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Abstract: The electrochemical migration (ECM) behavior and mechanism of immersion silver processing circuit board (PCB-ImAg)
and hot air solder leveling circuit board (PCB-HASL) under the 0.1 mol/L Na,SO, absorbed thin liquid films with different
thicknesses were investigated using stereo microscopy and scanning electron microscopy (SEM). Meanwhile, the corrosion tendency
and kinetics rule of metal plates after bias application were analyzed with the aid of electrochemical impedance spectroscopy (EIS)
and scanning Kelvin probe (SKP). Results showed that under different humidity conditions, the amount of migrating corrosion
products of silver for PCB-ImAg was limited, while on PCB-HASL both copper dendrites and precipitates such as sulfate and metal
oxides of copper/tin were found under a high humidity condition (exceeding 85%). SKP results indicated that the cathode plate of
two kinds of PCB materials had a higher corrosion tendency after bias application. An ECM model involving multi-metal reactions
was proposed and the differences of ECM behaviors for two kinds of PCB materials were compared.

Key words: immersion silver processing circuit board (PCB-ImAg); hot air solder leveling circuit board (PCB-HASL);
electrochemical migration; electrical bias; absorbed thin liquid film

1 Introduction

With the innovation of electronic technology,
integration and miniaturization become the future
developing direction for printed circuit board (PCB).
Meanwhile, the corrosion problems of PCB also stand
out more clearly, and even trace amounts of corrosion
products will have a serious impact on the reliability of
PCB [1]. Under the actual environment for use, due to
the diurnal temperature variations or/and the temperature
field fluctuations for PCB itself, condensation
phenomenon is prone to occur. As a result, a thin layer of
absorbed thin liquid film (<10 um) whose thickness
changes dynamically with the working conditions, will
be formed on the surface of PCB, causing
electrochemical corrosion under dynamic thin liquid
films. Especially, when applied with an electrical bias,
ions will migrate directly between conductors, which
will result in electrochemical migration (ECM) corrosion
and significantly increase the risk of a short-circuit
failure for PCB [2]. ECM includes two forms:
conductive anode filaments (CAFs) and dendrites growth
[3]. A CAF is a filamentous conductive path formed as

anode metals become ionized and begin to migrate. This
process is driven by an applied electric field from the
anode to the cathode [4]. READY and TURBINI [5]
studied systematically the effects of flux chemistry,
applied voltage (V), spacing (L) and temperature on the
forming rate of CAFs and found that the mean time to a
short-circuit failure was a function of L*/F2. Dendrite
growth occurs as a result of metal ions going into
solution at the anode and plating out at the cathode,
growing in needle- or tree-like formations. Generally, a
incubation period is needed for dendrites growth [6,7].
Since copper and its alloys have many excellent
properties, such as good electrical and thermal
conductivity, low cost and high reliability of solder
joints [8], they are widely used as the substrate materials
of PCB. However, Cu is prone to oxidation or corrosion
[9,10]. In order to improve the corrosion resistance of
PCB materials, surface treatments are usually applied in
their actual use, among which immersion silver (ImAg)
and hot air solder leveling (HASL) technologies get wide
range of applications due to their superior corrosion
resistance and good weldability [11]. As an emerging
technology for ImAg, rusting of the ImAg layer
and ECM phenomenon [12] is the most commonly
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encountered problem in the practical application
environment for immersion silver processing circuit
board (PCB-ImAg). YANG and CHRISTOU [13]
proposed an ECM failure model about the Ag plating
layer based on the experimental data and a systematic
summary of previous work, and pointed out that ECM
process of Ag required a long time of ions accumulation
stage, which is closely related to temperature, humidity,
electrical bias and material properties. Another surface
technology, i.e., HASL technology, occupies an
important position in the PCB industry due to its low
cost. Currently, growth of Sn whiskers [14,15] and
fretting corrosion [16] are the research hotspots about the
corrosion of hot air solder leveling circuit board
(PCB-HASL) materials. However, the ECM problems
cannot be ignored for PCB-HASL, as LEE et al [17]
once found that the CAFs near 63Sn—37Pb solder on
PCB could lead to a serious short-circuit failure. A series
of studies have compared the ECM susceptibility of
different metallization systems, and generally they can be
ranked as Ag>Pb>Cu>Sn [18,19].

Generally, surface plating treatments can provide
good protection on the metal substrate from corrosion.
However, as a result of the usage of plating metals, a
multi-metal system for PCB is formed, which may
increase the risk of ECM corrosion failure due to the
different ECM characteristics of metals. Presently,
related researches mainly focus on the prediction of
time-to-failure or probability of failure, while the roles of
different metals (including the substrate and the plating
metals) in the ECM process need to be further
distinguished. In this work, stereo microscopy, scanning
electron microscopy (SEM), X-ray energy dispersive
spectrometer (EDS), scanning Kelvin probe (SKP) and
electrochemical  impedance  spectroscopy  (EIS)
techniques were used to study the ECM behavior and
mechanism of PCB-ImAg and PCB-HASL under 0.1
mol/L Na,SOy thin liquid films (to simulate the sulfur-
containing atmosphere environment) with different
thicknesses and an ECM model involving multi-metal
reactions was proposed. This work can provide the data
base and guidance for the selection and life assessment
for PCB usage under the actual service environment.

2 Experimental

2.1 Materials preparation
PCB-ImAg and PCB-HASL were chosen as the
experimental —materials, whose basic processing

Table 1 Basic processing parameters of PCB

parameters are shown in Table 1. The effective sizes of
single metal plates are 3 mmx30 mm, and the spacing
between two neighbor plates is 0.2 mm. The board
materials are FR-4 epoxy glass cloth. Before experiment,
the samples were dealt as follows: ultrasonic cleaning in
acetone for 10 min, ultrasonic washing in deionized
water for another 10 min, scrubbing with ethanol and
then drying naturally.

2.2 Damp heat test coupled with voltage

0.1 mol/L Na,SO, solution was chosen as the
electrolyte, and with the aids of a medical spray gun a
certain amount (approximately 0.1 mL) of Na,SO,
droplets were uniformly sprayed on the sample surface to
simulate the condensation phenomenon under a
sulfur-containing atmospheric environment. Then, the
samples were placed in the damp heat cabinet (ESPEC
SET-Z—022R), where the temperature was controlled at
60 °C, while the relative humidity values were set as
75%, 85% and 95% (corresponding to different
thicknesses of absorbed thin liquid films), respectively.
After a layer of stable thin liquid film was formed on the
surface (after 1 h), an electrical bias of 12 V was
applied between two neighbor plates for 24 h. Then, the
electrical bias was eliminated and the samples were
taken out for further test. The left of the experimental
materials is cathode plate, and the right is anode plate.
All the following experiments were carried out in a
stable laboratory environment of 25 °C and 60% relative
humidity (RH).

2.3 Experimental methods

Stereo microscope (Keyence VHX-2000) and
environment scanning electron microscope (ESEM, FEI
Quanta 250) were used to observe the ECM corrosion
morphology. Combined with EDS analyzer, the
distribution of elements between two neighbor plates was
detected. Volta potentials of the sample surfaces were
measured using M370 scanning Kelvin probe with a
work distance of (100+2) um. The scanning area is in
sizes of 4 mm x 3 mm, sweeping from the cathode to the
anode plate with step size of 100 pm along x-axis
direction and 200 pm along y-axis direction.

The PARSTAT 2273 electrochemical workstation
was taken as the EIS measuring instrument and a
micro-electrode system shown in Fig. 1 was set: a region
of 0.0025 cm” on the edge of the cathode plate as the
working electrode, a platinum wire as the auxiliary
electrode and a saturated calomel electrode (SCE) as the

Board No. Board material Board thickness/mm Thickness of copper foil/pm Surface treatment Thickness of protective layer/um

1 FR-4 2
2 FR-4 2

25-30
25-30

ImAg 0.02
HASL 10
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Fig. 1 Schematic diagram of micro-electrode system and EIS

measurement [15]

reference electrode. EIS measurement was conducted
under the open-circuit potential in 0.1 mol/L Na,SO4
electrolyte solution, with a scanning frequency from 100
kHz to 10 mHz and a disturbance potential of 10 mV.
After finishing the test, ZSimpWin V3.20 was applied
for EIS data fitting. Each test repeated three times.

3 Results and discussion

3.1 Corrosion morphology observation

The corrosion morphologies of PCB after bias
application for 24 h under experimental conditions are
shown in Fig. 2. As can be seen from Fig. 2(a,), the ECM
corrosion for PCB-ImAg was relatively slight under 75%
RH. The ImAg layer on the cathode plate only had a
slight discoloration, in light brown, which might be
caused by the surface oxidation reactions (Ag,O as well
as little Ag,S/Ag,SO, perhaps) [20,21], while the anode
plate was smooth without any significant change. With

the increase of the relative humidity, the color of the
cathode plate gradually deepened, and a severe
enrichment phenomenon of salt occurred on the sample
surface (white regions). Meanwhile, the anode plate
surface also became rough, showing a brown color in
localized regions where oxidation/corrosion occurred.
Furthermore, the corrosion of the anode plate edge was
much serious, where a large amount of green corrosion
products, presumably “patina”, were accumulated with a
limited migration distance.

Different from PCB-ImAg, severe corrosion
happened on the PCB-HASL cathode plate under 75%
RH (Fig. 2(a;)). When the relative humidity exceeded
85%, a large amount of green corrosion products began
to accumulate in the central region between two plates,
forming a boundary. On the right side (near the anode
side) of this boundary, there were a lot of red-brown
substances which were presumably Cu dendrites and
might cause a short-circuit failure. Meanwhile, the
corrosion regions of the cathode plate expanded
significantly, and the enrichment condition of salt was
also exacerbated.

3.2 Corrosion products analysis

To explore the ECM behavior and mechanism of
PCB, the element distribution mapping detection
between two plates after bias application was performed,
as shown in Fig. 3. As could be seen from Fig. 3(b),
obvious migration occurred for Cu element, which
developed from the anode to the cathode plate and nearly
half of the FR-4 board was covered. Meanwhile, trace
amounts of Ag element were detected in the coverage
region of Cu element (Fig. 3(c)), but no obvious Ag
dendrites were found under all the experimental
conditions, which might be related to the fact that Ag had

PCB 75% RH ‘

85% RH

95% RH

PCB-ImAg

PCB-HASL

ﬁ”cv-‘mf:wwgsyrr it

Fig. 2 Stereo micrographs of PCB after bias application under different experimental conditions
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Fig. 3 Element distribution mapping results for PCB-ImAg after bias application in environment of 60 °C and 95% RH: (a) SEM

image; (b) Cu; (c) Ag; (d) O; (e) Na; () S

a lower corrosion susceptibility or ECM tendency under
S0O,/SO,*” environment [1]. From Fig. 3(a), it could be
found that the migration substances were divided into
two parts: for the back part which was close to the anode
plate, accumulation of corrosion products was serious,
and O and S elements were enriched as shown in
Figs. 3(d) and (f), indicating that the corrosion products
were possibly sulfates of Cu; in contrast, only the content
of O element was high for the front part (Area B), where
the corrosion products should be oxides or hydroxides of
Cu, which was consistent to the EDS analysis results in
Table 2. Furthermore, Fig. 3(e) showed that Na element
was gathered on the surface of the cathode plate, where
the content of O element also increased significantly
(Fig. 3(d)). Therefore, it can be speculated that the
reaction occurring on the cathode plate is primarily the
oxygen reduction reaction and the composition of the salt

should be NaOH.

The element distribution mapping results for
PCB-HASL are shown in Fig. 4. From Fig. 4(b), Cu
dendrites could be seen clearly on the FR-4 board near
the anode plate. Judging from the growing direction and
position, Cu ions from the anodic dissolution only
migrated into the central position between two plates and
began to deposit as dendrites of reverse growth.

Figure 4(c) showed that Sn element was gathered on
the FR-4 board adjacent to the cathode plate. According
to the EDS results of Area C shown in Table 2, the
substance containing Sn element should be mainly
composed of oxides or hydroxides of Sn. Simultaneously,
a certain amount of metal Sn might also exist, thus it had
certain conductivity, which could explain the reason why
Cu dendrites growth started from the central position
between two plates. From Fig. 4(b), it could be further



2450 Kang-kang DING, et al/Trans. Nonferrous Met. Soc. China 25(2015) 24462457

Fig. 4 Element distribution mapping results for PCB-HASL after bias application in environment of 60 °C and 95% RH: (a) SEM

image; (b) Cu; (c) Sn; (d) O; (e) Na; (f) S

Table 2 EDS results of migrating corrosion products for
PCB-ImAg and PCB-HASL

Mole fraction/%
Area
C O Al S Ag Sn Cu
Ain Fig. 3(a) 13.32 4766 - - — - 39.02
BinFig. 3(a) 449 49.76 - 9.09 5.08 — 31.58
CinFig 4(a) 899 5747 148 0.11 — 19.90 12.04
D inFig. 4(a) 24.96 27.53 4.82 1.33 - 1.3 40.06

found that the content of Cu element in the edge regions
of the anode and cathode plates increased to some extent,
indicating that the Sn plating layer was thinned. Thus, it
could be concluded that part of the Sn corrosion products
at the vicinity of the cathode plate might be from the Sn
dissolving and ions migrating process on the anode plate,
while the other part came from the Sn dissolving and

re-precipitating process on the cathode plate under the
effect of high concentration OH . Furthermore, the
directional migration and enrichment phenomenon of Na
and S elements occurred, which was similar to the
condition of PCB-ImAg. The difference was that S
element also gathered at the central position between two
plates, along with a significant increase of Cu and O
contents, reflecting that a large amount of Cu sulphate
precipitates were generated at this position.

3.3 SKP analysis

In order to observe the change of surface potential
states for the cathode and anode plates and explore the
corrosion behavior and rules under non-working state for
voltage parts, the surface Kelvin potentials (¢,) of PCB
after bias application were measured. The principle of
the Kelvin probe techniques is to determine the contact
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potential difference by measuring the electronic work
function of metal surface in air. This potential has a
linear relationship with the surface potential (¢c.) in air
(Eq. (1)) [22—24]:

/4
- =[%f—%j+Ekp (1)
where Wt is the electrode work function, and @.¢/2 is
the half-cell potential of the reference electrode
(vibrating probe). These two parameters are constant
under a specific system. Thus, the change of ¢\, reflects
the change of the surface potential.

Gauss fitting was carried out on the surface Kelvin
potential distribution of the anode and cathode plates,
respectively. The fitting formula is shown as

exr{-ﬂ} o

A
Y=yt
N

where u is the

202

expectation value of potential
distribution ¢,; o is the standard deviation of the
Gaussian distribution, which represents the dispersion
degree of the potential distribution. The greater the o
value is, the more the dispersed potential distribution
is.

As could be seen from Fig. 5, Fig. 6 and Table 3, the
surface Kelvin potential distribution for PCB-ImAg
under different humidity conditions exhibited a similar
law that the potential of the anode plate was significantly
higher than that of the cathode plate. This indicated that
the surface states of the PCB-ImAg plates had been
altered significantly, and the state changes would not
disappear even after the elimination of the electrical bias.
As the relative humidity increased, the potentials of the
two plates showed a downward trend, but those of the
cathode plates fell much more sharply. As a result, the
potential difference between two plates continuously
increased, and reached a maximum value of 0.5693 V
under 95% RH. In combination with the corrosion
morphologies shown in Fig. 2, it could be found that
with the increase of humidity, a certain degree of rusting
occurred in localized regions of the ImAg layers.
However, the overall corrosion condition was relatively
slight, thus the PCB-ImAg surface was in a state of
activation. This would cause a decline of the surface
electronic work function, as well as the surface Kelvin
potentials subsequently, which was more obvious for the
cathode plate. Furthermore, the accumulation of salts or
corrosion products in the edge region of the cathode
plates contributed to the uneven potential distribution of
the whole cathode plate surface. As humidity increased,
the uneven potentials distribution situation was further
exacerbated, with ¢ gradually increasing from 0.0601 to
0.1568.
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Fig. 5 Surface Kelvin potential distribution for PCB-ImAg after
bias application under different experimental conditions:
(a) 75% RH; (b) 85% RH; (c) 95% RH
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Fig. 6 Curves of potential expectations vs relative humidity for
PCB-ImAg

As shown in Fig. 7, Fig. 8 and Table 4, the
evolution rule of the surface Kelvin potential
distribution for PCB-HASL was totally contrary to that
of PCB-ImAg. As humidity increased, the potentials of
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Table 3 Gauss fitting results of surface Kelvin potential
distribution for PCB-ImAg

Cathode plate Anode plate
RH/%
A% o wv o
75 —0.6991 0.0601 —0.5419 0.0370
85 —1.2490 0.0821 —0.8240 0.0439
95 —1.4490 0.1568 —0.8797 0.0425
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Fig. 7 Surface Kelvin potential distribution for PCB-HASL
after bias application under different experimental conditions:
(a) 75% RH; (b) 85% RH; (¢) 95% RH

both plates showed an upward trend, while the potential
difference between two plates decreased gradually, from
0.3701 to 0.1484 V. In the experimental medium
(SOz/SO42_) environment, a layer of Sn oxide film
(mainly composed of SnO, SnO,, Sn (OH), or Sn (OH),)
[25] will be formed on the PCB-HASL surface, and
under high humidity condition, the oxidation degree will
be further exacerbated due to the increase of oxygen
reduction reaction rates [26]. The existence of the oxide
films hindered the electron emitting process and resulted
in a continuous enhancement of the surface potentials. As
mentioned above, the cathode plates for PCB-HASL
were corroded more severely (Fig. 2), thus their

-0.6

3 Cathode plate
== Anode plate

-0.8
-1.0F _I_ B3

2
Ny -1.21
-14}
-1.6+

-1.8}

75 85 95
Relative humidity/%

Fig. 8 Curves of ¢, expectations vs relative humidity for
PCB-HASL

Table 4 Gauss fitting results of surface Kelvin potential
distribution for PCB-HASL

Cathode plate Anode plate
RH/%
Wy o wv o
75 -1.7174 0.0578 —1.3473 0.1043
85 —1.2488 0.0490 —0.9716 0.0510
95 —1.1062 0.0613 —0.9578 0.0430

potentials increased more rapidly, which reduced the
potential difference between two plates. Furthermore,
due to the accumulation of a large amount of corrosion
products in the central region between two plates, the
surface Kelvin potential increased significantly, forming
a distinct boundary which showed a warm color tone in
the potential diagram (Figs. 7(b) and (c)).

Overall, the potential expectations of PCB-HASL
were lower than those of PCB-ImAg, indicating that
PCB-HASL had a higher corrosion tendency, but the
potential difference between two PCB-HASL plates was
much smaller. When a layer of electrolyte film is formed
on the PCB surface, the large potential difference
between two (micro) short-circuit plates will lead to the
galvanic corrosion reaction. As a result, the voltage parts
may still suffer severe corrosion damage under the
non-working state. In this regard, the performance of
PCB-HASL is superior to that of PCB-ImAg.

3.4 EIS measurement

To study the corrosion mechanism of the PCB
plates and explore the protective effects of the corrosion
product film or surface protection layer on the substrate,
a micro-electrode set up for EIS
measurements aiming at the cathode plate edge region
where severe corrosion occurred after bias application, as
shown in Fig. 9. As could be seen from Fig. 9(a), the
Nyquist diagrams of PCB-ImAg samples under low

system was



Kang-kang DING, et al/Trans. Nonferrous Met. Soc. China 25(2015) 24462457 2453

(a)
s Blank sample
1.OF o 759 RH ©
¢ 85%RH
. o 95%RH
‘5 — Fitting curve
Q 051 ’
o )
4 &
S £
E S
N g
or ¥
0 02 04 06
Zge/(kQ + cm?)
—05 I 1 I I
0 0.5 1.0 1.5 2.0
Zp/(kQ + cm?)
600 (c) © Blank sample
o 75% RH -
500 < 85% RH
o 95% RH
o 400 | — Fitting curve
g 80
a 300 r
&
:
[I\]— 200 -
100
0 20 40 60 80 100
0F Ze/(kQ + cm?)

Zp/(kQ < cm?)

0 100 200 300 400 500 600 700

80
(b)
—=— Blank sample
—— 75% RH
601 ——85%RH
——95% RH

<40
S
20
0 | I 1l | L 1l L | L sl | L ul
102 107" 10° 10" 10> 103 10* 10°
Frequency/Hz
120
(d) —e— Blank sample
—o— 75% RH
100 —— 85% RH
—o— 95% RH

10 10°

10 100 102 103
Frequency/Hz

Ol L
102 10

Fig. 9 EIS of PCB cathode plates after bias application: (a,b) Nyquist and Bode diagrams for PCB-ImAg, respectively;

(c,d) Nyquist and Bode diagrams for PCB-HASL, respectively

humidity conditions (75%—85% RH, including the blank
PCB-ImAg) consist of two capacitive arcs. Considering
the existence of micropores and defects within the ImAg
layer, the equivalent circuit shown in Fig. 10(a) was
adopted to fit the EIS data. Wherein, R, represents the
solution resistance; CPE; represents the film capacitance
of the surface plating layer; Ry represents the resistance
of solution or/and corrosion products within the
micropores; CPEy and R represent the electric double
layer capacitance and the charge transfer resistance of the
interface between the substrate and the electrolyte within
the micropores, respectively. When the relative humidity
reached 95%, due to the isolation effect of the thick
layer of oxides or/and corrosion products film on the
surface, the Nyquist diagram transformed into three
capacitive arcs. In this case, the equivalent circuit shown
in Fig. 10(b) was adopted. Wherein, R, and CPE,
represent the resistance and film capacitor of the surface
oxide film or/and corrosion product film, respectively.
Generally, R reflects the magnitude of the interface
reaction resistance, which is often used to characterize
the rate of the corrosion reaction. The larger the R is,
the smaller the corrosion rate is. The corresponding

R, CPE;
(a) '
CPE,,
Ry
R, CPE, CPE; «
(b)
CPE,,
R, R;
Rct
R, CPE,,
(©) W
R

ct

Fig. 10 Equivalent circuits for EIS fitting: (a) Blank
PCB-ImAg and PCB-ImAg under 75%—85% RH as well as
PCB-HASL under 75%—-95% RH; (b) PCB-ImAg under 95%
RH; (c) Blank PCB-HASL sample

fitting results of R, are shown in Fig. 11. As can be seen
from Fig. 11, after bias application, R, of the cathode
plate increased to some extent, indicating that the
corrosion product played a protective role on the
substrate through filling the micropores or defects in the
ImAg layer.
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Fig. 11 Change of R, for PCB cathode plates after bias
application relative humidity

Compared with PCB-ImAg, the thickness of the Sn
plating layer for PCB-HASL is much larger (~10 pm). As
a result, the electrolyte solution cannot directly contact
with the substrate through the Sn plating layer.
Therefore, EIS of the blank PCB-HASL mainly reflects
the interface reaction information between the electrolyte
solution and the Sn plating layer, and the equivalent
circuit in Fig. 10(c) was adopted. After bias application,
due to the accumulation of corrosion products on the
surface of the cathode plate, EIS Nyquist diagrams
transformed into two capacitive arcs. The high-frequency
capacitive arc reflects the information of the layer of
film, while the low-frequency
capacitive arc is closely related to the interfacial reaction
process. In this case, the equivalent circuit shown in Fig.
10(a) was adopted again. Wherein, Ry and CPE; represent
the resistance and film capacitor of the surface oxide film
respectively. In

corrosion  product

or/and corrosion products film
combination with Fig. 11, it could be seen that R
reached the maximum value for the blank PCB-HASL
since a thin layer of dense SnO, film formed in the air
could effectively isolate the electrolyte solution from the
substrate. After bias application, R declined sharply,
indicating that the generated corrosion product film had a
loose structure and could not provide any protection on
the substrate. When the relative humidity reached 95%,
R decreased to a value quite close to that of PCB-ImAg.

3.5 ECM mechanism

ECM under the absorbed thin liquid film is the main
corrosion failure mechanism for PCB under the
experimental conditions. For PCB-ImAg, the main
anodic reactions may include Egs. (3)—(5):

Ag—Ag'te (3)

Cu—Cu'+e 4)
Cu'—Cu’'+e (%)

The electrical bias applied in this test is relatively
large (12 V), thus the metal ions from dissolving of
copper-foil should be mainly Cu*" (Cu” will be further
oxidized). Furthermore, a certain degree of
decomposition of water will occur at such a voltage
value, generating a small amount of H™ [27]. The
reaction is shown as

2H,0— O,+4H"+4e (6)

The reactions happened on the cathode plate should
mainly be reduction of O, or/and the decomposition of
water. In addition, judging from the corrosion
morphologies in Fig. 2, a weak anode reaction may also
happen, forming a layer of brown Ag,0O film (little Ag,S,
Ag,S0y, etc.). Possible reactions on the cathode plate are
shown as follows:

0,+2H,0 - 40H™ -4e (7
2H,0 - H,+20H -2e¢ (8)
Ag+OH™ — AgOH+e )
2AgOH — Ag,0+H,0 (10)

As shown in Fig. 12, under the effect of the
electrical bias, anions and cations migrate directionally
and this situation is further exacerbated with an increase
of humidity, resulting in the enrichment phenomenon of
specific ions on two different plates, such as Na' and
SO,”". On one hand, the thickness of the ImAg layer is
very thin (only 0.02 um) with a smaller charge number,
and the quality of Ag" (relative atom mass: 108) is larger
than that of Cu”" (relative atom mass: 64), which greatly
limits the migration amount and migration velocity of
Ag'. On the other hand, the ECM process of Ag' requires
a long time of ions accumulation stage [13], while the
galvanic dissolution reaction of the Cu substrate within
the micropores or defects of the ImAg layer does not
need any electrical bias. Therefore, the main migrating
ions should be Cu®" ions.

As time goes by, SO,”~ ions gradually migrate and
gather near the anode plate. Since the content of the
aqueous medium on the surface of PCB-ImAg is quite
limited, even in the condition of 95% RH, when a large
number of dissolved Cu®" ions meet SO,> ions, they will
directly reach over saturation and crystallize out
CuSO4xH,0O (Eq. (11)). Meanwhile, due to the existence
of OH from the cathode reaction, this process may be
accompanied by Reaction (12), forming Cuy(SO,4)(OH)e
precipitates [1,28]. Large amounts of corrosion products
accumulated at the anode plate edge, hindering the
further migration process of ions. As a result, only trace
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amounts of Ag" and Cu®" can eventually migrate out and
combine with OH from the cathode plate to form
precipitates (Cu(OH),, CuO, Ag,O, etc.), which is
entirely consistent with the element distribution mapping
results (Fig. 3).

Cu? +803 +xH,0 — CuSO, -xH,0 (11)
4Cu*" +803 +60H™ —
CuS0, -3Cu(OH), (or Cu, (SO, )(OH),) (12)

The ECM model for PCB-HASL is shown in
Fig. 13. Similar to PCB-ImAg, directional migration of
specific ions occurs. The difference is that the Sn plating
layer is also involved in the ECM process, in form of
Sn*" ions. In the initial stage of ECM process, the Sn
plating layer of the anode plate dissolves first, and the
main reactions are shown in Eqgs. (13)—(15):

Sn— Sn*"+2e (13)
Sn* — Sn*"+2e (14)
Sn—Sn*"+4e (15)

Under the applied electrical bias, most of Sn*" will
be further oxidized to Sn*" [29]. Due to the large charge
number carried by Sn*", it has a high migration rate and
can quickly migrate to the cathode plate. As a result,
a portion of Sn*" ions are reduced directly to metal Sn

Cu?*+20H — Cu(OH),
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(Eq. (16)) on the cathode plate, while the other portion is
precipitated as Sn(OH), (Eq. (17)) [30]. Under the
absorbed thin liquid film, the strong oxygen reduction
reaction will result in a high concentration of OH 1ions
on the cathode plate surface. Sn(OH), and even metal Sn
may further dissolve through Reactions (18) and (19),
along with the thinning of the Sn plating layer. This will
greatly reduce the protective effect of the Sn plating
layer on the substrate.

Sn**— Sn—4e (16)
Sn*'+40H — Sn(OH), (17)
Sn(OH),+2NaOH— Na,Sn(OH); (18)
Sn+2NaOH-+4H,0— Na,Sn(OH)s+2H, (19)

With the dissolving of the Sn plating layer on the
anode plate, the Cu substrate is gradually exposed and
involved in the ECM process. As a result of plating out
of Sn** on the cathode plate, the distance between two
plates is dramatically shortened and the electric field
intensity is enhanced accordingly. Large amounts of
dissolved Cu®" ions become the main part of the
migration ions and reach the central position between
two plates quickly, where part ions crystallize out as
CuSO4xH,O, while the other part ions are reduced
directly to Cu dendrites (Fig. 4(b)), causing a
short-circuit failure.

Cu*+S0} +5H,0— CuS0,5H,0

Cu(OH),—= CuO+H,0
Ag— Agz*+e
0,+2H,0—40H —4e (dominant) Cu—Cu*'+2e
Ag+OH — AgOH+e . . @ Cu* —>th*+e
2AgOH—=Ag,0+H,0 Cu_’C“ te
Ag—
\Cu
FR-4 board—
—
12V
Fig. 12 ECM model for PCB-ImAg
Cu2*+S03 +5H,0— CuS0,5H,0 P
Sn**+40H"— Sn(OH),
Sn—-Sn**+2e
@ Sn?*—=Sn*"+2e
0,+2H,0—40H —4e Ellll: SCI:::::e
Sn(OH), __— 7 = -
Na,Sn(OH), — Sn
Cu
FR-4 board

Fig. 13 ECM model for PCB-HASL

12V
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4 Conclusions

1) When applied with an electrical bias of 12 V,
ECM occurred for PCB. Under different humidity
conditions, the amount of migrating corrosion products
of silver for PCB-ImAg was limited, while on
PCB-HASL both copper dendrites and precipitates such
as sulfate and metal oxides of copper/tin appeared under
a high humidity condition (exceeding 85% RH).

2) For both kinds of PCB materials, the corrosion
resistance of the cathode plates changed significantly
after bias application, with a higher corrosion tendency.

3) Compared with PCB-ImAg, PCB-HASL had a
high ECM tendency and a short-circuit failure would
occur under high humidity conditions. The accumulation
of corrosion products on the anode plate of PCB-ImAg
hindered the further migration of Ag" and Cu*’, limiting
the migration amount of corrosion products.
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% M5 &R T PCB-ImAg #A
PCB-HASL B ZFEREMITAHSHIIE

TRE, FRRA|, ¥ X, 85, K 9, KA
JERREHRY: S B ALy, dEaT 100083

8 . SRR SIS RR T L E(SEM)ZS & X S22 RE1E 73 T (EDS)RF FUAN [ JZ 5 0.1 mol/L Nap,SO, i
AR AL B R AR (PCB-ImA@) M TG HEL A £ 4 b 38 LK R (PCB-ENIG) [ HEAL 23T 4T 0 S HLI, 45 438 BT (EIS)
A Kelvin TREFBIA(SKP) H A HAE & PCB 4 J@ MAR 1A {1 1) FH )y ) S ARIEAT 20 . BFTR 5 R,
S o mEERE, EARRELMT, PCB-ImAg tR FAR TR =8 o 1 R, 1 7E =i 451 T (85%)
N, PCB-HASL 75 HRR 7] [F] I 2 L T B i A B8 IR R 4L . BB 5 iR ) . SKP 451, BARAR
TR HL AT I SRR T BHARAR e 1T AT, AR S K ki) o BT i A PCB MK 22T 8 il S I M LA
R, X PR AR Rk ST AT O 25 AT LA

KHBEIR: RHVRERAG T S L B IR IR R B I
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