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Abstract: The effects of relative humidity (RH) on a printed circuit board finished with electroless nickel immersion gold
(PCB-ENIG) under an adsorbed thin electrolyte layer (ATEL) were investigated in situ via the measurement of cathodic polarization
curves, electrochemical impedance spectroscopy, scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray
photoelectron spectroscopy to clearly elaborate the corrosion behavior of PCB-ENIG in the atmospheric environment. Results
indicated that the cathodic process of PCB-ENIG under ATEL was dominated by the reduction of dissolved oxygen, corrosion
products, and H,O. The cathodic current density of PCB-ENIG increased progressively with increasing RH. Moreover, its cathodic
current density in the solution was greater than that under ATEL. This result demonstrated that the diffusion process was not the
controlling step during the limiting reduction of cathodic oxygen. When the polarization potentials were located in a more negative
region, the cathodic polarization current density gradually decreased under 75% and 85% RH. Notably, the anodic process became
the controlling step in the extremely thin liquid film during the remainder of the experiment.

Key words: electronic materials; adsorbed thin electrolyte layer; cathodic polarization curve; electrochemical impedance

spectroscopy; relative humidity

1 Introduction

As electronic technology continuously develops,
printed circuit boards (PCBs), as electronic components,
are moving toward further miniaturization and a highly
integrated direction [1]. The trade-off for these
technological advances is that electronic devices are
becoming increasingly sensitive to moisture and
pollutants so that they are more likely to failures because
of corrosion [2]. To improve the corrosion resistance
capability and weldability of PCBs, various surface
coating treatments have been adopted. The electroless
nickel immersion gold (ENIG) plating technique has
become one of the main surface treatments for PCBs
because it provides superior weldability, excellent
conductivity, and low contact resistance [3,4].

Electronic components mainly undergo atmospheric
corrosion given that 90% of these components are

working in the atmospheric environment. Atmospheric
corrosion is one of the widespread forms of metallic
corrosion. It occurs on a metal surface covered with a
thin layer of dilute electrolyte produced by condensation
or adsorption. A change in the thickness of the electrolyte
layer affects several corrosion-related processes, such as
the mass transport of dissolved oxygen, the accumulation
of corrosion products, and the hydration of dissolved
metal ions [5]. Thus, electrolyte thickness has an
important role in the atmospheric corrosion of PCB
finished with ENIG (PCB-ENIG). Many investigations
on metal or alloy corrosion under a thin electrolyte layer
(TEL) have been reported during the past decades [6—8].
ZO0U et al [9] studied the corrosion behavior of PCB
under wet H,S environment and found that galvanic
corrosion induced by micropores would likely occur in
PCB-ENIG. Moreover, the expansion of corrosion
products led to the shedding of the surface layer of the
protective coating, which might result in the short circuit
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of PCB. However, the fundamental understanding of
PCB-ENIG, particularly under adsorbed TEL (ATEL),
remains lacking. This situation is mainly attributed to the
error in electrochemical measurements that arise from
the ohmic drop between the reference electrode (RE) and
the working electrode (WE) as well as the uneven current
distribution over the WE. Moreover, the Luggin capillary
was used to measure the potential of the WE, which may
change the thickness and composition of ATEL [5].
Therefore, a new approach to investigate the corrosion
failure behavior of PCB-ENIG in situ is necessary.
Inspired by previous studies [10—12], a new
experimental arrangement was developed in this work to
investigate the corrosion of PCB-ENIG under ATEL.

In this work, emphasis was placed on the effect of
ATEL on the corrosion behavior of PCB-ENIG. The
corrosion behavior of PCB-ENIG under ATEL at
different relative humidity (RH) levels (various thickness
values) was investigated using a new experimental
arrangement  and  conventional  electrochemical
techniques, including the measurement of polarization
curves, electrochemical impedance spectroscopy (EIS),
scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS). This research is expected to provide
essential insight into the corrosion mechanism of
PCB-ENIG under ATEL as well as a basis for optimizing
material selection and preventing failures.

2 Experimental

2.1 Materials

The raw material, PCB-ENIG, used in this work was
purchased from Sprine Co. (China). The basic
parameters of this PCB-ENIG are listed in Table 1.
Meanwhile, the schematic diagram of the PCB-ENIG is
presented in Fig. 1. As shown in the figure, the
PCB-ENIG sample has two identical gold-plated films of
20 mm x 3 mm that were embedded side by side into the
upper surface of FR-4. The distance between the two
identical gold-plated films, i.e., WE and counter
electrode (CE), was 0.5 mm. Two copper wires were
welded onto the two electrodes to ensure electrical
connection for electrochemical measurements, and the
weld points were sealed with silicone. A hole with a
diameter of 2 mm was drilled through the PCB-ENIG
sample at 0.5 mm apart from the WE and the CE. Before

Table 1 Basic parameters and treatment of PCB sample

Board material =~ Tppa¢/mm Topper/ M Toro-tayer/ WM

FR-4 0.8 35 0.02

Tooara—Board  thickness; Tcopper—Copper thickness; Tpro-layer—Protective
layer thickness

—I ~— 0.5 mm

|
0.5 mm ! 3 mm
l | W WE
I E—Q__—ck
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Cu layer

—— Board material

(b)
Fig. 1 Schematic diagrams of PCB-ENIG sample: (a) Vertical

view; (b) Cross-sectional view

each experiment, the samples were degreased with
alcohol for 5 min, rinsed with distilled water for 3 min,
and dried in a compressed cold air flow.

2.2 Design of experimental setup

The TEL that
experimental setup was thicker [8,13]. Consequently,
simulating the atmospheric corrosion behavior of the
material in a real environment was difficult. To improve

formed in the conventional

the simulation of the corrosion behavior of PCB-ENIG in
the marine atmosphere, the setup shown in Fig. 2 was
used in the experiment. To achieve certain humidity
levels in the reaction chamber, the mixing ratio of dry
gas to wet air generated by the humidifier could be
adjusted. The solution used in the humidifier was a 3.5%
NaCl solution, which was prepared from deionized water
and analytical grade reagent NaCl. The U-shaped tube
shown in Fig. 2 was filled with saturated NaCl solution.
A hole with a diameter of 2 mm was drilled through the
cured epoxy resin block. When the experiments were
conducted, the PCB-ENIG was fastened to the epoxy
resin block and aligned with the hole. Subsequently, a
compound mixture of NaCl and agar was embedded into
the holes as a salt bridge. The bottom of the epoxy resin
block was connected to the U-shaped tube filled with
saturated NaCl solution. A saturation calomel electrode
(SCE) was set at the U-shaped tube as the RE. This
configuration allowed performing electrochemical
measurements of the PCB-ENIG electrode under ATEL
and minimizing the ohmic drop between RE and WE.
Before the experiment, the PCB-ENIG was adjusted in
the horizontal direction using a water level.
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Fig. 2 Schematic diagram of experimental setup

Electrochemical measurements were taken using a
potentiostat (Model PARSTAT 2273, Princeton Applied
Research, USA). The instrument was controlled with a
personal computer and PowerSuite software. The
electrochemical cell was a typical three-electrode mode,
as shown in Fig. 2. After the system was stabilized for
2 h, cathodic polarization curve measurement was
conducted from the open circuit potential (OCP) to
—1.6 V (SCE) with a scan rate of 0.5 mV/s.

EIS measurements were performed at OCP with a
10 mV AC perturbation at frequencies ranging from 100
kHz to 10 mHz. The test device and cell configuration
for EIS measurements were the same as those for the
polarization curve tests. ZSimpWin V3.20 software was
used to analyze EIS data with equivalent circuits (ECs).
The bulk solution of the electrochemical measurements
was a 3.5% NaCl solution. For reproducibility, the
cathodic polarization curves and EIS measurements were
repeated three times. After the experiment, the specimens
under 95% RH were characterized via SEM (Quanta 250,
FEI™, USA), EDS (Apollo X, AMETEK", Inc., USA)
and XPS (Thermo ESCALAB 250Xi with an Al K,
X-ray source).

3 Results and discussion

3.1 SEM analysis

The corrosion morphologies of the PCB-ENIG
before and after the Cl-containing thin film experiment
were observed with the Everhart-Thornley detector, as
shown in Fig. 3. Before the experiment, the sample
surface was flat and consisted of similar oval spores.
Microporous corrosion occurred on the surface of the
PCB-ENIG after 48 h experiment at 95% RH. Several
corrosion products were distributed on the surface of the
PCB-ENIG; in addition, some microcracks were
progressively formed on localized corrosion products, as

7

Epoxy resin

Fig. 3 Surface morphologies of PCB-ENIG under 95% RH
before (a) and after 48 h (b) experiment

shown by the arrows in Fig. 3(b). Finally, the expansion
of the corrosion products led to the shedding of the
surface layer of the protective coating. Table 2 shows the
EDS analysis results of the regions in Fig. 3(b). As
shown in Table 2, the content of element Cu was higher
in region B, which indicated that Cu substrate suffered
from corrosion. Moreover, a certain amount of Cl was
distributed in region B, which proved that the product in
this region was Cu,(OH);Cl [14]. In actual practice, the
electrolyte with Cl™ permeated the inner layer when test
time was extended; a galvanic coupling was then formed
between the Au layer and the inner layers (Ni and Cu) [9].
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Galvanic corrosion also accelerated the corrosion failure
of electronic materials.

Table 2 Result of EDS analysis of PCB-ENIG (mole fraction,

%)
Region in Fig. 3(b) (0] Cl Ni Cu Au
A 377 045 8275 457 846
B 4153 644 3219 15.65 4.19

3.2 Measurements of cathodic polarization curves

Although the anodic polarization curve is useful for
analyzing the electrochemical corrosion mechanism,
some researchers reported that the anodic polarization of
TEL is strongly affected by the uneven distribution of
current density; moreover, the reproducibility of the
anodic polarization curves under TEL is poor [7,15].
Therefore, anodic polarization tests were not performed
in the current study. In the case of a cathodic polarization
curve, the cathodic current is mainly caused by the
reduction of hydrogen and oxygen. The species of the
electrochemical reactant diffuse perpendicularly to the
electrode surface from the gas phase through ATEL.
Charge transfer will occur on the entire electrode surface,
and thus, the current will be distributed uniformly on the
whole electrode [8,16].

The cathodic polarization curves of the PCB-ENIG
after exposure to ATEL with 3.5% NaCl solution at
different RH levels and in bulk solution are shown in
Fig. 4. The cathodic polarization curves, particularly in
bulk solution, could be divided into three regions.
Region A was the weak polarization region within the
vicinity of the OCP; and the cathodic process was the
reduction of oxygen, as shown in Eq. (1). With regard to
the cathodic polarization curves in the solution, region B
was the zone for controlling oxygen diffusion. For the
cathodic polarization curves under different ATEL
thicknesses, the cathodic current density of region B was
significantly smaller than that in the bulk solution.
Moreover, cathodic current density decreased with the
thinning of film. The theoretical limited current density
(Jim) for 1D diffusion can be calculated according to the
Nernst-Fick equation (Eq. (2)). As suggested in Eq. (2),
Jim Increases with the thinning of the electrolyte layer.
However, the results of this experiment, which are
presented in Fig. 4, are contrast with this conclusion.
Based on the results, the cathodic oxygen reduction
process in region B under different ATEL thickness
values was not controlled by the diffusion of oxygen
primarily because the oxygen reduction process was
inhibited by low dissolved oxygen concentration under
an extremely thin electrolyte film [17]. This phenomenon
was previously discovered by WANG and TSURU [18].

0,+2H,0+4e—40H" (1)
nFD, [O
Jiim =% )

where n is the number of electrons involved in the
oxygen reduction reaction; F is the Faraday constant;
Do, and [O,] are the diffusion coefficient and the
concentration of the dissolved oxygen in the TEL,
respectively; 0 is the thickness of diffusion layer.

= 75% RH
-12} -o-85% RH
-4-95% RH
-v- Solution

o (vs SCE)/V
=
o0

-1.6¢

-9 -8 -7 -6 -5 -4 -3 -2
lg[J/(mA+cm™)]
Fig. 4 Cathodic polarization curves for PCB-ENIG under ATEL
at different RH levels after 2 h of exposure

A peak perturbed the linear region on the cathodic
polarization curves of ATEL with different thicknesses.
We deduced that the peaks might be attributed to the
reduction of the corrosion product [6,7,19]. To prove this
hypothesis, the cathodic polarization curve of the
PCB-ENIG under 95% RH was determined by scanning
the potential from —1.65 V (vs SCE) to OCP instead of
starting from the OCP to the cathodic direction, as shown
in Fig. 5. The current density peak in the transition
section was clearly not observed during reverse
scanning. In addition, the cathodic current density in

o (vs SCE)/V

-1.2¢

-1.6¢ . . s
-9 -8 -7 -6 =5 -4
lg[J/(mA+cm™)]
Fig. 5 Cathodic polarization curves of PCB-ENIG under 95%
RH after 2 h of exposure: (a) Scanning from OCP to cathodic
direction; (b) Scanning from —1.65 V (vs SCE) to OCP
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region B was significantly less during reverse scanning
than that during forward scanning, whereas that in region
C was greater during reverse scanning. These results
were mainly attributed to the reduction of the corrosion
products in region C; that is, all the corrosion products
were reduced. Therefore, based on the aforementioned
phenomenon, the cathodic polarization current density in
region B was larger during forward scanning, whereas
that in region C was smaller and accompanied by a
“small peak”.

To further confirm that the peaks were caused by
the reduction of the corrosion product, X-ray
photoelectron spectroscopy (XPS) was conducted using
ESCALAB 250Xi (Thermo Fisher Scientific, USA) with
an Al K, (1486.6 eV) X-ray source. Binding energy was
adjusted for charging effect by referencing the Cls peak
(284.8 eV). Registered core-level spectra were fitted into
the mixed Gaussian—Lorentzian lineshapes according to
the Shirley-type background subtraction using Avantage
4.88 software (Thermo Fisher Scientific, USA).

Figure 6 illustrates the comparison between the
high-resolution XPS spectra of Cu 2p and Ni 2p. It can
be seen in Fig. 6 that, a minimal amount of Cu was found
in the corrosion products. The Ni 2p spectra could be
divided into three peaks with different binding energies.
The first peak was observed at (852.7+0.1) eV and could
be associated with the presence of Ni. The second peak
was observed at (855.5+0.1) eV, which corresponded to
the presence of Ni(OH),. The last peak was observed at
(856.3+0.1) eV, which was associated with the presence
of NiCl,[20,21]. According to Ref. [22],

Ni+20H™ — Ni(OH), +2e 3)

the standard equilibrium potential of reaction (3) is
—0.4788 V (vs SCE). In the present work, the reductive
potential perturbed by the peaks in the linear region on
the cathodic polarization curves was approximately
—0.4931 V (vs SCE), which was slightly less than the
standard equilibrium potential. We considered that the
difference was attributed to the diverse experimental
conditions, such as ionic activity and temperature. In
summary, the peaks resulted from the reduction process
of Ni(OH),.

In addition, the cathodic current density in the bulk
solution in region C increased at a faster rate than that
under 95% RH. The cathodic current density under 75%
RH and 85% RH gradually decreased during the
remainder of the experiment. The reduction in H,O,
which was the main reaction in region C, was given in
Eq. (4). Meanwhile, a strong hydrogen evolution reaction
was involved given the adequate moisture in bulk
solution, which resulted in the rapid increase of the
cathodic current density in this solution. However, the
rate of adsorption film formation was less than that of

(@) Cu 2p

| f
| ilmhlhmdeuM

925 930 935 940 945 950 955 960 965
Binding energy/eV

(b) Ni 2p

843 850 852 854 856 858
Binding energy/eV

Fig. 6 High-resolution spectra of corrosion products formed on
PCB-ENIG: (a) Cu 2p; (b) Ni 2p

hydrogen evolution under 75% RH and 85% RH, which
reduced the depolarizing agent (H,O). Furthermore,
ATEL gradually became discontinuous under 75% RH
and 85% RH as H evolution progressed, which was
contributed to the increase in ion channel resistance and
the decrease in cathodic current density [23].

2H,0+2e—H,+20H" (@)

3.3 EIS measurement

The EIS measurements of the PCB-ENIG under
75% RH and 85% RH were consistent with that under
95% RH. Accordingly, the EIS measurements in bulk
solution and under 95% RH were discussed in this study.
The EIS and Bode measurements of the PCB-ENIG are
presented in Figs. 7 and 8, respectively. As shown in
Fig. 7, the Bode plot showed that two time constants
were present in bulk solution. Thus, the equivalent
electrical circuit shown in Fig. 9(a) was used to fit the
EIS measurement of the PCB-ENIG sample to account
quantitatively for the corrosion behavior in bulk solution.
R, was the solution resistance, the high-frequency
circuit CPE+—R; corresponded to the capacitance and the
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RS
CPE,
Ry
RCt
(@)

(b)

resistance of the corrosion product, and the medium-low

frequency circuit CPEy4—R. corresponded to the
double-layer capacitance and the charge transfer
resistance.

From the Bode plots shown in Fig. 8, most of the
phase angles exceeded 45° when frequency was scanned
from high to low. According to NISHIKATA et al [5,24],
the model of current distribution could be estimated
through EIS. Therefore, the uneven current distribution
on the PCB-ENIG electrode in the aforementioned EIS
measurements was negligible, and ATEL thickness on the
electrode could be uniform and contiguous. In Fig. 8, the
Nyquist diagrams for 2 h and 8 h showed two time

‘é—mﬂ
Rf Rct

10 80
(a) (b)
m2h 701
oy A8h
¢24h 60 r
& »48h ~
5 6l — Fitting curves | = 50r
) 240
E 230t
N = 30 52 h
20t A8h
¢24h
101 »48h
— Fitting curves
0 L
102 107" 10° 10" 10> 10® 10* 10°
Z,J(kQ+-cm?) Frequency/Hz
Fig. 7 Nyquist and Bode phase angle plots of PCB-ENIG in 3.5% NaCl bulk solution
500 b
(@) ©2h 100 ® ©2h H
i ¢8h ¢8h
400 224h -l »24h y
o 248 h ~ 248 h
.g 300k — Fitting curves E a0 — Fitting curves »
] o0
& 3
\: ()
& 2 40
o £
(=9}
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Z,J(kQ+cm?) Frequency/Hz
Fig. 8 Nyquist and Bode phase angle plots of PCB-ENIG under 95% RH
CPE,
CPEf CPEf CPEdl CPEf h

(©
Fig. 9 ECs for PCB-ENIG in bulk solution (a), under ATEL (2 h, 8 h) (b) and under ATEL (24 h, 48 h) (c)

constants. For the 24 h and 48 h tests, a time constant
was observed at high frequency in the EIS measurement,
whereas two time constants occurred at medium to low
frequencies in the Bode measurement. These findings
indicated that the Nyquist plots actually included three
time constants for the remainder of the experiment.
Consequently, to determine the electrochemical
parameters, the EC in Fig. 9(b) was used to fit the EIS
measurements into the 2 h and 8 h tests. Figure 9(c) was
used to fit the EIS data (for 24 h and 48 h) of the
PCB-ENIG under ATEL. R, was the solution resistance,
CPE; and R; were related to the corrosion products of the
PCB-ENIG, CPE, and R, were the constant phase
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elements that corresponded to the high-frequency part of 3—6. The reciprocal of polarization resistance (R,) is
the EIS measurements resulting from the microcapillary frequently used to represent corrosion rate. In this study,
structure [9,25], CPEy was a constant phase element that however, the reciprocal of R was used to represent the
corresponded to the double-layer capacitance, and R corrosion rate of the PCB-ENIG. R, is more closely
was the charge transfer resistance. For the constant phase correlated to corrosion rate than R, when state variables,
angle element CPE, such as corrosion product, and mass transfer processes
1 affect EIS apart from potential [7,8,27].

Zepg = W (&) Figure 10 shows the time dependence of 1/R,, of the
0 PCB-ENIG under ATEL at different RH levels and in

where Zcpg is the impedance of the constant phase bulk solution. As shown in the figure, the corrosion rates
element, w is the angular frequency of the AC voltage, of the PCB-ENIG under ATEL increased with increasing
and Y, and n are the frequency independent parameters. RH and were less than that in bulk solution. Overall,
The presence of CPE has been frequently explained by corrosion rates increased with exposure time under 85%
the dispersion effects that can be caused by the RH and 95% RH, whereas the change in corrosion rate
microscopic roughness of a surface [8,26]. was minimal under 75% RH. This phenomenon could be
The fitting results of the EIS measurements of the explained as follows. In the experiment, dissolved

PCB-ENIG under different conditions are listed in Tables oxygen was deficient under 75% RH because of the

Table 3 Fitting parameters of EIS measurement of PBC-ENIG after exposure to 3.5% NaCl solution

) Corrosion product Electrical double layer
th  RJ(Q-cm?) = 5 5 5
CPEy/(S's"-cm™) n Ry/(Q:cm”) CPE4/(S's"-cm™) n R./(Qrcm?)
2 3.681 2.419x107° 0.9053 579 3.04x107° 0.821 1.109%10*
8 3.656 3.607x107° 0.8689 313 6.531x107° 0.8842 7800
24 3.926 1.769x10°* 0.7612 17.22 2.169%107* 0.9128 5076
48 4.165 1.997x10°* 0.7341 38.52 7.627x107° 0.8756 6977

Table 4 Fitting parameters of EIS measurement of PCB-ENIG at 75% RH

/h Ry Corrosion product Microcapillary structure Electrical double layer
(Qem’)  CPEJ(Ssem?)  n Ry(Qem®) CPE/Ss"cm?) n R{(Qcm®) CPEy(Ss™em?) n R /(Qcmd)
29922 1.356x107"° 1 1.791x107 4.883x1071° 09432 5.1x10°
8 105.12 1.29x107"° 1 1.102x107 7.371x107"%  0.8946 3.926x10°
24 126.92 5.036x107'%  0.9969 1.691x10° 1302107 1 4.261x10’ 5.918x10°° 0.5343  2.44x10°
48 131.83 8.695x107" 1 8.006x107 8.71x107" 1 8.08x10’ 1.98x10°® 0.5236 1.488x10°

Table 5 Fitting parameters of EIS measurement of PCB-ENIG at 85% RH

R/ Corrosion product Microcapillary structure Electrical double layer
(Qem’) CPE/(Ss™em®) n  Ry(Qem’) CPE/(Ssem?) n Rf(Qem’) CPEg/(Ssem™® n Ry/(Qemd)
2 37.28 3.477x10°°  0.9883 7.854x10* 1.851x10°  0.6806 1.191x10°
8 4231 9.046x10°°  0.9065 8.524x10* 1.981x10°  0.6392 2.046x10°
24 3556  9.255x107"° 1 3591 7.542x107  0.9886 2849 8.651x10°  0.6932 6.601x10°
48 502 3.653x107'° 1 1.778x10* 479x10°  0.5656 1.302x10° 123510 0.9298 1.553x10°

Table 6 Fitting parameters of EIS measurement of PCB-ENIG at 95% RH

" Ry Corrosion product Microcapillary structure Electrical double layer

t

(Qem’) CPE/(Ssem?) 1 Ryg/(Qcemd) CPE/(S-s™em?) n  R/(Qcemd) CPE(Ssem? n  Ry(Q-cm?)
2 2151 2.467x1071° 1 3.616x10* 3.74x107° 0.6549 6.53%x10°
8 29.76 1.829x1071° 1 4.483x10* 2.701x10°%  0.6074 8.6x10°
24 2692 9.255x1071° 1 3591 7.542x1077  0.9886 2849 8.651x10°  0.6932 1.666x10°

48 31.83 6.49x107¢ 0.8395 3839 4224x1071°  0.998 5654 2.185x107°  0.5765 1.312x10°
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Fig. 10 Time dependence of 1/R., under different RH levels and

in bulk solution

extremely thin electrolyte layer. In addition, a small
amount of the corrosion products also hindered the
corrosion process. Thus, the corrosion rate of the
PCB-ENIG under 75% RH was always smaller.
Permeating into the micropores on the surface of the
PCB-ENIG was easy for CI' when the thickness of the
electrolyte film increased as a result of increasing
humidity. This condition caused the corrosion of the Ni
layer of the PCB-ENIG. Nevertheless, the corrosion
products that accumulated in the micropores inhibited the
corrosion process and decreased corrosion rate. However,
as immersion time progressed, some microcracks were
gradually produced on the local corrosion area. These
cracks expanded progressively and finally led to CI°
progressively infiltrating into the substrate Cu and
causing Cu corrosion. Moreover, galvanic coupling was
formed between the Au layer and the lower electrode
potential inner layers (Ni and Cu) during the later stage
when the electrolyte permeated across the outer layer.
This condition accelerated the corrosion of the substrate
of the PCB-ENIG. Thus, corrosion rate increased at the
end of the experiment. The aforementioned phenomenon
is consistent with the SEM image of the PCB-ENIG.

10 clearly shows that the
increment of the corrosion rate of the PCB-ENIG under
95% RH is less than that under 85% RH after 24 h. This
phenomenon could be explained as follows. During the
initial stage, the corrosion rate of the PCB-ENIG at 95%
RH was higher than that at 85% RH. However, after a
long time exposure, more corrosion products were
formed on the WE surface at 95% RH than those at 85%
RH; thus, anodic dissolution, to some extent, was
inhibited by the corrosion product at 95% RH, which
resulted in the lower increment of corrosion rate. This
result showed that the corrosion process was
controlled by the anodic process during the later period
of the test.

Furthermore, Fig.

4 Conclusions

1) Micropore corrosion mainly occurred in the
PCB-ENIG under ATEL. During the initial stage of the
experiment, the corrosion process was inhibited by the
corrosion products that accumulated in the micropores of
the PCB-ENIG. However, after a long time exposure, the
process gradually produced microcracks in the local
corrosion area, which expanded progressively and finally
led to Cl" gradually infiltrating into the substrate Cu and
causing Cu corrosion. Thus, corrosion rate increased at
the end of the experiment.

2) The cathodic process of the PCB-ENIG under a
thin film environment was dominated by the reduction of
dissolved oxygen, corrosion products, and H,O. The
cathodic current density of the PCB-ENIG increased
progressively with increasing RH. Moreover, its cathodic
current density in the solution was greater than that under
a thin electrolyte film.

3) When the polarization potentials were located in
a more negative region, the cathodic polarization current
density gradually decreased under 75% RH and 85% RH.
This phenomenon was mainly attributed to the
depolarization rate of H,O being greater than the
formation rate of the adsorption film to a certain extent,
which decreased net water content or ATEL thickness. It
also inhibited the diffusion process of metal cations to a
considerable extent. The anodic process subsequently
became a controlled step in the extremely thin liquid film
during the remainder of the experiment.
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