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Abstract: Electrochemical impedance (EIS) and thin electrical resistance (ER) sensors were invented for atmospheric
corrosion measurement of copper (Cu) during cyclic wetting—drying/high—low temperature tests and field exposure
tests. Three-month field exposure results showed that average corrosion rate of Cu measured by ER sensor was well in
accordance with that by weight loss method. During cyclic wetting—drying test, EIS was proven to reflect sensitively
time of wetting and drying on the surface of sensor. Although corrosion rate obtained from EIS had a similar
tendency to that obtained from ER sensors, the former was more dependent on environmental humidity than the latter.
When relative humidity was low than 60%, corrosion rate of Cu measured by EIS was much lower than that by weight
loss method, mainly attributing to the fact that impedance sensor failed to detect corrosion current of interlaced Cu
electrodes due to the breakdown of conductive passage composed of absorbed thin liquid film under low humidity
condition. Promisingly, ER sensor was proven to be more suitable for atmospheric corrosion monitoring than
electrochemical techniques because it could sensitively monitor thickness loss of Cu foil according to the Ohmic law,
no matter how dry or wet the sensor surface is.
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1 Introduction

Copper is the most widely used electronic
interconnecting metal due to its excellent electrical
conductivity, thermal conductivity and corrosion
resistance [1—4]. When electronic equipment serves
in harsh environments, such as marine atmospheric
environment [5—8], some gas pollutants or salt
particles may absorb or deposit on the surface of
printed circuit board (PCB) owing to the poor air
filtration, leading to corrosion of pins, solder
plate and even leads of integrated chip on the
PCB [9—-12]. With the developing integration and
miniaturization of electrical components, ng-level
corrosion loss could lead to failure of whole

electrical circuits [13—15]. Generally, atmospheric
corrosion behavior of PCB-Cu begins with the
formation of microdroplets due to the deliquescence
of salt particle [16,17]. In order to avoid the
unexpected failure of microelectronics, it is vital to
monitor the volatilization and condensation process
of saline droplets as well as the corrosion of
underlying PCB-Cu.

In the past few decades, galvanic-type
corrosion sensors have been widely applied in the
field of the atmospheric corrosion measurement
(ACM) [18—22], which are composed of two
heterogeneous metal electrodes and designed on
the basis of galvanic amperometry. MANSFELD
et al [23—25] firstly adopted the galvanic-cell
Cu—Zn sensors to monitor atmospheric corrosivity,
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finding that it was difficult to detect flow current
under the condition of discontinuous or extremely
thin electrolyte layer. MIZUNO et al [26] studied
the atmospheric corrosion of steel by Fe—Ag type
sensors, aiming at monitoring atmospheric
corrosivity through galvanic current. However, the
galvanic current is generally measured at polarized
rather than natural status, it only represents the
atmospheric corrosivity, or time of wetting (TOW)
rather than the realistic corrosion rate of metal
electrodes. On the other hand, electrochemical
impedance spectra (EIS), as a lowly disturbing
corrosion measurement method, has been widely
used in atmospheric corrosion measurement [27—29],
where the impedance in high frequency (10 kHz)
and low frequency regions (0.01 Hz) respectively
represents the resistance of adsorbed thin electrolyte
layer (TEL) and charge transfer. NISHIKATA
et al [30] employed EIS to study atmospheric
corrosion behaviors of metals by using two
nominally identical mild steel electrodes in the
wetting—drying cycling test, in which the two
electrodes were covered by simulating TEL with
different thicknesses. Nevertheless, the simulating
TEL is much different from naturally formed TEL
in the real atmosphere because the latter is usually
discontinuous with a varying thickness. To simulate
the atmospheric corrosion scenarios more
realistically, LI et al [31] developed a two-electrode
sensor to study atmospheric corrosion of
weathering steel induced from deliquescence of
NaCl particles, and found that EIS at different
relative humidities (RH) often corresponded to
different equivalent circuits. In our previous
work [32], we studied the dewing process and
atmospheric corrosion of Cu under cyclic wetting—
drying test using a two-electrode system with
comb-like arrangement. It is found that when the
RH is low (for example 60%), the corrosion rate
(<1 nm/a) calculated by the low-frequency
impedance was much lower than the realistic rate
(0.1-0.5 pm/a) of Cu owing to the lack of
conductive passage (without continuous TEL)
across two Cu electrodes. The above results suggest
that the electrochemical techniques are not suitable
for ACM.

Fortunately, the electrical resistance (ER)
technique [33—35] could avoid the necessity of
existing continuous TEL on metal samples, which
calculates the corrosion rate of metal based on the

Ohmic law other than the electrochemistry beneath
TEL. If a metal stripe or wire is corroded, the
thickness loss and corrosion rate could be deduced
by measuring the tiny resistance change of metal
specimen. CAI and LYON [36] applied ER probe to
investigate the atmospheric corrosion kinetics of
iron, and found that it is a rate-controlling process
involving some regeneration of chloride ions.
PROSEK et al [37] studied the corrosion of copper,
bronze, and iron samples exposed to indoor
atmosphere (80% RH) by automated electrical
resistance sensors, and found that short-chain
volatile carboxylic acids in air could significantly
accelerate corrosion when their concentration is
over 300x10™” with 80% RH.

In this work, electrochemical impedance and
ER techniques were combined to research the
atmospheric corrosion of Cu in field exposure and
wetting—drying/high—low temperature cycling tests.
The corrosion rate of Cu obtained by weight loss
method in the same atmosphere was used as a
reference. The sensitivity, accuracy, as well as
correlation and difference of two ACM methods
were comparatively studied.

2 Experimental

2.1 Materials and reagents

Cu (>99.9 wt.%) coupons with size of 50 mm
(width) x 100 mm (length) x 3 mm (thickness) were
used for weigh loss test and the following surface
analysis during ACM. Prior to the experiments, Cu
coupons were ground with 800, 1000” and 1500
silicon carbide emery papers sequentially, then
rinsed with anhydrous alcohol and acetone for
5 min in the ultrasonic cleaner, subsequently dried
with cold air. Finally, all Cu coupons were stored in
desiccator for no more than 24 h before use.

NaCl, acetone and anhydrous alcohol with
analytical purity were provided by Sinopharm
Chemical Reagent Co., Ltd. Deionized water was
self-produced by the laboratory.

2.2 Atmospheric corrosion monitoring sensors
2.2.1 Electrical resistance sensor

ER sensor is made of thin Cu stripes attached
on a PCB, and a CST480 datalogger (Corrtest
Instruments, Wuhan, China) was employed to
gauge the corrosion amount of Cu, as shown in
Fig. 1. The ER datalogger applied a constant current
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Fig. 1 Photograph (a), Cu sensor (b), and schematic electronic circuits (c) of electrical resistance datalogger

across the Cu stripes and measured the voltage drop
between two terminals of the Cu stripes. The
corrosion rate could be deduced from the derivative
of thickness loss versus time, which was used for
evaluating the atmospheric corrosion of Cu
according to the ISO 9223—2012 standard. The ER
sensor was prepared as follows: firstly, 35 um-thick
Cu stripes were plated on a glass fiber-reinforced
epoxy resin sheet by etching method, to form a
particular pattern consisting of 50 Cu tracks in
parallel, among which 25 Cu tracks were exposed
to air acting as sensing element, while the
remaining 25 tracks were masked by green paint as
reference element (Fig. 1(b)). Each Cu track is 5 cm
in length and 100 pum in width, and the distance
between each of Cu track is 100 pm.

ER datalogger is composed of a precise
constant current source, two 24bit A/D converters
and a thermocouple, as shown in Fig. 1(c), where
Pin A and Pin F refer to current input and output
terminals, Pin B and Pin C are used to sense the
voltage drop across sensing track, and Pin D and
Pin E are used to sense the voltage drop across the
reference track. The current is firstly generated by
the constant-current source to flow through R, and
Ry, and then the partial voltage V, and V' across R,
and Ry are measured by the two instrumental
amplifiers and 24bit X-A A/D converter,
respectively. The R,/R¢ ratio of A is recorded
chronologically. Considering that R, is increased

with time due to the corrosion of exposed tracks,
the 4 would increase with time. Thus, the corrosion
thickness loss and corrosion rate of Cu could be
deduced from the derivate dA/dt.

Considering the plate-type sensing elements in
ER sensor, the thickness d, would decrease with
undergoing corrosion, when a constant current /
flows through Pin A to Pin F, accordingly the
voltage drop (V) of sensing track is equal to IR,

and Vy=IR;. The wvoltage ratio (A) could be

calculated by

a=Vs (IR, _ pL, wd; (1)
va IRf po dex

where L,, w, and d, represent the length, width and
thickness of exposed Cu tracks (sensing element),
respectively, and L¢, wr and dr are the length, width
and thickness of green oil masked Cu tracks
(reference element), and p is the Cu resistivity.
Allowing for that the width and length of the
sensing and reference tracks are unchanged during
the ACM period, at a certain time ¢, Eq. (1) could be
simplified as

C
dx(f)—m (2)
_g Lewm
C=d; L w, (3)

Obviously, for a specific ER sensor, C is a
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constant. Therefore, the residual thickness d,(f) at
time ¢ of the sensing track is inversely proportional
to the ratio of voltage drop A(f) at the same time.
The corresponding corrosion rate of exposed Cu
track at time ¢ could be deduced by differentiating
thickness against time, as

od (1)
o () === “)
ot
2.2.2 Electrochemical impedance sensor
As shown in Fig.2, the two-electrode

configuration with comb-like (interlaced) Cu stripes
plated on glass fiber enhanced resin laminate
(Fig. 2(b)), which has been illustrated in our
previous work [32]. A portable datalogger
(impedance analyzer) was used to gauge the
impedance of Cu electrodes on the comb-like
sensor at two fixed frequencies, to obtain
polarization resistance of Cu at 0.01 Hz and TEL
resistance at 10 kHz, respectively. The corrosion
current density and corrosion rate could be deduced
according to the Stern—Geary equation [25]. The
impedance datalogger can automatically carry out
measurement according to preset time interval
under the control of real-time clock (Fig. 2(c)). In
this work, the measurement interval was set to be
1 h. The impedance datalogger can be easily used in
field thanks to its mini size and low power
consumption.
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2.3 Procedure
2.3.1 Field exposure test

After pretreatments, all Cu coupons and ER
sensor are installed in the atmospheric corrosion
field station in Wuhan, China, at an inclination of
45° with respect to horizontal direction. The
longitude and latitude of the exposure site are
114.41° and 30.51°, respectively. According to the
meteorological data, the average temperature,
relative humidity, CI” deposition amount, and SO,
content are 23.1°C, 61.5%, 1719 mg/cm’ and
0.3342 mg/cm’. To avoid the galvanic corrosion
between different materials, the testing racks and
bolts used for installation of Cu coupons were made
of polytetrafluoroethylene. The ER datalogger was
set to read data once 1 h. Five Cu coupons were
retrieved once a month, and then corrosion products
on their surfaces were cleaned by 10 wt.% amino
sulfonic acid aqueous solution. The average
corrosion rate of five Cu specimens was acquired
by weight loss method.
2.3.2 Wetting—drying/high—low temperature cycling

test

All  wetting—drying/high—low  temperature
cycling tests were carried out in a programmable
weathering chamber (YS—80—880S, Yi Shen,
China), which could adjust temperature and relative
humidity according to the preset procedure. The ER
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Fig. 2 Photograph (a), Cu comb-like electrode (b), and schematic electronic circuit (c) of electrochemical impedance

datalogger
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and impedance sensors were pre-deposited with
10 pg/cm® NaCl and then put in the weathering
chamber.

The procedure of wetting—drying cycle is as
follows: the air in the chamber was maintained at
35 °C with 90% RH (wetting period) for 2 h, and
then it was quickly switched to 35 °C with 60% RH
(drying period) for 4, 10, 16 and 22 h respectively,
as shown in Fig. 3(a). The wetting—drying cycle
repeats many times until total time reaches 168 h.
Among the four kinds of wetting—drying cycling
tests, the wetting period keeps unchanged, while the
dry period increases in sequence.

The procedure of high—low temperature cycle
is as follows: the air in the chamber was maintained
at 45 °C with 60% RH (high temperature period)
for 2 h, and then it was quickly switched to 25 °C
with 60% RH (low temperature period) for 4, 10, 16
and 22 h, respectively, as shown in Fig. 3(b). The
high—low temperature cycle was repeated until total
time reached 168 h. Among the four kinds of
high—low temperature cycling tests, the high
temperature period keeps unchanged, while low
temperature period increases in sequence.

2.4 Surface characterizations

The crystalline corrosion products were
characterized by X-ray diffraction (XRD,
PANalytical B.V., Holland) with a Cu K, target
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under 50 kV, 250 mA and 26=10°—85° at a scanning
speed of 2 (°)/min. The morphology of corrosion
products was observed by field emission scanning
electron microscopy (FESEM) equipped with 15 kV
ion beam.

3 Results and discussion

3.1 Atmospheric corrosion at field exposure

station

Cu coupons and ER sensors were installed
simultaneously in the atmospheric exposure field on
the 14th, August 2019. Figure 4 shows the time
dependence of the resistance ratio (1) and corrosion
rate (CR) based on the ER sensors. It is seen that
the instantaneous corrosion rate measured by ER
sensor fluctuates a lot with time, which is mainly
attributed to the alternate wetting and drying
surface due to the rainfall and temperature variation
between day and night. During the whole exposure
period, the average corrosion rate of Cu measured
by ER is ~0.6 um/a. To verify the reliability of ER
sensor, the atmospheric corrosion rate of Cu was
simultaneously checked by weight loss method, and
the corresponding corrosion rate results are listed in
Table 1. It indicates that the measured corrosion
rate obtained by the ER sensor is nearly consistent
with that by weight loss method, suggesting that the
ER sensor is rather reliable for outdoor ACM.
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O 40 1
=

30 |
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g) 40
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Fig. 3 Procedure diagrams of four kinds of wetting—drying cycling tests (a;—a4) and high—low temperature cycling tests
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Fig. 4 Corrosion rate and resistance ratio measured by ER sensor in field atmospheric exposure station of Wuhan, China

Table 1 Comparison of copper corrosion rate results by
weight loss and ER methods

Monitoring Average corrosion rate/(um-a ')
technique 30d 60d 100 d
Weight loss method 0.49+£0.02 0.54+0.01 0.56+0.02
ER method 0.63£0.03 0.61+0.02 0.60+0.01

Figure 5 shows the corrosion rate measured by
ER sensor during 60d corrosion test in the
weathering chamber. After the ER sensor with
pre-deposited NaCl particles was exposed to 90%
RH and 35 °C air, salt particles deliquesced quickly
and formed microdroplets. Therefore, the initial
corrosion rate is relatively higher and then it begins
to decrease owing to the formation of corrosion
products. When temperature increases from 35 to
45°C, water vapor would quickly condense
(dewing) on the surface of sensor due to the
temperature difference between the sensor and the
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Fig.5 Corrosion rate measured by ER sensor in
accelerated corrosion test

surrounding airflow inside the chamber. Owing to
the thermal inertia of the sensor, the temperature of
the sensor increases at a slower rate than that of
airflow, which contributes to the formation of
thickening TEL and accelerates the corrosion of
underlying Cu. On the other hand, when the
temperature decreases from 45 to 25 °C, the sensor
surface would become dry during dehumidifying
process (to sustain a constant RH), leading to a
reduced corrosion rate.

3.2 Corrosivity
atmosphere

The accelerated atmospheric corrosion of Cu
was conducted through wetting—drying cycling test,
aiming at checking the consistency of EIS and ER
techniques. Figure 3 shows the schematics of four
accelerated wetting—drying/high—low temperature
cycling tests, in which the corrosion of Cu was
measured by impedance sensor (Fig. 6(a)) and ER
sensor (Fig. 6(b)) simultaneously in the weathering
chamber (Fig. 6(c)).

Impedance sensor could be used to measure
the TEL resistance (R;) and polarization resistance
(R,) between the interlaced Cu electrodes, while ER
sensor is more suitable to the thickness loss
measurement. The mainly
proportional to the wetness on Cu electrode surface,
and R, is to the reciprocal of corrosion rate
according to the Stern—Geary equation. Figure 7
shows the time dependence of R; of NaCl-
contaminated Cu, firstly exposed in 90% RH and
35 °C air for 2 h, and then exposed in 60% RH and
35 °C air for 4 h (a), 10 h (b), 16 h (c) and 22 h
(d), respectively. It could be obviously seen that the

of wetting—drying cyclic

TEL resistance is
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Fig. 7 Variations of liquid film resistance of NaCl-contaminated copper with time, firstly exposed in 90% RH and
35 °C air for 2 h, and then in 60% RH and 35 °C for 4 h (a), 10 h (b), 16 h (c) and 22 h (d) (The wetting—drying cycle

repeats until total time reaches 168 h)

time of wetting (TOW) on the sensor surface. The
TOW could be an indicator for the atmospheric
corrosion prognostics and environmental corrosivity.
Generally, the longer the TOW is, the severer the
atmospheric corrosivity is [38]. However, the above
criterion for estimating environmental corrosivity is

value of Ry during the wetting period is rather low,
while it sharply increases during the drying period.
Furthermore, the variations of R in the wetting and
drying periods are exactly consistent to the timing
of wetting—drying cycles (Fig. 3(a)), which suggests
that impedance sensor could sensitively indicate the
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not always accurate, which could be evidenced by
the following corrosion tests in Fig. 8.

Figure 8 summarizes the time dependance of
corrosion rate of NaCl-contaminated Cu based on
the impedance (a;—a4) and ER (b;—b,) sensors when
exposed in 90% RH and 35 °C air for 2 h and then
in 60% RH and 35 °C air for 4, 10, 16 and 22 h.
The wetting—drying cycle is repeated until 168 h
total time reaches. The R, of Cu electrode was
measured at low frequency (0.01 Hz), and then the
corrosion rate (CR) was calculated by the
Stern—Geary equation (CR=B/R,, where B is the
Stern—Geary coefficient, here it is assumed to be
50 mV). Meanwhile, the thickness loss of Cu stripe
was estimated by ER sensor, and the corrosion rate
of Cu is calculated by the time derivative of
thickness loss. Comparing with the corrosion rate
curves by EIS and ER sensors, it can be found that
their trend against time is consistent, but the values
of corrosion rate measured by the EIS sensor are
much lower than those by the ER sensor in the
same atmosphere, one of the reasons is that the ER
mainly reflects the average corrosion rate but the
EIS reflects the instant rate.

To compare the thickness loss differences
from the EIS and the ER sensors, the corrosion rate
based on impedance sensor was integrated against
time and converted into thickness loss, as shown in
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Fig. 9(a). It is seen that the calculated thickness loss
curves by impedance sensors have similar trends
during the wetting—drying cycling test, but there
still exist big differences in corrosion thickness loss
according to the above two methods. Table 2
summarizes the average corrosion rate of
contaminated Cu by the impedance and ER sensors,
and it is seen that with increasing drying time
during each wetting—drying cycle, the average
corrosion rate of Cu firstly increases and then
decreases, among which the average corrosion rate
reaches the highest value when the dry period
increases to 10 h. The corrosion rate of Cu is
significantly increased just in the drying period
rather than wetting period, which is possibly
attributed to the increasing oxygen diffusion rate
and saline concentration with thinning TEL during
the drying period. The moderately prolonged drying
period may be beneficial to the thinning TEL
and further the increasing corrosion rate of Cu.
However, with further extension of drying period,
the corrosion rate of Cu would be refrained due to
the complete dehydration of corrosion sensors.
From Fig. 9(c), the corrosion rate obtained by
ER sensor is 4—5 times higher than that by
impedance sensor, mainly attributing to that the
measured R, at low frequency (0.01 Hz) in the dry
period is much higher than the real R, owing to lack
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Fig. 8 Variations of instantaneous corrosion rate of NaCl-contaminated copper with time measured by impedance-based
(aj—a4) and ER (b;—b,) sensors, firstly exposed in 90% RH and 35 °C air for 2 h, and then in 60% RH and 35 °C air for
4 h, 10 h, 16 h and 22 h, respectively (The wetting—drying cycle repeats until total time reaches 168 h)
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Fig. 9 Variations of thickness loss of NaCl-contaminated Cu with time measured by impedance (a) and ER sensors (b)

under four wetting—drying cycling tests, and corresponding average corrosion rate (c) and schematic drying and wetting

surface on impedance sensor

Table 2 Average corrosion rate obtained by impedance and ER sensors in wetting—drying cycle from Fig. 9

Monitoring

Average corrosion rate/(um-a ')

technique Wetting 2 h—drying4h  Wetting 2 h—drying 10 h ~ Wetting 2 h—drying 16 h  Wetting 2 h—drying 22 h

EIS 0.096+0.001
ER 0.43+0.008

0.193+0.007
1.24+0.01

0.20+0.007
1.15+0.009

0.16+0.004
0.77+0.009

of conductive bridge (continuous TEL) across the
two comb-like Cu electrodes on the impedance
sensor. According to Fig. 9(d), during the drying
period, the TEL would become discontinuous,
leading to the breakdown of conductive channel
between the two working electrodes (WE1 and
WE2). The impedance at 0.01 Hz only represents
the impedance of disconnected TEL other than
electrochemical reaction. Thus,
corrosion rate based on the impedance sensor would
be far lower than the real atmospheric corrosion rate
of Cu owing to that most corrosion events occurring
in a single Cu electrode fail to form a detectable
current across the two WEs. Besides, the accurate

the calculated

value of B is exceedingly difficult to obtain, which
may be another reason accounting for the different
corrosion rates between impedance and ER sensors.
Fortunately, for ER sensor, since it directly
measures the thickness loss of Cu stripes according
to the Ohmic law other than the electrochemical
reaction, it 1is therefore unaffected by the
discontinuous TEL during drying period.

The SEM images and XRD results of
corrosion products formed on Cu specimens during
the wetting—drying cycles are shown in Figs. 10 and
11, respectively. From Fig. 10(a), it is found that
only a few of corrosion products appear on the
Cu specimen surface, indicative of tiny corrosion of
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Fig. 10 Corrosion morphologies of contaminated copper after 168 h circulating exposure: firstly in 90% RH and 35 °C
air for 2 h, and then in 60% RH and 35 °C air for 4 h (a), 10 h (b), 16 h (c) and 22 h (d)
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Fig. 11 XRD patterns of corrosion products for
contaminated copper after 168 h circulating exposure:
firstly in 90% RH and 35 °C air for 2 h, and then in 60%
RH and 35 °C air for 4, 10, 16 and 22 h

Cu. With extended drying period, the accumulation
amounts of corrosion products firstly increase and
then decrease. When the drying period extends to
10 h in each wetting—drying cycle, the amount of
corrosion products reaches their maximum, mainly

scattering around the scratches on the Cu specimen.
The SEM morphology of Cu corrosion products is
in accordance with the corrosion rate by impedance
and ER sensors. From Fig. 11, when the drying
period is prolonged to 4 h, there are four peaks
appearing on the Cu surface, among which the three
typical peaks at 43.3°, 50.4° and 70.1° correspond
to elemental Cu, while the weak peak at 36.5° is
associated to Cu,O, suggesting the occurrence of
slight corrosion on Cu specimen. With prolonging
drying period, new peaks appear at 29.6° and 61.4°,
possibly ascribed to the formation of Cu,y(OH);Cl
and CuO, respectively. It suggests that the
corrosion process is accelerated with prolonged
drying period. In addition, the peak intensity of
Cu,0 reaches its maximum when the drying period
is 10 h, suggesting that the cyclic pattern composed
of 2h wetting period plus 10h drying period
exhibits the most intensive corrosion acceleration
ability. Nevertheless, the compositions of corrosion
products almost keep unchanged with further
extension of drying time after 10 h.
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3.3 Corrosivity of high—low temperature cyclic
atmosphere
Figure 12 shows the corrosion rates of

NaCl-contaminated Cu with time measured by
impedance (a;—a;) and ER (b;—b,) sensors, firstly
exposed in 60% RH and 45 °C air for 2 h, and then
in 60% RH and 25 °C air for 4, 10, 16 and 22 h.
From the corrosion rate curves, it is found that the
trends of corrosion rate against time are consistent
based on the above two sensors, but the values of
corrosion rate measured by EIS sensor are lower
than those by ER sensor in the same atmosphere.
Similarly, the corrosion rate of Cu electrode
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was further converted into its thickness loss of Cu
and shown in Fig. 13(a). Compared with the
thickness loss by ER sensor in Fig. 13(b), the
calculated thickness loss by impedance sensor has
similar trend versus time to the ER sensor during
high—low temperature cycling test. Table 3 lists the
difference of corrosion rate for contaminated Cu
based on the impedance and the ER sensors. It is
seen that, with increasing low—temperature period
during the high—low temperature cycling tests, the
average corrosion rate of Cu firstly increases and
then decreases, among which the corrosion rate
reaches its maximum when the low-temperature
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Fig. 12 Variations of instantaneous corrosion rate of NaCl-contaminated copper with time measured by impedance
(a;—ay4) and ER (b;—b,) sensors, firstly exposed in 60% RH and 45 °C air for 2 h, and then in 60% RH and 25 °C air for
4,10, 16 and 22 h (The high—low temperature cycle repeats until total time reaches 168 h)
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Fig. 13 Variations of corrosion thickness loss of NaCl-contaminated copper electrode with time measured by EIS (a)

and ER (b) sensors under four high—low temperature cycling tests and their corresponding average corrosion rate (c)
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period is 16 h during the high—low temperature
cycle. The Cu corrosion rate is significantly
increased during the cooling process due to that the
water vapor condensation increases the thickness of
TEL on Cu electrode. Moreover, moderately
prolonging low-temperature period is beneficial to
forming sufficient TEL, and thus accelerating the
corrosion of Cu. However, with further extension of
low-temperature period, the corrosion of Cu would
be refrained owing to that electrochemical reaction
is limited at low temperature.

From Fig. 13(c), the average corrosion rate
obtained by ER sensor is 810 times higher than
that by impedance sensor, mainly attributing to that
the measured impedance at low frequency (0.01 Hz)
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during the drying period is higher than the real
impedance because there is no conductive passage
between two comb-like Cu electrodes on the
impedance sensor in 60% RH air. When the
impedance sensor becomes dry, the impedance at
0.01 Hz would become much higher. Thus, the
values of corrosion rate from impedance sensor
would be far lower than the real value. Besides, the
selection of B value is another reason accounting
for the different corrosion rates between impedance
and ER sensors.

The SEM images and XRD results of
corrosion products formed on Cu specimens during
the high—low temperature cycles are shown in
Figs. 14 and 15, respectively. From Fig. 14(a), it is

Table 3 Average corrosion rate obtained by impedance-based and ER sensors in high—low temperature cycling test

from Fig. 13
. Average corrosion rate/(um-a ')
Monitoring
technique High temperature 2 h—  High temperature 2 h—  High temperature 2 h—  High temperature 2 h—
low temperature 4 h low temperature 10 h low temperature 16 h low temperature 22 h
EIS 0.056+0.001 0.059+0.002 0.10+0.003 0.063+0.002
ER 0.434+0.02 0.61£0.03 1.02+0.03 0.4540.01

b s e

R

2
=~
bf !

N

Fig. 14 Atmospheric corrosion morphologies of contaminated copper after 168 h cycling test: firstly in 60% RH and
45 °C air for 2 h, and then in 60% RH and 25 °C air for 4 h (a), 10 h (b), 16 h (c) and 22 h (d)
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High temperature 2 h-
low temperature 22 h
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low temperature 16 h
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Fig. 15 XRD patterns
contaminated copper after 168 h cycling test: firstly in
60% RH and 45 °C air for 2 h, and then in 60% RH and
25 °C air for 4, 10, 16 and 22 h

of corrosion products of

found that only a few of corrosion products appear
on the Cu specimen surface, and scratches could be
obviously  observed. With extended low
temperature  period during the  high—low
temperature cycling test, the accumulation amounts
of corrosion products firstly increase and then
decrease. When the low temperature period
increases to 16 h, the amount of corrosion products
reaches their maximum, which is in accordance
with the corrosion rate results by impedance and
ER sensors. Figure 15 shows the XRD patterns of
corrosion products on NaCl-contaminated Cu
surface after 168 h circling exposure: firstly in 60%
RH and 45 °C air for 2 h, and then in 60% RH and
25 °C air for 4, 10, 16 and 22 h repeatedly. It could
be seen that the composition of corrosion products
almost keeps unchanged, only Cu,O peak appearing
at 36.5°.

4 Conclusions

(1) In the field station of atmospheric
corrosion, corrosion rate measured by ER sensor is
nearly consistent with that by weight loss method,
which suggests that electrical resistance method
could be used to effectively estimate the outdoor
corrosion rate and corrosion thickness loss of Cu
specimen.

(2) In the indoor wetting—drying/high—low
temperature cycling tests, corrosion rate and
thickness loss of Cu electrode measured by
impedance sensor have similar trend with those

obtained by ER sensor, but the latter is much higher
than the former. It is mainly attributed to that
electrochemical impedance method fails to indicate
the real polarization resistance of Cu under
discontinuous TEL owing to lack of conductive
passage between two interlaced electrodes.

(3) ER method is more suitable for
atmospheric corrosion monitoring than electro-
chemical impedance method. Compared with ER
technique, the electrochemical impedance technique
could sensitively reflect the time of wetting on Cu
specimen surface.
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