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Two types of accelerated tests, Water Drop Test (WDT) and Temperature-Humidity-Bias Test (THBT), can

be used to evaluate the susceptibility to electrochemical migration (ECM). In the WDT, liquid water is

directly applied to a specimen, typically a patterned conductor like a printed circuit board. Time to failure

in the WDT typically ranges from several seconds to several minutes. On the other hand, the THBT is con-

ducted under elevated temperature and humidity conditions, allowing for assessment of design and life

cycle factors on ECM. THBT is widely recognized as a more suitable method for reliability testing than

WDT. In both test methods, localized corrosion can be observed on the anode. Composition of dendrites

formed during the WDT is similar to that formed during THBT. However, there is a lack of correlation between

the time to failure obtained from WDT and that obtained from THBT. In this study, we investigated the rela-

tionship between electrochemical parameters and time to failure obtained from both WDT and THBT. Differ-

ences in time to failure can be attributed to actual anode potential obtained in the two tests.
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1. Introduction

ECM is the phenomenon characterized by the formation

of conductive metal filaments on a printed circuit board

(PCB) under the influence of a DC voltage bias [1]. These

filaments can grow on the external surface, internal

interfaces, or within the bulk material of a composite (e.g.,

paper/phenolic laminate) [2,3]. The growth of metal

filaments occurs through electrodeposition from a solution

containing metal ions that dissolve from the anode, are

transported by the electric field, and then re-deposited at

the cathode. It's important to note that this definition

excludes other phenomena such as field-induced metal

transport in semiconductors and the diffusion of corrosion

by-products. Surface Insulation Resistance (SIR) testing

has been employed in the electronics industry since the

introduction of transistors and printed circuit boards [4-10].

The WDT refers to a test where an electrical potential

is applied to two adjacent unprotected metal patterns

under ambient conditions. A drop of deionized water is

then applied to the sample, bridging the two conductors.

The THBT regimen involves subjecting a material or

materials system to elevated temperature and humidity

conditions for a specified duration, beyond ambient

conditions. Additionally, an electrical potential is applied

between adjacent electrodes of the test patterns. The

applied potential level, duration, and the point at which

it is applied can vary.

To evaluate susceptibility to ECM, two types of

accelerated tests are commonly used: the WDT and the

THBT. In the WDT, a drop of liquid water is directly

applied to a specimen, typically a patterned conductor like

a printed circuit board. The time to failure usually ranges

from several seconds to several minutes. However,

reproducibility issues have been reported in previous

WDT studies due to the current's strong dependence on

the droplet’s size and shape. On the other hand, the THBT

is performed under elevated temperature and humidity

conditions. The effectiveness of design and lifecycle

factors on ECM can be used to evaluate. Therefore, the

THBT is widely considered more suitable for reliability
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testing compared to the WDT. The time to failure in THBT

typically ranges from several hours to thousands of hours.

Various researchers have proposed mechanisms for

electrochemical damage in electronic components.

According to Takemoto, the following factors contribute

to the occurrence of ECM: 1) the rate of metal ion

leaching, 2) the lower the hydrogen evolution, which is

a competing reaction in cathodic reduction, and 3) the

faster precipitation due to a lower saturation concentration

of metal ions [11]. Radovici also reported that the

dissolution rate at the anode facilitates migration [12].

Tanaka’s research found that Pb-free solder exhibits

increased ECM resistance compared to SnPb solder due

to the formation of a more stable passive state by Sn than

Pb [13]. 

The addition of alloying elements can affect the ECM

resistance of solder alloys. Alloying elements such as Ag,

Cu, In, Zn, and Bi have been reported to influence the

dissolution behavior at the anodes, thereby changing the

corrosion resistance and ECM susceptibility of solders

[7,13-16]. Additionally, many researchers have reported

that test environmental such as temperature, humidity,

contaminants have effects on ECM and corrosion of lead-

free solder alloys [5,8-10,17,18]. High corrosion resistance

of solder alloys to reduce ECM susceptibility [19-21].

The applied voltage also has a significant influence on

resistance to ECM. The applied voltage also has a

significant influence on resistance to ECM, the higher the

applied voltage, the shorter the time-to-failure if the

spacing between the two electrodes is fixed [15,22,23].

Additionally, Osman et al. reported that ECM resistance

has been reported to be related to corrosion potential,

pitting potential, passivation potential and corrosion

current density in the electrochemical polarization

behavior that used to evaluate corrosion resistance [8-

10,19-21,24-26].

These studies do not satisfy all correlations with

polarization behavior of solder alloys by various ECM

evaluation methods. Therefore, in this study, we preferred

the WDT and the THBT specimens of pure Sn, Sn37Pb,

Sn3.5Ag, Sn3.0Ag0.5Cu, and Sn58Bi solders. We

evaluated the time to failure using both the WDT and

THBT methods and performed polarization tests on these

solder alloys. Additionally, we compared the time to

failure with the electrochemical parameters obtained from

the anodic polarization and reverse polarization curves.

In this work, the effect of the anode potential according

to the accelerated ECM evaluation method of solder alloy

was examined.

2. Experimental Methods

2.1 Experimental solder alloys

In this study, pure Sn, Sn37Pb, Sn3.5Ag, Sn3Ag0.5Cu,

and Sn58Bi solders were used. The specimen used for

the WDT was prepared on a Si wafer substrate. On the

p-type <100> Si wafer substrate, a Ni under bump

metallurgy (UBM) layer was sputtered with a thickness

of 3000 Å. A pad with a 300 µm spacing pattern was

created using the photo-resist and screen printing

methods. For the THBT, PCB specimens were utilized,

with a total of 10 specimens. The THBT was conducted

following the guidelines of IPC-TM-650 2.6.14.1 ECM

Resistance Test [27]. 

2.2 Water Drop Test

To evaluate the resistance to ECM, the WDT [5,8,12,13]

was used. The specimen used in the WDT was fabricated

on a Si wafer substrate. A Ni UBM with a thickness of

3000 Å was sputtered onto the Si wafer substrate. A pad

with a spacing pattern of 300 µm was created using the

screen printing and photo-resist methods. Solder pastes

were reflowed onto the Ni UBM using a reflow oven.

Following the reflow process, the specimen was annealed

for 5 hours at 150 oC to minimize the phase transformation

between the Ni UBM and solder alloy.

The WDT was conducted to investigate the failure

mechanism in the pad-patterned solder alloy when

exposed to 0.001 wt% NaCl and 0.001 wt% Na
2
SO

4

solutions at room temperature. A micro syringe was used

to dispense 2 µL of the test solution between the pad-

patterned solders, and a DC voltage of 2 V was applied

using a potentiostat (model 273A, EG&G, USA) as the

DC power source. The current or resistance were

measured, and continuous video and images of the

migration process were recorded using a video-

microscope [1,8,9].

2.3 Temperature-Humidity-Bias Test

The THBT was conducted on a PCB (FR-4) substrate.
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Which a 400 µm space pattern for the ECM experiments

with solder alloys. The PCB substrate had a Cu UBM

that was electroless plated with a thickness of

approximately 2 ~ 3 µm. A comb line pattern with a

400 µm spacing was created using photo-resist

techniques. To prevent solder adhesion in unintended

areas, a photo-imageable solder resist (PSR) method was

employed to coat the surface electric circuit lines.

Subsequently, solder pastes were reflowed on the Cu

UBM using a reflow oven.

THBTs were performed to gain insights into the failure

mechanisms within a real PCB system. The test involved

various solders, including pure Sn, Sn37Pb, Sn3.5Ag,

Sn3Ag0.5Cu, and Sn58Bi. For each solder type, 10 testing

specimens were used. A multi-specimen THBT system

was developed using a switch module (Keithley 7001,

SMU Instruments, USA). A constant DC voltage was

applied to the specimens, and the current and resistance

was measured using a source-meter (Keithley 2400, SMU

Instruments, USA) between patterns. The time taken for

surface insulation breakdown was measured at room

temperature over a period of 96 hours under a 10 V bias.

Subsequently, the testing chamber was set to a

temperature of 85 ºC and a relative humidity of 90%.

DC voltage was applied to 40 specimens (across 4

channels) for 168 hours, and the current / resistance were

measured in real-time.

2.4 Polarization test

The specimen used for the polarization test was

prepared from a Ni-electroplated copper plate. The Ni-

electroplated copper plate was cut into 1 cm × 1 cm

specimens, and solder pastes were reflowed and annealed

for 5 hours at 150 oC. The specimens were then polished

using 0.05 µm alumina paste. A coated lead wire was

connected to the specimens, and the polished reflowed

surface was sealed with epoxy resin exposure area:

0.09 cm2. Anodic polarization tests were evaluated in

deaerated NaCl and Na
2
SO

4
 solution at 25 oC using a

Potentiostat (model DC105, Gamry, USA). The test

solution was deaerated using N
2
 gas for 30 minutes at a

flow rate of 100 mL/min. A reference electrode was used

as an SCE (saturated calomel electrode) and a counter

electrode was used as a high-density graphite rod. The

scanning rate was set at 1 mV/sec.

2.5 Cyclic Polarization Test

The specimens were polished using 1 µm alumina paste.

A coated lead wire was connected to the specimens, and

the surface was sealed with epoxy resin, exposure area:

0.16 cm2. Cyclic polarization tests were evaluated in

deaerated NaCl and Na
2
SO

4
 solutions at 25 oC using a

potentiostat (model DC105, Gamry, USA). The protection

potential was determined through the cyclic polarization test.

2.6 Surface analysis

After the WDT and THBT, the specimens were left to

dry naturally. Subsequently, the specimens were transferred

to a SEM (Scanning Electron Microscope) chamber. The

images of the anodic electrode and dendrite were observed

using SEM and the composition of the dendrite were

analyzed using EDS (Energy Dispersive X-ray Spectrometer)

(JEOL, model JSM-6300, USA).

3. Results

Two types of electrochemical tests commonly employed

to assess ECM susceptibility are the WDT and the THBT.

In the WDT, water is dropped onto a pad-patterned

specimen, and when a DC voltage is applied, insulation

breakdown occurs, yielding the time to failure. Typically,

the time to failure in the WDT ranges from several seconds

to several minutes. In contrast, the THBT is performed

under high temperature and high humidity conditions.

This test is well-known for evaluating ECM susceptibility

and quantitatively determining the effects of ECM

initiation, growth, and their dependence on various

factors. Consequently, the THBT is considered more

suitable than the WDT. The time to failure in the THBT

ranges from several hours to thousands of hours.

Fig. 1 and 2 shows the morphology and composition

of dendrites formed by the WDT and THBT. Dendrites

formed by both test methods exhibit similar shapes

regardless of the specific test employed. EDS-mapping

analysis revealed that the primary elements constituting

the dendrites were a mixture of Sn and Pb in the Pb-rich

phase for Sn37Pb, while Sn constituted the dendrites for

Sn58Bi. These results indicate that the WDT and THBT

yielded consistent outcomes, with the dendrite compositions

showing similar tendencies irrespective of the corrosive

environment.
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The correlation between the time to failure results

obtained from the WDT and THBT was compared. Fig.

3 illustrates the correlation between the time to failure

determined by the WDT and that measured by the THBT

in a Cl- environment. The results indicate no significant

correlation between the time to failure obtained from both

test methods. This same observation was made when

comparing the time to failure obtained from the WDT

Fig. 1. Morphology and composition of dendrite formed by the WDT for (a) Sn37Pb, (b) Sn58Bi, (c) Sn3.5Ag, (d) Sn3Ag0.5Cu
solder alloys [(a)(b) Ref.5, Publication permission from Springer]
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Fig. 2. Morphology and composition of dendrite formed by the THBT for (a) Sn37Pb, (b) Sn58Bi, (c) pure Sn, (d) Sn3.5Ag, (e)
Sn3Ag0.5Cu solder alloys
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and THBT in an SO
4

2- environment. ECM phenomena

occur as a result of electrochemical processes. Therefore,

to elucidate the causes of the differences in test results,

polarization behavior of the solder alloys in each

environment was examined.

ECM phenomena occur as a result of electrochemical

processes. Therefore, to identify the causes of differences

in test results, we examined the polarization behavior of

the solder alloys in each environment. Fig. 4a presents

the anodic polarization behavior obtained in a 25 oC,

deaerated 0.001% NaCl environment, while Fig. 4b shows

the anodic polarization behavior obtained in a 25 oC,

deaerated 0.001% Na
2
SO

4
 environment. We examined the

relationship between the parameters obtained from the

polarization curves in each environment and the time to

failure measured in the WDT and THBT. 

The relationship between the parameters obtained from

the polarization curves in each environment and the time

to failure measured in the WDT and THBT is summarized

in Table 1. The time to failure measured by the WDT

showed a close correlation with the pitting potential (E
P
)

in the polarization curves, regardless of the environment.

However, the time to failure measured by the THBT

exhibited a lower correlation with various electrochemical

factors (corrosion current density, i
R
, corrosion potential,

E
R
, passive current density, i

P
), including the pitting

Fig. 3. Relationship between the averaged time to failure by the WDT and the THBT (a) in 0.001 wt% NaCl solution, (b) in
0.001 wt% Na

2
SO

4
 solution 

Fig. 4. Anodic polarization behavior of solder alloys (a) in deaerated 0.001 wt% NaCl at 25 oC, (b) in deaerated 0.001 wt%
Na

2
SO

4
 at 25 oC
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potential in the polarization curves.

Therefore, through the analysis of the test conditions

for each method, we aimed to compare the differences

between the two test methods and investigate the causes

using electrochemical analysis.

4. Discussion

The conditions for the two test methods are presented

in Table 2, revealing the following differences between

the evaluation methods. The test solutions are the same,

but the quantity of electrolyte used in the evaluation

significantly differs, with the WDT employing a relatively

larger amount in the WDT, when a voltage of 2 V was

applied between the two terminals, the actual potential

formed was measured using a microprobe. Regardless of

the solder and environment, the anode exhibited a

potential of approximately -0.1 to +0.1 V (SCE), while

the cathode showed a potential of approximately -2.2 to

Table 1. Summary of relationships between the averaged time to failure (T
f
) by WDT and THBT and electrochemical

parameters

E
R

i
R

E
P

i
P

Environments

Time to failure
Cl- SO

4

2- Cl- SO
4

2- Cl- SO
4

2- Cl- SO
4

2-

T
f
 by WDT ○ △ × △ ○ ○ × ×

T
f
 by THBT × × × ○ × × × ×

Remarks: Relationship between parameters - ○ close, △ medium, × low

Table 2. Test Conditions of the WDT and the THBT 

Conditions WDT THBT

Test Solution NaCl, Na
2
SO

4
NaCl, Na

2
SO

4

Thickness of 

water film

R.T., drop (2 µL)

ca. 500 µm

85 oC, 90%RH

< 10 µm

Distance between 

electrodes
300 µm 400 µm

Applied Voltage Low (2 V) High (10 V)

Potential
0 V (anode)

-2 V (cathode)
unknown

Fig. 5. Occurrence of localized corrosion on the anode in the environment (a) after the WDT and (b) after the THBT [(a) Ref.5,
Publication permission from Springer]
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-1.8 V (SCE). On average, the potential formed at the

anode was defined as approximately 0 V (SCE), and it

can be observed that the time to failure obtained from the

WDT evaluation aligns well with the polarization

behavior within the range of 0 V (SCE). However, in the

case of the THBT, which forms a very thin electrolyte

film, it is difficult to directly observe the anode potential

formation due to challenges in applying a microprobe.

The formation of an anode potential corresponding to the

electrolyte film occurs at a lower potential than the formal

potential when higher voltages are applied, potentially

within the passive region. Upon visual inspection of the

corrosion morphology at the anode using SEM after the

actual tests (Fig. 5), it was observed that regardless of the

test method, the anode exhibited localized corrosion. This

corrosion morphology indicates that the anode potential

formed in the THBT may reside within the passive region

but potentially at higher potentials within the passive

region. Therefore, the correlation between the protection

potential obtained from cyclic polarization behavior and

the time to failure obtained from the THBT was examined.

Fig. 6 displays the cyclic polarization behavior of

various solders in deaerated 0.001 wt% NaCl and Na
2
SO

4

solutions at 25 oC. The protection potential, defined as the

potential where the reverse scan curve intersects the

passive current curve in the cyclic polarization test,

indicates the range where pitting corrosion can occur in

the passive state. Fig. 7 illustrates the relationship between

Fig. 6. Reverse polarization behavior of several solders obtained (a) in deaerated 0.001 wt% NaCl at 25 oC, (b) in deaerated
0.001 wt% Na

2
SO

4
 at 25 oC

Fig. 7. Relationship between the averaged time to failure and protection potential obtained from cyclic polarization curves at
25 oC; (a) deaerated 0.001 wt% NaCl, (b) deaerated 0.001 wt% Na

2
SO

4
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the time to failure and the protection potential obtained

from the cyclic polarization curves at 25 oC: (a) for

deaerated 0.001 wt% NaCl, and (b) for deaerated 0.001

wt% Na
2
SO

4
. Regardless of the corrosion environment,

a good linear relationship exists between the protection

potential and the time to failure. Reliability is also very

high. This means that the ECM susceptibility determined

by the THBT may be influenced by the protection

potential of the solder.

Hence, this study proposes a new interpretation of the

relationship between electrochemical parameters and

ECM susceptibility obtained through the WDT and

THBT. Fig. 8 shows an interpretation model for the

difference in the time to failure by the test methods for

assessing ECM susceptibility. The reason why the

experimental results from the WDT and THBT do not

align well is as follows: in the case of the WDT, the

presence of a corrosive environment leads to the formation

of an anode potential that exceeds the pitting potential,

while in the THBT, the formation of a very thin water

film on the surface results in an anode potential below

the pitting potential but above the protection potential.

Therefore, due to the difference in anode potential

formation between the two test methods, the destructive

tendencies obtained may not coincide, and the corrosion

morphology at the anode indicates localized corrosion.

Furthermore, in practical applications, the corrosive

environment is expected to be milder than that in the

THBT, so caution should be exercised when applying

ECM resistance determined by the THBT to actual

conditions, as the anode potential formed would likely

correspond to potentials above the natural potential.

5. Conclusions

This work performed both WDT and THBT using the

specimens of pure Sn, Sn37Pb, Sn3.5Ag, Sn3.0Ag0.5Cu,

and Sn58Bi solders in NaCl and Na
2
SO

4
 environments.

The followings were concluded. 

The discrepancy between the results from WDT and

THBT was obtained. In the case of WDT, a sufficiently

corrosive environment exists, which leads to the formation

of an anodic potential higher than pitting potential of the

solders. However, in the case of THBT, because the water

film is very thin, an anode potential was lower than the

pitting potential, which was closely related to protection

potential of the solders.

 There existed a difference in anode potential formed

between the test methods, which leads to the non-

coincidence of the damage trends obtained from the WDT

and the THBT.
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