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To evaluate the current leakage and electrochemical migration behavior on
printed circuit boards with eutectic tin-lead and lead-free solder, IPC B-24
comb structures were exposed to 65�C and 88% relative humidity conditions
under direct-current (DC) bias for over 1500 h. These boards were processed
with either Sn-3.0Ag-0.5Cu solder or Sn-37Pb solder. In addition to solder
alloy, board finish (organic solderability preservative versus lead-free hot air
solder leveling), spacing (25 mil versus 12.5 mil), and voltage (40 V versus 5 V
bias) were also assessed by using in situ measurements of surface insulation
resistance (SIR) and energy-dispersive spectroscopy after testing. It was
shown that an initial increase of SIR was caused by consumption of electro-
active species on the surface, intermittent drops of SIR were caused by den-
dritic growth, and a long-term SIR decline was caused by electrodeposition of a
metallic layer. The prolonged SIR decline of Sn-3.0Ag-0.5Cu boards was
simulated by three-dimensional (3D) progressive and instantaneous nucle-
ation models, whose predictions were compared with experimental data.
Sn-37Pb boards exhibited comigration of Sn, Pb, and Cu, while Sn-3.0Ag-
0.5Cu boards incurred comigration of Sn, Ag, and Cu. Among the migrated
species, Sn always dominated and was observed as either a layer or in poly-
hedral deposits, Pb was the most common element found in the dendrites, Cu
was a minor constituent, and Ag migrated only occasionally. Compared with
solder alloy, board finishes played a secondary role in affecting SIR due to
their complexation with or dissolution into the solder. The competing effect
between electric field and spacing was also investigated.
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INTRODUCTION

The current trend of electronic products is toward
high-density packaging, high circuit speeds, and
high input and output counts.1 This requires mini-
aturization of electronic components and reduction
of spacing on printed circuit boards (PCBs). The
typical spacings in dual-in-line (DIL) packages
20 years ago were 2.54 mm (0.1 inch),2 but nowa-
days the spacings associated with some surface-
mount technology (SMT) circuits are between
0.1 mm and 0.25 mm (4 mil to 10 mil).3 This

shrinkage of spacing between biased metallizations,
together with moisture adsorption and contami-
nants on PCBs,1 can trigger an electrochemical
phenomenon4–8 called electrochemical migration
(ECM), which is the growth of metallic dendritic
structures across the gap between electrodes in the
presence of moisture under a DC bias. If a dendritic
structure bridges the gap, an electrical short can
occur. At constant voltages, a reduction of spacing
on a PCB will increase the electric field and shorten
the migration distance, which will decrease the time
to failure and thus increase the reliability risk for
electronic products.

The occurrence of ECM requires a DC voltage, an
electrolyte, and metal ions. The electrolyte can be
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either adsorbed moisture films on the substrate or
condensed droplets of water. In the case of moisture
adsorption, the maximum number of adsorbed
monolayers of water at a certain temperature can-
not be infinite; for example, at 23�C and 100% rel-
ative humidity (RH), polytetrafluoroethylene can
adsorb 3 monolayers at most, quartz can adsorb a
maximum of 7 monolayers,9 but for a-alumina, the
maximum number of adsorbed monolayers is
around 25.10 On PCBs at 40�C/93% RH or 85�C/85%
RH, a typical adsorbed moisture layer is many
nanometers in thickness.11 Due to the interaction
between the substrate and the adsorbed moisture,
the first few layers do not behave like bulk water.
Only when the number of monolayers of adsorbed
moisture is above a critical value can the successive
adsorbed layers start to behave as bulk water.9,10

Migrating metal ions can originate from metalliza-
tion (copper traces), finish (such as immersion tin,
silver, etc.), or solder (such as Sn-Pb, Sn-Ag-Cu, or
similar alloy systems).

The ECM process consists of the following
sequence of steps: path formation, electrodissolu-
tion, ion transport, electrodeposition, and filament
growth.12 Path formation is the creation of a favored
path—a medium consisting of an electrolyte layer
for metal ions to migrate. Electrodissolution
involves the oxidation of metals to generate cations
at the anode. These cations tend to migrate under
the influence of electromotive forces to the cathode
(ion transport) and deposit there as neutral metal
(electrodeposition). As more and more neutral met-
als deposit on the nuclei, a dendritic structure may
grow and propagate from cathode to anode (filament
growth).

Typical accelerated test conditions for ECM on
PCBs involve the exposure of test specimens to
elevated temperature, humidity, and voltage bias
(THB) levels, which are intended to reduce the time
to failure without inducing condensation.13 The
contributions of material and processing factors to
ECM in THB conditions, such as conformal coating,
flux, conductor spacing, and voltage bias, have been
reported previously.12

Over the past several years, lead-free solder
alloys have been widely used as a replacement for
traditional eutectic tin-lead solder. Although some

studies have been published on the relative risk of
ECM with selected lead-free solder alloys and fin-
ishes,14,15 there are few reported results from THB
tests which compare tin-lead and Sn-Ag-Cu solder
alloys. This paper is intended to compare the dif-
ferences in electrical and electrochemical behaviors
of Sn-37Pb (SnPb) and Sn-3.0Ag-0.5Cu (SAC) sol-
dered PCBs subjected to THB exposure. The surface
insulation resistance (SIR) trends and the mor-
phologies of migrated metals were analyzed. In
addition to solder alloy, board finish, electric field,
and conductor spacing were also investigated with
respect to their contributions to ECM.

EXPERIMENTAL PROCEDURES

An IPC B-24 board with interleaved comb struc-
tures was chosen and modified for this study. Since
the 16 mil and 20 mil spacings used on the IPC B-24
board have little difference in either migration dis-
tance or electric field for the same voltage, 12.5 mil
(0.32 mm) and 25 mil (0.64 mm) spacings were
adopted to further differentiate spacing effects.

A typical lead-free solder, SAC solder, was chosen
to compare with the traditional eutectic SnPb solder
with respect to their susceptibility to ECM. Each
was reflow-soldered onto copper comb structures to
create samples on which the migrating species,
morphologies, and metallic distributions could be
compared. Prior to soldering, the copper traces were
finished with either organic solderability pre-
servative (OSP) or lead-free hot air solder leveling
(HASL), to compare a relatively low-cost organic
finish (OSP) with one type of inorganic finish
(HASL). Thus the comparisons included: SnPb ver-
sus SAC solder, OSP versus HASL finishes, and
0.32 mm (12.5 mil) versus 0.64 mm (25 mil) con-
ductor spacings. Figure 1 shows the test specimens.

No-clean fluxes were used in the reflow solder
paste, since no-clean flux is now widely used in
the electronics industry. REL0 flux was used in the
SnPb solder paste and ROL0 flux was used in the
SAC solder paste. Based on the notation for solder
fluxes given in IPC-J-STD-004,16 ‘‘RE’’ and ‘‘RO’’
designate resin and rosin, respectively. ‘‘L’’ indi-
cates low activity, and ‘‘0’’ means that the halide
content is below 0.05% in the flux residue.

Fig. 1. Image of a test board prior to soldering, containing comb structures based on an IPC B-24 pattern, with 0.64 mm (25 mil, left) and
0.32 mm (12.5 mil, right) conductor spacings.
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The temperature and humidity conditions (65�C/
88% RH) were selected based on the recommenda-
tions of IPC-TM-650 method 2.6.14.1. Since prior
studies12 showed that testing at higher tempera-
tures (such as 85�C) can cause the weak organic
acids in no-clean fluxes to be volatilized, the choice
of a higher temperature could have adversely
affected the usefulness of the test results, since field
conditions typically involve lower temperatures.
Thus 65�C was chosen as the test temperature. The
test humidity (88% RH) is within the range of
humidities (85% to 93% RH) commonly used in THB
tests. While the IPC standard calls for a 500 h test
duration, longer test times were selected for this
study because the major objective was to provide
insights that would be of general relevance to elec-
tronic products, including those with an expected
life of more than just a few years, rather than sim-
ply qualifying a candidate process to a minimum
requirement. The actual test durations were 1653 h
for the 40 V test and 1550 h for the 5 V test. The
voltage biases selected were 40 V and 5 V DC so as
to cover a range of voltages that may be used in
power lines and signal lines. The SIR failure
threshold was 100 MX, consistent with the criteria
cited in IPC J-STD-004A method 3.4.5.1 and IPC-
9201. For each combination of experimental factors,
3 identical test comb structures were tested, so in
total 24 comb structures were tested at each of two
voltages. Table I provides an overview of the test
matrix.

An SIR test system was used to detect leakage
current. The SIR test system comprised a computer,
a high-resistance meter, low-noise switches, a tem-
perature–humidity chamber, a DC power supply,
triax cabling, and the test boards. The multichannel
high-resistance meter was an Agilent 4349B with
measurement range from 103 X to 1015 X. Its accu-
racy ranges from 2.5% to 3.1%. Agilent E5252A low-
noise switches provided the ability to multiplex 48
channels to the resistance meter, allowing an SIR
reading to be collected once every 3.6 min for each
comb pattern. A 1 MX current-limiting resistor was
placed in series with each comb pattern to minimize
fusing of dendrites in the event of a drop in SIR,
while still providing the opportunity to observe SIR

behavior over about four orders of magnitude in
resistance.

RESULTS AND DISCUSSION

The times to failure of SIR data collected during
the THB tests (40 V and 5 V) are shown in Tables II
and III.

SIR Behavior of Solder Alloy: SnPb Versus
SAC

The experimental results (Tables II, III) reveal
that the SnPb boards consistently incurred fewer
failures than the SAC boards. The switch from 40 V
to 5 V led to an appreciable decrease in the number
of failures on the SnPb boards, while this switch did
not greatly affect the number of failures on the SAC
boards. Given the same finish or spacing, the
number of failures of the SnPb boards was always
lower than that on the SAC boards. In addition, the
times to failure of the SnPb boards had greater
variability compared with the more narrowly

Table I. THB test board characteristics and
process factors

Solder alloy SnPb, SAC
Solder process Reflow
Board finish OSP, lead-free HASL
Conductor spacing 0.32 mm (12.5 mil), 0.64 mm (25 mil)
Voltage bias 5 V, 40 V
Flux (no clean) ROL0 for SAC, REL0 for SnPb
Substrate FR-4 (170�C glass-transition temperature)
Replicates 3
Environment 65�C/88% RH (noncondensing)
Duration 1653 h for 40 V, 1550 h for 5 V

Table II. Times to failure for comb structures on
PCBs biased at 40 V in 65�C/88% RH

Solder Finish
Spacing

(mil)

Time to Failure (h)

Sample
1

Sample
2

Sample
3

SnPb OSP 25 s s s
12.5 1313.8 0 195.7

HASL 25 s s s
12.5 1.4 9.4 s

SAC OSP 25 1063.4 s 888.6
12.5 85.6 87.3 91.3

HASL 25 706.3 257.8 1365.9
12.5 117.6 134.4 101.7

‘‘s’’ means survived.

Table III. Times to failure for comb structures on
PCBs biased at 5 V in 65�C/88% RH

Solder Finish
Spacing

(mil)

Time to Failure (h)

Sample
1

Sample
2

Sample
3

SnPb OSP 25 s s s
12.5 s s s

HASL 25 s s s
12.5 234 s s

SAC OSP 25 s s s
12.5 432.1 539.8 353.9

HASL 25 s 900 871.9
12.5 423.6 273.3 409.6

‘‘s’’ means survived.
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distributed times to failure of SAC boards, for the
same finish and spacing.

The SIR trends between SnPb soldered and SAC
soldered samples were different, as shown in Figs. 2
and 3. The SIR of the SnPb samples showed an
increasing trend in the beginning of the test, fol-
lowed by a gradual leveling off. The SIR of the SAC
samples, however, showed a long-term decline after
increasing for an initial period of about 100 h. This
phenomenon occurred for all SnPb and SAC boards
in both 40 V and 5 V THB tests, regardless of which
types of finish and spacing were used.

The long-term behavior of SnPb and SAC boards
can be explained as follows. Initially, after the

humidity and bias were applied, the adsorbed mois-
ture films on the FR-4 laminate surface combined
with flux residues and ionic contaminants on the
PCB surface to build up an electrolyte. Flux residue
contains organic salts (fluxing product) and weak
organic acids (remaining flux activators) such as
adipic and glutaric acids, which are the common
activators of no-clean flux. Together with the DC bias
between electrodes, an electrochemical cell is formed.

Analysis of SIR curves of surviving SnPb samples
shows that the relationship between SIR, R, and
time, t, follows a power law R ¼ atn, where a is a
constant. Averaged R2 values, a measure of the
goodness of fit, were 0.98 for 40 V SIR curves and

Fig. 2. Results for 40 V SIR of three comb structures on a SnPb soldered board with HASL finish and 25 mil spacing. Top comb, middle comb,
and bottom comb are simply a means of distinguishing the comb structures according to their location on the board.

Fig. 3. Results for 5 V SIR of three comb structures on a SAC soldered board with OSP finish and 12.5 mil spacing.
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0.92 for 5 V SIR curves, indicating that the fits were
good. The n values of 40 V stressed samples ranged
from 0.40 to 0.67, with a mean of 0.52. The n values
of 5 V stressed samples ranged from 0.43 to 0.72,
with a mean of 0.61. A t-test (statistical hypothesis
test) was conducted, and it was found that there was
no statistical difference between the means of these
two groups of n values when a significance level of
5% was applied. Thus, it is unlikely that n is voltage
dependent. Taking into account the experimental
statistical uncertainties, it is most likely that the
mean value of n is between 0.5 and 0.6. This suggests
that the SIR of the comb structure is approximately
proportional to the square root of time, which is a
typical characteristic of a diffusion-controlled ion
transport process under constant voltage.17,18

The initial SIR increase on SnPb boards implies
an initial current decay with time. Surface current
decay on a polymer under constant voltage has
been investigated for several decades. The poly-
mers studied include epoxy resin,19,20 polytetra-
fluoroethylene,9 polyethylene,21 polypropylene,22

poly(hexafluoropropylene-tetrafluoroethylene),23 etc.
The relation between the current I, the so-called
absorption current, and time t is described as I / tn.
When the polymer is tested in vacuum, n is close to
�1, whilst in air, n is between �0.6 and -0.8.22–24

Thus, the absorption current decays more slowly in
air than in vacuum. Explanations for this absorp-
tion current decay include lateral spread of surface
charges in vacuum,24 polymer surface polariza-
tion,25 charge injection,26 and electron hopping
across surface-localized states.27 The polymers
mentioned above are cleaned polymers, but for
epoxy resin, especially with ionic contaminants on
the surface, this current decay has been attributed
to a diffusion-controlled process and analyzed in the
frequency domain.19 Unfortunately, the origin of
charge carriers has not been exactly specified. The
charge carriers can be electrons,27 most likely in
vacuum, but in air when moisture adsorption takes
place it is generally accepted that the charge carri-
ers have ionic nature.19–22,26

Since surface conductivity of a polymer exposed to
water vapor is always several orders of magnitude
higher than that in a vacuum, most likely the
charge carriers with moisture adsorption present
are ions. So the resistance–time transient response
to the constant bias U based on ion transport in a
cell is

R ¼ U

iTotalA
¼ U

Pk
1 ziFcb

i ða� 1Þ
ffiffiffiffi
Di

pt

q� �

A

¼ U
Pk

1 ziFcb
i ða� 1Þ
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p
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A

ffiffi
t
p
; ð1Þ

where A is the cross-sectional area of the electrolyte,
iTotal is the total current density, zi is the charge
number, F is the Faraday constant, ci

b is the initial

bulk concentration of a specific type of electroactive
ion, a is a constant determined by the system, D is
the diffusivity, and t is time. A detailed derivation of
Eq. (1) is given in the Appendix.

From Eq. (1) we can see thatR / t0:5;since z, F, a,
D, A, and ci

b are all constants, because the types and
initial amounts of the electroactive species such as
ionic contaminants were fixed after the start of the
THB test. So in the initial period of time, such as the
first 600 h in Fig. 2, the flux residues and ionic
contaminants present on the surface of the board
migrated toward the electrodes, where they were
oxidized or reduced and thus consumed. Since their
initial amounts on the surface were limited and
fixed, their consumption on the surfaces of the
electrodes created a depletion region in the vicinity
of the electrodes, thus expanding the diffusion layer
thickness into the bulk electrolyte with time. As
more and more residues or contaminants were
consumed, their concentrations in the vicinity of the
electrodes decreased further, and ionic migration
(see the Appendix) proportional to concentration
decreased more and more. Ionic diffusion finally
dominated the ion transport process on the board
surface. This is true if no significant amount of
metals dissolve, since the dissolution of metal can
introduce new electroactive ions into the system and
perturb the composition of the ionic flux, thus sig-
nificantly changing the current density. On most of
the survived SnPb soldered boards, little dendritic
growth occurred, thus corroborating the assumption
that existing flux residues and contaminants were
the only available electroactive species in the cell.

In contrast, the SAC board did not grow den-
drites, but exhibited the deposition of layers, as
shown in Figs. 4 and 5. In the figures, energy-
dispersive spectroscopy (EDS) maps show that
migrated Sn has formed a continuous layer
spreading across the gap. This indicates that elec-
trocrystallization into a layer or film-like deposit
rather than dendrites, corresponding to a nucle-
ation and growth model, occurred.

The current–time transients of electrocrystalli-
zation in an electrochemical cell under constant
voltage have been investigated previously.28–30

Armstrong et al.28 introduced a three-dimensional
nucleation and growth model using lattice incorpo-
ration and described the current–time transient for
constant DC bias (as in a potentiostat) in growing
deposits of layers. For progressive 3D nucleation,
where nucleation and growth of the lattice occur at
the same time, the current density is

i ¼ zFk1 1� exp � pM2ck2
2

3q2
d

t3

 ! !

;

and thus the resistance is

R ¼ U

zFk1 1� exp � pM2ck2
2

3q2
d

t3
� �� �

A
: (2)
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For instantaneous 3D nucleation, where nucle-
ation stops and growth of the lattice continues on
the initially grown nucleation centers, the resis-
tance is

R ¼ U

zFk1 1� exp � pM2k2
2
N0

q2
d

t2
� �� �

A
; (3)

where k1 and k2 are the growth rate constants
perpendicular and parallel to the substrate,

respectively. M is the molecular weight, c is the
nucleation rate constant, N0 is the saturation den-
sity of nuclei centers, qd is the deposit density, U is
the bias, t is time, and A is the cross-sectional area
for the electrolyte.

Equations (2) and (3) indicate that R decreases
with time and finally reaches a plateau. The final
plateau is determined by k1, the perpendicular
growth rate, since the exponential terms related to
k2 and t decay with time. This suggests that, as

Fig. 4. EDS line scan of materials existing in the gap on a SAC soldered board with OSP finish and 25 mil spacing after 40 V THB test. The left
graph is the original back-scattered electron (BSE) image, and the right graph is the Sn distribution along the line scan from the top to the bottom.

Fig. 5. EDS map of a 12.5 mil sample on a SAC soldered board with HASL finish after a 5 V THB test. The left graph is the original BSE image,
and the right graph is the Sn distribution spanning the gap as a layer deposit.
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more and more layers of deposits form at the cath-
ode, the deposition front advances toward the
anode, so the current density increases with time
and the resistance decreases but eventually
approaches a steady state set by k1, the perpendic-
ular growth rate. A simulation of the resistance–
time transient based on Eqs. (2) and (3) can be made
by assuming appropriate nucleation and growth
rate constants for tin ions, as shown in Fig. 6. The
curves in the figure were obtained under the
assumptions that the electroactive species is
Sn2+, k2

2c = 3 9 10�22 mol2 nuclei cm�5 s�3, k2
2N0 =

3 9 10�17 mol2 nuclei cm�5 s�3, k1 = 2.2 9 10�7

mol cm�2 s�1, and voltage bias U = 5 V. The
adsorbed water layer is assumed to have a thickness
of 100 nm11 and a length of 12 mm (the length of the
fingers of the comb structures), so the cross-sec-
tional area is A = 1.2 9 10�5 cm2. Note that, after
100 h, the simulated SIR curves show a long-term
decline, matching the experimental data. Although
it is hard to determine which type of nucleation
(progressive or instantaneous) occurred on the SAC
board, these two nucleation and growth models
show similar SIR trends, and most likely, both types
of nucleation occurred. Both the degree of matching
between the SIR and the model, and the corre-
spondence of the morphology to the model, lead to
the conclusion that the SAC board experienced
metal migration and deposition on the cathode as
layers rather than dendrites, which generated a
long-term SIR decline.

The differences in SIR behavior between SnPb
and SAC boards may be caused by flux chemistry
and their long-term compatibilities with solder.
Both the SnPb and SAC boards contained a signifi-
cant amount of flux residues before the THB tests,
and flux residues spanned the gap in some places on

both types of boards. The flux residues on the sur-
face are designed either to react with water vapor or
oxygen or to react at electrodes through redox
reactions so that the ionic constituents of the cell are
depleted with time, and thus the SIR increases to a
relatively high steady value, a sign of SIR recovery.
The degradation of flux residue caused by reactions
between water vapor and flux or fluxing product is a
diffusion-controlled process31 characterized by dif-
fusion of water through the outer layer of degraded
flux residue to react with the inner material. Thus,
the liberation of electroactive species may also be
diffusion controlled, since free ions have to diffuse
from inside through the outer layer of degraded flux
residue to become electroactive. Either the release of
electroactive species from the degraded flux residue
or the consumption of electroactive species at elec-
trodes can place the circuit under diffusion control.
This is why the surviving SnPb boards without
significant metal migration showed an initial diffu-
sion-controlled SIR behavior. If, for some reason, the
flux residue on the surface is not compatible with
the solder in the long run, SAC solder in this case, it
may complex with the solder and trigger electro-
chemical migration of metal ions, whose deposition
as layers rather than dendrites can give rise to a
long-term SIR decline. This suggests that a flux
which passes standard tests (for example, 168 h at
85�C/85% RH, 96 h at 35�C/85% RH, or 96 h at 65�C/
85% RH, all under bias) may not necessarily pass a
THB test of more than 500 h or 1000 h.

Dendritic growth was responsible for most of the
SIR failures of the SnPb boards. The dendritic
growth bridging the gaps between electrodes
(Figs. 8, 9) was always accompanied by intermittent
SIR drops, as shown in Fig. 7. During dendritic
growth, dendrites can break due to fusing32 or

Fig. 6. Simulation of resistance with time based on Eqs. (2) and (3). The two simulated curves, for 3D progressive and instantaneous nucleation,
are shown together with the experimental curves from Fig. 3.
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mechanical stress,33 but rapid regrowth can occur.33

This breaking and regrowth may cause the SIR to
oscillate in a cyclic fashion and thus show inter-
mittent drops. This is consistent with previous
reports11,34 on this phenomenon.

Morphology of Migration: SnPb Versus SAC

The morphology of electrodeposits at the cathode
is affected by various factors such as the overpo-
tential (the potential difference between the
potential applied to the electrode and the potential
of the electrode at equilibrium) of the cathode,
current density, adhesion of nuclei to electrodes,
electrolyte viscosity, and temperature. When the
overpotential is small, a spongy or porous deposit
can occur. When the overpotential is increased,
the nucleation rate is increased, and a polycrys-
talline layer structure results. If the overpotential
or the current density is larger than the critical
values, a dendritic structure can be provoked to
grow.35

As shown in Figs. 4 and 5, diffuse layer deposits
formed on the failed SAC boards. Among the
migrated species, Sn always dominated, Cu con-
centration was always less than Sn, and Ag was
present in only small quantities and only occasion-
ally. On failed SnPb boards, typical dendrites
occurred in the 40 V THB tests (Figs. 8, 9), and
polyhedral or layer-like deposits emerged in the 5 V
testing (Fig. 10). Migrated Sn, Pb, and Cu coexisted
in either dendrites or polyhedral deposits. In den-
drites, Pb dominated, while in the polyhedral
deposits, Sn dominated. Taking into account both
dendrites and polyhedral deposits, Sn was still the
predominant migrated species in most cases, Pb was
less prevalent than Sn, and Cu was present in small
proportions.

Apparently, comigration of Sn, Pb, and Cu on the
SnPb board and Sn, Cu, and Ag on the SAC board
occurred. Since typical cathodic overpotentials for
electrodeposition of these metals are less than
1 V,36–38 5 V and 40 V are high in an electrodepos-
ition sense. Assuming that the deposits were a
mixture of metals in their pure states rather than
solid solutions or chemical compounds, a 5 V or 40 V
bias provided enough margin to accommodate the
required cathodic overpotential for deposition of
these metals, although the voltage drop across the
surface-adsorbed film electrolyte can be signifi-
cant.11 That is why all these metals comigrated. The
reason why Pb was predominant in the dendrites

Fig. 7. Results of 40 V SIR of three comb structures on a SnPb soldered board with OSP finish and 12.5 mil spacing.

Fig. 8. Dendrite spanning the gap on a SnPb soldered board with
OSP finish and 12.5 mil spacing after a 40 V THB test.
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may be due to the higher solubility of Pb2+ than Sn2+

by almost three orders of magnitude,39 making it
easier for the flux of Pb2+ to exceed the critical cur-
rent density to trigger dendritic growth. The domi-
nance of Sn in the overall migrated species may be
due to its larger proportion in eutectic SnPb solder or
SAC solder, though it had to deposit as layer struc-
tures due to the low solubility of Sn2+. The reason for
the occurrence of dendrites on the SnPb board in the
40 V tests was that the chance for cathodic overpo-
tentials in the 40 V test to exceed the critical
cathodic overpotential needed to trigger dendritic
growth was much higher than in the 5 V test.

Effect of Board Finish: OSP Versus HASL

Finishes are used to retard the oxidation of bare
copper on PCBs and maintain the solderability of
metal surfaces. OSP is an organic layer evenly
deposited onto exposed copper metallizations. The
coating of OSP, made from benzimidazole, can be
200 nm to 500 nm thick and more durable than the
previous benzotriazole version.40 HASL involves
passing boards over molten solder and blowing off
excess molten solder by a hot air knife, thus leaving
a thin solder layer over the exposed copper metal-
lization. The thickness of the HASL layer can be up

Fig. 9. BSE image and EDS map of dendrite spanning the gap on a SnPb soldered board with OSP finish and 12.5 mil spacing after a 40 V THB test.
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to several hundred micrometers with large varia-
tions.41 However, OSP is more prone to physical
damage during PCB handling, and it can partially
dissolve in solvents, including water.40

In the present study, OSP and HASL finishes did
not show noticeable differences in their effect on
SIR. This can be concluded from statistical analysis
such as the Weibull analysis in Fig. 11 showing
substantial overlap of the 90% confidence intervals.
All boards using the same solder always showed
similar SIR trends, regardless of whether OSP or
HASL was used. One particular phenomenon was
that OSP-finished SAC boards generated green

residues, though their SIR trends were still similar
to HASL-finished SAC boards.

Green residues may result from the reaction
between remaining OSP and fluxing products.
Benzimidazole, with a melting temperature of 170�C
to 172�C,42 may not completely evaporate during the
reflow process. A green copper complex can form from
the reaction between benzimidazole ligand (‘‘HL’’ is
the protonated form of a ligand ‘‘L’’) and copper sul-
fate at 60�C.43 So, it is possible that the remaining
OSP reacted with fluxing products (copper organic
salts) and formed green residues during THB testing
(65�C, 88% RH). The similar SIR trends with and

Fig. 10. Migrated metal in the shape of bumps or polyhedra on SnPb soldered board with HASL finish and 12.5 mil spacing after 5 V THB test.
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without green residues suggest that green residues
are not detrimental to SIR and have high resistances,
thus confirming the findings of Tellefsen.44 HASL
finish can dissolve into solder during the soldering
process, and therefore plays a secondary role in
affecting ECM compared with solder. Thus, neither
finish contributed measurably to the SIR results.

Effect of Electric Field and Spacing

Electric field acts as the driving force for ion
migration. This driving force together with the
relaxation effect and electrophoresis effect deter-
mines the migration velocity of ions. The relaxation
effect is the overall backward drag from an ion’s
ionic cloud when the ion moves forward, while
electrophoresis stems from the collision between
ions’ hydration sheaths when they move.18 There-
fore, a higher ion migration speed results from a

higher electric field, a higher ionic mobility, a lower
electrolyte viscosity, and a smaller ionic radius
(including the sheath of the ion). The spacing
determines the travel distance for ions to reach the
cathode and thus affects the migration time. A
smaller spacing also increases the probability for
flux residues or surface contaminants to bridge the
gap between electrodes, allowing moisture to adsorb
and form a continuous electrolyte medium (the
ECM step of path formation).

Table IV presents the times to failure of different
boards for four electric fields. At each value of
electric field, four types of boards with the same
spacing were combined into one group and the
characteristic life of this group was calculated based
on Weibull statistics. By doing so, four representa-
tive points were generated and are plotted in
Fig. 12. One can observe that, given the same
spacing, a larger electric field led to a shorter
characteristic life. The combination of a larger
spacing and a smaller electric field resulted in the
longest characteristic life. However, a larger spac-
ing under a higher electric field (point 2) still led to
a longer characteristic life than did a smaller spac-
ing under a lower electric field (point 3). This com-
parison not only suggests that spacing itself is an
independent factor affecting ECM, which is consis-
tent with the findings of Zhan et al.,12 but it also
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Fig. 11. Weibull plot comparing SAC soldered samples with OSP
(dashed lines) and HASL finishes (solid lines) from 5 V THB test with
90% confidence intervals (CI).

Table IV. Times to failure (h) of SIR according to electric field and board

Board

Electric Field

(5 V, 25 mil)
0.2 V/mil

(5 V, 12.5 mil)
0.4 V/mil

(40 V, 25 mil)
1.6 V/mil

(40 V, 12.5 mil)
3.2 V/mil

SnPb_OSP s/s/s s/s/s s/s/s 1313.8/0/195.7
SnPb_HASL s/s/s 234/s/s s/s/s 1.4/9.4/s
SAC_OSP s/s/s 432.1/539.8/353.9 1063.4/s/888.6 85.6/87.3/91.3
SAC_HASL s/900/871.9 423.6/273.3/409.6 706.3/257.8/1365.9 117.6/134.4/101.7

‘‘s’’ means survived.
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means that a larger spacing can overcome the dis-
advantageous effect induced by a larger field and
still lengthen the characteristic life under some
conditions. A further analysis that shows the strong
effect of spacing is presented in Fig. 13, showing
that a larger spacing can lengthen the characteristic
life independently of electric field.

Main Effects and Interaction Effects

The main effects and interaction effects of this 24

(four factors, two levels) full-factorial experimental
design were extracted using analysis of variance
(ANOVA). It was found that greater insight into SIR

response could be obtained by replacing voltage bias
with electric field as a factor in the analysis. Based
on the times to failure in Table IV and assuming
that the failure times for the survived samples are
just the termination times for the THB tests, the
main effects plot and interaction plot were gener-
ated and are shown in Figs. 14 and 15. It can be
observed that solder alloy and spacing are the two
dominant factors, since the lines connecting their
data points have steep slopes, showing larger vari-
ations from the grand mean (1000 h in this case).
The electric field also shows significant influence on
the SIR response. It has a similar pattern as in
Fig. 12. The finish, however, does not show much
influence and plays an insignificant role.

In an interaction plot, the more parallel the lines,
the less interaction between the factors. The inter-
actions between any two of these four factors,
however, are not pronounced, since their lines are
all more or less parallel to each other, as shown in
Fig. 15. The interaction between the electric field
and spacing cannot be determined from the plot due
to the lack of a complete set of electric fields with
one spacing, or vice versa, but their competition is
discussed in the next section.

Risk Index Discussion

The observation of metal migration by itself rep-
resents a risk factor for electronic products. One
way to evaluate the combined effect of metal
migration and SIR degradation is to assess the
metal migration and SIR with numerical values and
combine them to form a risk index. The criteria are
given in Table V. The final index is the sum of the
risk indices of metal migration and SIR. The SIR
index is the sum of the indices of the initial SIR
right after temperature and humidity exposure, the
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Fig. 14. Main effects plot for time to failure based on Table IV.
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SIR at 1000 h, and the final SIR of the THB test
with 20%, 30%, and 50% weights associated with
them, respectively.

The differences among solder alloys, finishes, and
spacings with respect to their risk indexes were
compared using statistical tools including fitting of
distributions, means of samples, and confidence
intervals. The smaller the risk index, the lower the
risk associated with ECM and SIR, and the higher
the reliability. From Figs. 16 and 17, it can be
observed that SnPb solder has a large percentage of
samples with risk indices close to zero, with its best
fit being an exponential distribution. The risk index
data for the SAC solder is more scattered, and the
best fit is a Weibull distribution. The risk index for
SnPb has a significantly smaller mean than that for
SAC. OSP and HASL finishes show similar influ-
ence, since they belong to the same best-fit expo-
nential distribution and have similar means and
confidence intervals, as shown in Fig. 18.

The intervals of the risk index are plotted in
Fig. 19 against an ascending series of electric fields,
with an indication of their associated spacings. It
can be observed that, given the same spacing, an
increase in electric field increases the mean of the
risk index, though this increase for 12.5 mil samples
is more appreciable than for 25 mil samples.

Focusing on a comparison between groups II (0.4 V/
mil, 12.5 mil) and III (1.6 V/mil, 25 mil), it may be
expected that an increase of electric field by four
times would increase the risk index. However the
mean of the risk index actually decreases. This
suggests that the doubling of the spacing sup-
pressed the increased risk resulting from the
increase of the electric field by four times. The risk

Fig. 15. Interaction plot for time to failure based on Table IV.

Table V. Risk index criteria according to metal migration and SIR degradation

Dendritic Growth (More than 20%
of Conductor Spacing) or Migrated
Metal Spanning the Gap

Risk Index of Metal
Migration

SIR
Degradation

(X)
Risk Index

of SIR

None 0 >108 0
Less than two places 1 or 2 >107 1
Few or some places 3 or 4 >106 2
Many places 5 or 6 106 4

Fig. 16. Histogram of SnPb risk index based on the best-fit, expo-
nential distribution, with mean of 1.98, sample size of 24, and 95% CI
of (1.33, 2.96).
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index decreased from 3.60 to 1.47, which implies a
stronger and independent influence of spacing on
risk, pointing to the importance of the path forma-
tion step in the ECM process.

Further exploration can be performed to clarify
which factor—spacing or electric field—is more
influential in determining the risk index, as shown in
Fig. 19. Let asterisk ‘‘A’’ represent an imaginary
group of 25 mil samples with 0.4 V/mil field. So, a
transition from I! II can be viewed as I! A ! II.
The increase of risk index from group I (25 mil,
0.2 V/mil) to group III (25 mil, 1.6 V/mil) is 28%, so
the transition from I to A (double the field) cannot
increase the risk index by more than 28%. The
transition from I to II (double the field and half the
spacing) increased the mean of the risk index by
213%, thus suggesting that the transition from A to
II (half the spacing) has potentially increased the
risk index by 185%. Thus, under a relatively low
electric field (less than 0.4 V/mil), a change of spac-
ing by two times has a more significant effect on the
risk index than a change of electric field by two times.

Similarly, let asterisk ‘‘B’’ represent an imaginary
group of 12.5 mil samples with 1.6 V/mil field. So, a
transition from IV ! III can be viewed as
IV ! B! III. The transition from IV to B (half the
field) decreases the risk index by no more than 44%,
which is the decrease of risk index from group IV to
II (reduction of the field to one-eighth of the original
value). However, the decrease of risk index from
group IV to III (half the field and double the spac-
ing) is 76%, so a change from B to III (double the
spacing) can decrease the risk index by more than
32%. This implies that, under a relatively high field
(higher than 1.6 V/mil), a change of spacing by two
times is comparable to a change of electric field by
two times in its effect on the risk index.

Together with the comparison between groups II
and III discussed previously, it may be concluded
that, when the electric field is less than 1.6 V/mil,
spacing dominates the risk index, but when the
electric field is larger than 1.6 V/mil, the electric
field and spacing exert similar influence on the risk
index.

CONCLUSIONS

IPC B-24 comb patterns have been tested under
THB conditions to evaluate the propensity of
eutectic SnPb and lead-free SAC solder to undergo
ECM, and to assess the effects of board finish,
electric field, and spacing. A clear relationship
between the electrochemical behavior and electrical
behavior of different solders was established. The
dendritic growth on the surface led to intermittent
SIR drops, metal layer deposition resulted in a long-
term SIR decline, and the consumption of electro-
active species generated the initial SIR increase
right after humidity exposure, a characteristic of a

Fig. 17. Histogram of SAC risk index based on the best-fit, Weibull
distribution, with mean of 4.15, sample size of 24, and 95% CI of
(3.15, 5.47).

Fig. 18. Histogram of OSP and HASL risk index based on the best-
fit, exponential distribution for both. OSP has mean of 3.05 and 95%
confidence interval of (2.04, 4.55), and HASL has mean of 3.07 and
95% confidence interval of (2.06, 4.58). Sample sizes are both 24.

Fig. 19. Interval plot (95%) of risk index of four combinations of
electric fields and their spacings. Group I (0.2 V/mil_25 mil) samples
have mean of 1.15 and 95% confidence interval of (0.99, 1.35),
group II (0.4 V/mil_12.5 mil) samples have mean of 3.60 and 95%
confidence interval of (2.16, 5.04), group III (1.6 V/mil_25 mil)
samples have mean of 1.47 and 95% confidence interval of (1.23,
1.91), and group IV (3.2 V/mil_12.5 mil) samples have mean of 6.41
and 95% confidence interval of (4.85, 7.96). The means and confi-
dence intervals come from their best-fit distributions. Asterisk A and
B are imaginary points to represent 0.4 V/mil_25 mil samples and
1.6 V/mil_12.5 mil samples, respectively.
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diffusion-controlled cell. A model based on 3D pro-
gressive and instantaneous nucleation was used to
simulate the long-term SIR decline, and it matched
the experimental data. The similarities between the
simulation and experimental data indicate that
both types of nucleation occurred.

This study shows that SAC solder can exhibit
failures under THB conditions if there is a long-term
incompatibility between the fluxes and solder sys-
tems. The failure mechanism for the SAC boards, the
deposition of metallic layers, was different from the
dendritic growth often encountered on SnPb boards.
The long-term deposition of metallic layers on the
SAC boards necessitates careful selection and eval-
uation of flux and solder systems to ensure their long-
term compatibility. The SIR results obtained with
SAC solder demonstrate that THB tests of 500 h or
longer may be required to uncover reliability risks.
SIR may exhibit a rising trend in the first 100 h to
200 h and give the impression of stabilization,
whereas additional testing may reveal problems
that could threaten the reliability of electronic
products which have long expected lifetimes.

Comigration and codeposition of Sn, Pb, and Cu
on the SnPb board and Sn, Cu, and Ag on the SAC
board were observed. The codeposition of these
metals was due to their low deposition potentials,
which were in the millivolt range, compared with
the 5 V or 40 V applied bias. Although it has been
argued by some researchers that Ag cannot migrate
at room temperature due to its formation of inter-
metallic compounds, a small amount of Ag migra-
tion was observed in some samples in this study on
SAC boards. Among the migrated species, Sn was
predominant and manifested itself as layer deposits,
Pb was predominant in the dendrites, while only a
small proportion of the migrated metal was Cu. The
occurrence of dendrites on SnPb boards tested at
40 V rather than at 5 V was attributed to the larger
chance for the cathodic overpotential to exceed the
critical cathodic overpotential and trigger dendritic
growth under conditions of higher electrical stress.

The occurrence of ECM was influenced less by
surface finish than it was by solder alloy. In the case
of OSP this was attributed to complexation of OSP
during THB testing, which resulted in a nondetri-
mental green residue. In the case of HASL, the
soldering process caused the HASL finish to dissolve
into the solder, resulting in a final composition that
was not sufficiently different from the nominal sol-
der alloy composition to change its propensity for
ECM compared with the OSP samples.

There was interaction between electric field and
conductor spacing with respect to ECM. Within a
spacing range from 12.5 mil (0.32 mm) to 25 mil
(0.64 mm), when the electric field was relatively low
(less than 1.6 V/mil), spacing was a stronger factor
than electric field in affecting ECM. When the
electric field was relatively high (larger than
1.6 V/mil), electric field had a comparable influence

to spacing on ECM. With the current trend in the
electronics industry towards miniaturization, high-
er-density products would be expected to have
greater risk of ECM overall, and to exhibit greater
sensitivity to spacing than to electric field. ECM’s
larger sensitivity to spacing implies that solely
lessening the electric field may not be sufficient to
mitigate risk, and additional measures are needed
to effectively suppress ECM.
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APPENDIX

Since Fickian diffusion is a special case of a gen-
eral ion transport process, a series of ion transport
equations can be introduced to give a general con-
text in order to clarify the preconditions required for
Fickian diffusion. This theoretical framework for
ion transport is given by the Nernst–Planck equa-
tion,17 which has broad applications in electro-
chemistry. The ionic flux J is

J ¼ �D
@c

@x
� zlFc

@/
@x
þ cV; (A1)

where D is the diffusivity, c is the concentration, l is
the mobility of a specific type of ion, F is Faraday’s
constant, V is the hydrodynamic speed relative to
the frame of the physical test setup, and z is the
charge number of an ion. Here, V is zero, since the
electrolyte is not stirred and static electrodes are
used. When the bias is high (40 V or 5 V), c can be
very small in the vicinity of the cathode and prac-
tically zero on the surface of the electrode.17 Thus
Eq. (A1) reduces to

J ¼ �D
@c

@x
: (A2)

Based on the continuity equation and assuming c1

is an electroactive species in the electrolyte,

@c1

@t
� D1

@2c1

@x2
(A3)

with boundary conditions of

c1ðx; 0Þ ¼ cb
1 initial bulk concentration at t ¼ 0ð Þ

and

c1ðx!1; tÞ ¼ cb
1 ðbulk concentration beyond the

diffusion layer thicknessÞ:
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Equation (A3) can be solved by Laplace transfor-
mation. Its final solution is

c1ðx; tÞ ¼ cb
1 1þ ða� 1Þerfc

x

2
ffiffiffiffiffiffiffiffi
D1t
p

� �� �

;

where a is a constant related to the voltage step. So,
the electric current density is

i1ðtÞ ¼ z1FJ1 ¼ �z1FD1
@c1

@x

� �

x¼0

¼ z1Fcb
1ða� 1Þ

ffiffiffiffiffiffi
D1

pt

r

:

(A4)

If c1, c2, …, ck, ck+1, …, cn exist in the electrolyte,
c1, c2, …, ck are all the electroactive species, and
ck+1, ck+2, …, cn are all the electro-inactive species,
then the electroneutrality assumption results in

Xn

1

zici ¼ 0:

Since Eq. (A4) can also apply to other electroac-
tive species (not only c1), the total current density is

iTotal ¼ i1ðtÞ þ i2ðtÞ þ � � � þ ikðtÞ

¼
ffiffiffi
1

t

r

�
Xk

1

ziFcb
i ða� 1Þ

ffiffiffiffiffiffi
Di

p

r !

:

Thus, the resistance measured across the elec-
trodes is

R ¼ U

iTotalA
¼ U

ffiffi
1
t

q
�
Pk

1 ziFcb
i ða� 1Þ

ffiffiffiffi
Di

p

q� �

A

¼ U

Pk
1 ziFcb

i ða� 1Þ
ffiffiffiffi
Di

p

q� �

A

ffiffi
t
p
; (A5)

where U is the voltage bias across the electrodes, and
A is the cross-sectional area of the electrolyte.
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