flowing gas and field exposure of Cu for three
years.*35 The corrosion rate of Cu and formation of Cu,O are both
constant when the corrosion product layer is not thick enough. After
exposure of Cu in the field for a few tens of years, when the corrosion
product layer is thicker than 10 pm, the corrosion products become
protective and corrosion rate decreases.’ Therefore, a decrease of the
Cu corrosion rate is very likely if the Cu is exposed in the lab chamber
for a longer period.

It is very clear that addition of UV illumination accelerates Cu
corrosion significantly, which is mainly because the formation rate of
cuprite is accelerated by UV illumination by about a factor of 2 during
the whole exposure from 4 to 60 h. The formation rate of paratacamite
is just slightly higher than in the dark. The acceleration effect of UV
reported in Figure 7 is very similar to the previously reported effect
of H,S/UV on Cu corrosion.!’

Naturally formed cuprous oxide is a p-type semiconductor with a
bandgap of 2.4 eV.** UV photons (A < 370 nm, E > 3.4 eV) have

Journal of The Electrochemical Society, 160 (8) C336-C344 (2013)

50
a W, UV
_oAor We, UV
£
(@]
s 30
[%2]
k]
=
S20Ff
()
=
10 Wp, UV
-------- *Wp, dark
0 L 1 1 1 1

10 20 30 40 50 60 70 80 90
Exposure time, h

0.8 b Total, UV
Cuprite, UV
=
E 0.6 |-
(@]
o)
T o4f __ Total, dark.
_5 Cuprite, dark
e v /)0 ZPUEIEE
o
5 0.2+
o 7
;_’f,»’ """""""""
0.0 [£=- - "Paratacamite, Dark
1 " 1 " 1 " 1

1 "
0 20 40 60 80
Exposure time, h

Figure 7. a) Weight loss and loss in thickness of Cu exposed to humid air
and 0.1 mg/cmzh NaCl, with UV (solid lines) or in dark (dashed lines).
b) formation rate of cuprite and paratacamite and corrosion rate of Cu, deriva-
tive of data showed in Figure 7a.

enough energy to generate electron-hole pairs. This only leads to ca-
thodic photocurrent, which reduces the passive current and increases
the corrosion resistance.’” N-type cuprite with a similar bandgap of
2 eV usually forms in slightly acidic to alkaline solution during corro-
sion, which can lead to anodic photocurrent and increase the corrosion
rate.'®1%38 Therefore, because Figure 7 clearly shows the acceleration
effect of UV, it is likely that n-type cuprite formed during exposure of
Cu in humid air and was more dominant than p-type cuprite.

With the presence of n-type cuprite on the anodic area of Cu, an
ohmic junction and Schottky barrier form at local anodes, as shown
schematically in Figure 8, which is similar to the model suggested by
Gerischer® and Burleigh®’*° on metals with n-type oxide under an-
odic polarization. Once a photon with energy larger than bandgap hits
cuprite, especially on the local anode area, a hole-electron pair forms
(equation 5). Electrons can drift back to the Cu substrate, assuming
the ohmic resistance is negligible, and migrate to cathodic areas to
support reduction of oxygen (equation 6), while holes move toward
the surface.

Three possible pathways are proposed. First, Cut is oxidized
to Cu>* (equation 7). Then a reverse disproportionation reaction
of cupric and metallic Cu to generate cuprous ions occurs as
equation 8 suggests. This is similar to reverse disproportionation
of Cuy(SO4)(OH)¢ and metallic Cu proposed previously for forma-
tion of cuprite in the presence of ammonium sulfate.*' Equation 9 is
the overall reaction of the first pathway. Cu(OH) as an intermediate
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Figure 8. Schematic illustration of the interaction between photons and n-type
cuprite. CB: conduction band; VB: valence band, modeled after.7-39

decomposes to form cuprite rapidly according to equation 10.%

4Cu,0 + 4 hv — 4Cu,0 + 4e™ + 4p* (5]
0, + 2H,0 + 4e~ — 40H™ (6]
4Cu™ + 4pt — 4Cu** [7]

4Cu*t 4+ 4Cu — 8Cut (8]

0, + 2H,0 + 4Cu + 4hv — 4Cu(OH) [9]
2Cu(OH) — Cu,0 + H,0 [10]

The other two possible routes are formation of oxygen atoms in-
stead of cupric ions by holes with O~ in Cu,O (equation 11) or by
holes with OH™ (equation 12):

0> +2pt - 0O [11]

20H +2p* — O+ H,0 [12]

Gerischer suggests formation of O, by a series of reactions between
0%~ and photons resulting in dissolution of Zn into ambient solu-
tion under UV illumination.*® Since the formation rate of Cu,0O in-
creases under UV illumination, it is more likely that atomic O (from
equation 11 or 12) diffuses through oxygen vacancies toward the
Cu/oxide interface and then react with Cu to form oxide. In this situ-
ation, the overall reactions are equations 13 and 14, corresponding to
11 and 12 respectively.

0, + 2H,0 + 20*™ + 4Cu + 4hv — 2Cu,0 + 40H" [13]

0, 4 4Cu + 4hv — 2Cu,0O [14]

Reaction 13 can generate oxygen vacancies, which is consistent
with characterization of n-type semiconductors.

The proposed reaction paths all indicate that photons have very
little effect on the formation of cupric ions, although the first pathway
might generate some less dominant cupric ions because reaction 8
is very likely a slow step. This is supported by the small increase
of Wp with UV illumination compared to Cu exposed in dark, as
Figure 7 shows. This increase is probably because of unreacted cupric
ions converting to Cu(OH),, CuO or some precursor of paratacamite.
Actually, a greenish species started to appear after Cu was exposed to
UV for 6 h in the environment chamber with constant deposition of
NaCl, about two hours earlier than Cu exposed in dark. The greenish
species is likely paratacamite, although XRD could not identify it.

Figure 9. SEM images of Cu exposed to low and high CO;. a) and b) Cu
exposed to humid air with less than 1 ppm CO5 and 0.1 mg/cm?h NaCl for
58.5 h. Broken film in Figure 10b is remaining NaCl as confirmed by EDS.
¢) and d) Cu exposed to humid air with 350 ppm CO, and 0.1 mg/cm”h NaCl
for 60.5 h. Flakes in d) are paratacamite as confirmed by EDS.

Effect of CO; on Cu corrosion with NaCl.— The corrosion behav-
ior of Cu exposed with low CO; (< 1 ppm) is different than that of Cu
exposed with 350 ppm, which is close to the ambient concentration of
CO; in the air. Cu exposed to alow CO, atmosphere exhibited a black
surface covered with white salt. In contrast, Cu exposed to high CO,
had a reddish-brown surface with greenish paratacamite interspersed,
which is similar to what forms on Cu exposed in the field.* The black
color is due to the presence of black compound tenorite (CuO), which
became detectable by XRD on Cu exposed longer than 20 h with
low CO,. However no paratacamite or other cupric compound was
identified by XRD. SEM images of these two samples are also quite
different as Figure 9 indicates. The corrosion product on Cu exposed
with low CO, was more compact than that formed on Cu exposed
with high CO,, although it still had some fine porosity, Figures 9a and
9b. Cu exposed with high CO, had a much less dense product layer
covered with paratacamite flakes as Figures 9c and 9d indicate.

Figure 10 is a typical reduction curve of Cu exposed with low CO,.
In contrast to the curve for Cu exposed to high CO, in Figure 5, the
reduction plateau of cuprite at —0.8 V SCE was relatively small. A
broad plateau from —0.7 to —0.76 V is due to reduction of tenorite, as
it has been shown that reduction of tenorite occurs at a more positive
potential than reduction of cuprite in alkaline solution.”® The part of
the curve above the tenorite reduction plateau was always very small
and might due to reduction of some other trace cupric compounds.
The amounts of Cu,O and CuO formed during exposure with low
CO; can still be quantified with equations 3 and 4 separately by their
reduction charges.

The equivalent weight loss and corrosion rate of Cu exposed to
high and low CO; is compared in Figure 11. Generally, the corrosion
rate of Cu exposed to low CO, (<1 ppm) was relatively constant with
time in contrast to the behavior of Cu exposed to high CO, (350 ppm).
It is interesting to notice that during the first 5 h, Cu exposed to low
CO, corroded faster than Cu exposed to high CO,. This is similar
to exposure of Cu with NaCl particles. With low NaCl loading, Cu
corroded faster with low CO, (< 5 ppm), while at high NaCl loading,
Cu corroded faster with high CO, (350 ppm).”?* This was attributed
to the fact that NaCl droplets are more spread out with low CO,.%°
So during the first 5 h, before the Cu surface is completely covered
with NaCl droplets, samples exposed to low CO, had higher surface
coverage of NaCl solution for the same loading of NaCl. This explains
why Cu corroded faster with low CO, during the first 5 h. For Cu
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Figure 10. Reduction curve of Cu exposed to humid air with less than 1 ppm
CO; and 0.1 mg/cmzh NaCl for 23.5 h. Cu was reduced in 0.1 M Na;COs3.
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Figure 11. Effect of CO, concentration on Cu corrosion. a) equivalent weight
loss of Cu exposed to humid air with 350 ppm or < 1 ppm CO;. NaCl deposition
rate is 0.1 mg/cm?h. Subscript L and solid lines are Cu exposed to < 1 ppm
CO;. Subscript H and dashed lines are Cu exposed to 350 ppm CO,. For Cu
exposed to < 1 ppm CO,, Wpis weight loss due to formation of tenorite instead
of paratacamite. b) formation rate of cuprite and paratacamite and corrosion
rate of Cu, derivative of data showed in a).

exposed longer than 5 h, the corrosion rate of Cu exposed to low CO,
became slower than for Cu exposed to high CO,.

Since no Cu,(OH);Cl formed during exposure of Cu to low CO,,
the actual loading of NaCl on Cu was more than for Cu exposed to
low CO,. This is supported by the observation that samples exposed
to low CO;, had much more white NaCl remaining on the surface
than samples exposed to high CO, after they were taken out of the
chamber and dried. However, even with more NaCl, the corrosion rate
of Cu exposed to low CO, was still much less than for the Cu exposed
to high CO,. This is mainly due to the presence of CuO, which can
provide a high degree of corrosion protection. It has been shown that
the initially formed Cu,0 has a porous structure.*> CuO forms in
the Cu,O pores to block them and increase corrosion resistance.*>**
Figures 9a and 9b confirm the relatively compact surface morphology
of Cu exposed with low CO,. With high CO,, paratacamite was the
main cupric compound instead of tenorite. Most of the paratacamite
was just flakes loosely attached to sample surface as Figure 9d shows.
These flakes were not as protective as the compact oxide layer formed
in low CO, environment. On the other hand, after 10 h exposure,
almost the whole sample surface was covered with NaCl droplets, so
there was no surface coverage difference between Cu exposed to low
CO; and high CO,. Therefore after 5 h exposure, before the whole
surface was covered with NaCl solution, the corrosion rate of Cu in
low CO, was slower than Cu exposed to high CO,.

pH has a strong influence on the formation or stability of Cu,O,
CuO and Cu,(OH);Cl. Cu,O forms at pH > 4, while formation of
CuO occurs at pH > 6.7.% Cu,(OH);Cl is stable between pH 3.8 to
5.5.33! Using software from OLI Systems Inc., the equilibrium pH of
water with 350 ppm CO, was calculated to be about 5.7 but as the
CO, concentration drops to less than 1 ppm, the pH increases above
6.8. So with low CO,, CuO is the dominant cupric corrosion product.
This also explains why CuO is not the dominant cupric compound in
the field because the CO, concentration in the ambient atmosphere is
about 300 to 600 ppm.*> With high CO,, the formation of Cu,(OH);Cl
is likely to occur at local anode areas where local pH is lower than
the bulk aqueous layer. That is probably why dispersed Cu,(OH);Cl
appeared after relative short term exposure.

Morphology and localized corrosion of exposed Cu.— The sur-
faces of samples exposed to 350 ppm CO; for less than 12 h had
significant circular features with a diameter of a few hundred mi-
crometers as Figures 12a and 12b show, which suggests a strong
effect of the initial droplets formed by the deposited NaCl solution
aerosol. For samples exposed longer, the circular features become less
evident and the sample surface was much more uniform. However, af-
ter corrosion products were dissolved in strong acid, circular features
were the dominant feature on the metallic substrate. As shown in
Figures 12d-12f, attack was localized in the form of small pits at
the periphery of circles with similar size as the circular features that
appeared after exposure. This morphology was even observed for
samples exposed for relatively long times and did not have circu-
lar features in the corrosion product layer. Although some pits were
occasionally present at the center of a circle, these peripheral pits sug-
gest that oxidation of Cu primarily occurred around the edge of the
initially-formed droplets. The mechanism of formation of these pits
is not known. However, it is completely different than the classical
Evans droplet model on steel, where oxidation of iron occurs under
the center of a droplet of 0.1 M NaCl as an anode and reduction of
oxygen occurs under the edge as a cathode because oxygen is more
available at the edge of droplet.*® For Cu exposed to less than 1 ppm
CO,, the circular features were less significant. More pits were found
close to centers of droplets. This suggests that a stronger secondary
spreading of droplets with low CO,%% can impede formation of the
circular features.

Figure 13a presents Volta potential profiles from SKP measured
across the surface of Cu exposed with a single saturated NaCl droplet
in 98% RH, which simulates the exposure conditions in the home-
built chamber. At the beginning, the potential under the droplet
was much lower than the surrounding area and a dramatic poten-
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Figure 12. Images of Cu exposed to humid air (350 ppm CO,) and 0.1 mg/cm’h in dark. a), b) and c) are samples after exposure. d), e) and f) are exposed samples
after soaked in 6.5 M HCI for 5 min and 1 min in 1 M H,SO4 to remove corrosion products. a) and d) are samples exposed for 4h; b) and e) are 12 h; ¢) and f) are

samples exposed for 23.5 h.

tial change occurred right outside of the edge of the droplet. This
is the same as previous results on Cu with single NaCl droplet in
85% RH,” which suggests a thin electrolyte layer surrounding the
droplet. Reduction of oxygen is likely to occur within this thin elec-
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Figure 13. a) profiles of Cu with one droplet of saturated NaCl in 98% RH for
1 h, 23 h and 69 h respectively. Dashed line: geometrical profile of the droplet.
Solid line: Volta potential. b) morphology of the same Cu sample after 72 h
exposure and remove corrosion product by strong acid.

trolyte area. Probably because of the formation of insoluble cuprite
and the thin electrolyte layer, a large ohmic potential drop is gener-
ated between the anode and cathode. Therefore, oxidation of Cu takes
place very close to the cathode, at the outer periphery of the droplet.
This may explain why small pits formed around the periphery of the
droplet.

In the 98% RH SKP chamber, the NaCl-saturated droplet kept
absorbing water and growing during the measurement. However, the
low potential region was always observed around the edge of the
droplet. The topography of the sample after exposure for 72 h and
removal of the corrosion product shows a sequence of circular rings
of pits that probably formed as the droplet grew, Figure 13b. The
eventual increase of potential under the droplet is probably due to
formation of paratacamite and depletion of NaCl, which results in an
inactive region.

The maximum pit depth from optical profilometry and equiva-
lent weight loss calculated from reduction charge of Cu exposed to
different environments are presented in Figure 14. Generally, at the
beginning, the pit depth increased much faster than weight loss, and
then it slowed down. This suggests that corrosion of Cu with constant
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Figure 14. Maximum pit depth and equivalent weight loss of Cu exposed in
various environments.
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deposition was more localized at the beginning and then became more
uniform.

The maximum pit depth of Cu exposed to UV is about three times
that of Cu exposed in dark environment as Figure 14 shows. This is
consistent with the explanation given above, that extra anodic pho-
tocurrent is generated due to interaction between UV photons and
local anodes. For Cu exposed with low CO,, localized corrosion is
more severe than Cu exposed with high CO,, although its total corro-
sion rate is lower. This again supports that the notion that corrosion
products formed in low CO, environment are more protective.

Conclusions

A new environment chamber with constant deposition of NaCl was
designed and used for laboratory exposure of Cu. Corrosion behavior
of Cu with UV and CO, under constant deposition of NaCl was
studied.

® The features in Cu coulometric reduction curves were associated
with different corrosion products, allowing the coulometric reduction
method to be used for quantification of the different products.

® With 350 ppm CO,, paratacamite and cuprite are the dominant
corrosion products like Cu exposed in the field. When CO, drops to
less than 1 ppm, which increases pH of aqueous layer on Cu, tenorite
and cuprite are dominant. Corrosion products formed in low CO, are
much more dense and protective than corrosion products formed in
high CO,. Therefore, CO, is very aggressive for Cu corrosion.

® UV has a strong acceleration effect on formation of cuprite due
to interactions between UV photons and cuprite but UV has little
effect on the formation of paratacamite.

® In various environments with UV illumination or different con-
centration of CO,, during the beginning of exposure, localized cor-
rosion is always dominant, but uniform corrosion becomes dominant
after exposure of approximately 20 to 30 h. Therefore, localized cor-
rosion is not a severe concern for long term exposure of Cu in these
environments.

Acknowledgments

This work was funded through the Mandaree Enterprise Corp.
as part of the Technical Corrosion Collaboration organized by D.
Dunmire at the U.S. Office of the Secretary of Defense. Many thanks
to E. Macha and Professor R. Kelly at University of Virginia for useful
discussions.

References

1. D. W. Rice, P. Peterson, E.B. Rigby, P.B.P. Phipps, R.J. Cappell, and
R. Tremoureux, J. Electrochem. Soc., 128, 275 (1981).

Journal of The Electrochemical Society, 160 (8) C336-C344 (2013)

. T. E. Graedel, Corrosion Sci., 27, 721 (1987).

. T. E. Graedel, Corrosion Sci., 27, 741 (1987).

. T. E. Graedel, K. Nassau, and J. P. Franey, Corrosion Sci., 27, 639 (1987).

. L. Nunez, E. Reguera, and F. Corvo, Corrosion Sci., 47, 461 (2005).

. M. Watanabe, M. Tomita, and T. Ichino, J. Electrochem. Soc., 148, B522 (2001).

. Z.Y. Chen, D. Persson, and C. Leygraf, J. Electrochem. Soc., 152, B526 (2005).

. Z.Y. Chen, S. Zakipour, and C. Leygraf, Corrosion, 60, 479 (2004).

. Z.Y. Chen, D. Persson, F. Samie, S. Zakipour, and C. Leygraf, J. Electrochem. Soc.,
152, B502 (2005).

. Z.Y. Chen, S. Zakipour, and C. Leygraf, Corrosion, 61, 1022 (2005).

. H. Strandberg and L. G. Johansson, J. Electrochem. Soc., 145, 1093 (1998).

. H. Strandberg, Atmos. Environ., 32, 3521 (1998).

. S. L. Clegg, P. Brimblecombe, and Z. Liang, Aerosol Sci. Technol., 27, 345 (1997).

. R. P. Frankenthal, R. Lobnig, D. J. Siconolfi, and J. D. Sinclair, J. Vac. Sci. Technol.
A-Vac. Surf. Films, 11, 2274 (1993).

. D. Liang, H.C. Allen, G.S. Frankel, Z.Y. Chen, R.G. Kelly, Y. Wu, and
B. E. Wyslouzil, J. Electrochem. Soc., 157, C146 (2010).

. E. Schindelholz and R. G. Kelly, Electrochem. Solid State Lett., 13, C29 (2010).

. T. E. Graedel, J. P. Franey, and G. W. Kammlott, Science, 224, 599 (1984).

. F. Di Quarto, S. Piazza, and C. Sunseri, Electrochim. Acta, 30, 315 (1985).

. U. Bertocci, J. Electrochem. Soc., 125, 1598 (1978).

. Z.Y. Chen, D. Persson, A. Nazarov, S. Zakipour, D. Thierry, and C. Leygraf,
J. Electrochem. Soc., 152, B342 (2005).

. T. M. Whitworth, U. W. Siagian, and R. Lee, Sep. Sci. Technol., 38, 4009 (2003).

. E. B. Neiser, Atmospheric Corrosion of Silver and its Relation to Accelerated Cor-
rosion Testing, A thesis for Master of Science, University of Virginia (2010).

. M. Watanabe, M. Tomita, and T. Ichino, J. Electrochem. Soc., 149, B97 (2002).

. ASTM, B825-02, Standard Test Method for Coulometric Reductionof Surface Films
on Metallic Test Samples (2008).

. B. Maier and G. S. Frankel, Corrosion, 67, 15 (2011).

. IS0, 9223, Corrosion of Metals and Alloys - Corrosivity of Atmospheres - Classfi-
cation, (1992).

. S.J. Krumbein, B. Newell, and V. Pascucci, J. Test. Eval., 17, 357 (1989).

. S. Nakayama, T. Kaji, and M. Shibata, J. Electrochem. Soc., 154, C1 (2007).

. J. Y. Malvault, J. Lopitaux, D. Delahaye, and M. Lenglet, J. Appl. Electrochem., 25,
841 (1995).

. S. Nakayama, A. Kimura, M. Shibata, S. Kuwabata, and T. Osakai, J. Electrochem.
Soc., 148, B467 (2001).

. M. Pourbaix, J. Electrochem. Soc., 123, C25 (1976).

. L. Veleva, P. Quintana, and R. Ramanauskas, Electrochim. Acta, 41, 1641 (1996).

. C.Leygraf and T. E. Graedel, Atmosperic Corrosion, p. 354, John Wiley & Sons Inc.
(2000).

. S. Syed, Corros. Eng. Sci. Technol., 43, 267 (2008).

. K. Demirkan, G. E. Derkits, D. A. Fleming, J. P. Franey, K. Hannigan, R. L. Opila,
J. Punch, W. D. Reents, M. Reid, B. Wright, and C. Xu, J. Electrochem. Soc., 157,
C30 (2010).

. W. H. Strehlow and E. L. Cook, J. Phys. Chem. Ref. Data, 2, 163 (1973).

. T. D. Burleigh and R. M. Latanision, J. Electrochem. Soc., 134, 135 (1987).

. B. Millet, C. Fiaud, and C. Hinnen, Corrosion Sci., 37, 1903 (1995).

. H. Gerischer, Journal of the Electrochemical Society, 113, 1174 (1966).

. T. D. Burleigh, C. Ruhe, and J. Forsyth, Corrosion, 59, 774 (2003).

. R. Lobnig, J. D. Sinclair, and M. Stratmann, J. Electrochem. Soc., 150, A835
(2003).

. D. W. Shoesmith, T. E. Rummery, D. Owen, and W. Lee, J. Electrochem. Soc., 123,
790 (1976).

. S.B. Adeloju and Y. Y. Duan, Br. Corros. J., 29, 309 (1994).

. S. B. Adeloju and H. C. Hughes, Corrosion Sci., 26, 851 (1986).

. J.E. McRae and T. E. Graedel, J. Geohys. Res. -Oceans and Atmospheres, 84, 5011
(1979).

. U. R. Evans, The Corrosion and Oxidation of Metals; Scientific Principles and Prac-
tical Applications, London, E. Arnold (1960).


http://dx.doi.org/10.1149/1.2127403
http://dx.doi.org/10.1016/0010-938X(87)90053-9
http://dx.doi.org/10.1016/0010-938X(87)90054-0
http://dx.doi.org/10.1016/0010-938X(87)90047-3
http://dx.doi.org/10.1016/j.corsci.2004.05.015
http://dx.doi.org/10.1149/1.1418377
http://dx.doi.org/10.1149/1.2104107
http://dx.doi.org/10.5006/1.3299244
http://dx.doi.org/10.1149/1.2098327
http://dx.doi.org/10.5006/1.3280618
http://dx.doi.org/10.1149/1.1838422
http://dx.doi.org/10.1016/S1352-2310(98)00058-2
http://dx.doi.org/10.1080/02786829708965478
http://dx.doi.org/10.1116/1.578361
http://dx.doi.org/10.1116/1.578361
http://dx.doi.org/10.1149/1.3310812
http://dx.doi.org/10.1149/1.3473724
http://dx.doi.org/10.1126/science.224.4649.599
http://dx.doi.org/10.1016/0013-4686(85)80190-0
http://dx.doi.org/10.1149/1.2131251
http://dx.doi.org/10.1149/1.1984448
http://dx.doi.org/10.1081/SS-120024716
http://dx.doi.org/10.1149/1.1450615
http://dx.doi.org/10.5006/1.3560118
http://dx.doi.org/10.1520/JTE11142J
http://dx.doi.org/10.1149/1.2364837
http://dx.doi.org/10.1007/BF00772202
http://dx.doi.org/10.1149/1.1409545
http://dx.doi.org/10.1149/1.1409545
http://dx.doi.org/10.1149/1.2132800
http://dx.doi.org/10.1016/0013-4686(95)00417-3
http://dx.doi.org/10.1179/174327807X234705
http://dx.doi.org/10.1149/1.3258288
http://dx.doi.org/10.1063/1.3253115
http://dx.doi.org/10.1149/1.2100391
http://dx.doi.org/10.1016/0010-938X(95)00072-R
http://dx.doi.org/10.1149/1.2423779
http://dx.doi.org/10.5006/1.3277606
http://dx.doi.org/10.1149/1.1574032
http://dx.doi.org/10.1149/1.2132934
http://dx.doi.org/10.1179/000705994798267485
http://dx.doi.org/10.1016/0010-938X(86)90068-5
http://dx.doi.org/10.1029/JC084iC08p05011

