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Abstract
The continuous advancement in innovative electronic applications leads to closer interconnection spacing and higher electric 
field density, thus increasing the risk of electrochemical migration (ECM)-related failures. The ECM of tin (Sn) attracts great 
interest due to the wide use of Sn on the surface of the printed circuit board assembly. In this work, we investigated the effects 
of adipic acid (1 ppm—saturated concentration) on the ECM of Sn using the water drop test (WDT) at 5 V. In situ observation 
and ex situ characterization of ECM products were carried out using optical and electrochemical techniques. Results show 
that the ECM failure probability is higher at intermediate adipic acid concentrations (10 ppm, 100 ppm and 1000 ppm). The 
major ECM reactions include anodic corrosion and the formation of dendrites, precipitates and gas bubbles. ECM failure 
does not occur at higher adipic acid concentrations (≥ 5000 ppm) although the anodic corrosion becomes more severe. The 
complexation of Sn with adipic acid to form Sn adipate complex is suggested as the main factor suppressing ECM failure at 
higher concentrations (≥ 5000 ppm) by retarding ion transport. The electrochemical parameters (Ecorr and Icorr) do not cor-
relate with the ECM failure probability. They affect the anodic dissolution stage, but not the subsequent stages in the ECM 
mechanism. In this study, the ion transport stage plays a more significant role in determining the ECM failure probability.
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Introduction

The continuing miniaturization trend, deteriorating ser-
vice environment and increasing demand for higher per-
formance have elevated the reliability concerns of elec-
tronics.1,2 Higher density in the electronic packages leads 
to decreased spacing between the conduction terminals 
and increased electric field intensity. Both conditions give 
rise to electrochemical migration (ECM)-related failures.3 
ECM is a humidity-induced phenomenon where metal 
migration occurs in the presence of an electric field and 
forms conductive dendrites. ECM is highly hazardous to 
electronics as it can cause short circuits and catastrophic 
failure of the devices, severely impacting the service life.4

Among materials that are susceptible to ECM, tin 
(Sn) and Sn-based alloys have received extensive inter-
est recently due to their significant role in electronic 
packaging. For decades, they have been utilized as solder 
materials, plating for connectors and surface finish on the 
printed circuit board assembly (PCBA) due to their excel-
lent properties.5,6 The ECM of Sn can greatly compro-
mise the reliability of electronics, as Sn contributes to a 
large area of exposed surfaces in the PCBA. The ECM of 
Sn mainly occurs in four sequential stages: (i) electrolyte 
formation from moisture content, (ii) anodic dissolution 
of metallic components to form ions, (iii) ion transport, 
and (iv) dendrite formation and growth from the reduction 
of ions.3,7 As a complex process, ECM can be affected 
by a combination of factors, including the electric field, 
spacing between electrodes, temperature, humidity and 
contaminants.5,7–11

The contaminants present in electronics can originate 
from the manufacturing process, storage and service envi-
ronment.12 Their presence could greatly impact the ECM 
reliability of Sn. For example, some common contaminants 
like chloride (Cl¯) can accelerate moisture collection and 
corrosion. It was found that the ECM failure probability 
of Sn increases with higher Cl¯ concentration until a peak 
value, then decreases due to the formation of excessive pre-
cipitates, which hinders ion transport.13 The ECM failure 
probability increases again above 0.07 M Cl¯ as the pre-
cipitates redissolve and form metal ions.11 A recent study 
on the bromide ion (Br¯) reported a similar trend, where 
the anodic dissolution rate increases with Br¯ concentra-
tion, while ECM failure probability follows a normal dis-
tribution first, then increases again above 0.5 M Br¯ due to 
redissolution of the precipitates.14 Based on these studies, 
both halides (Cl¯ and Br¯) follow a similar ECM mechanism, 
where at lower concentrations, the anodic dissolution stage 
is crucial in determining the ECM susceptibility. At higher 
concentrations, the formation of excessive precipitates in 
the electrolyte plays a predominant role in the ECM of Sn.

Adipic acid is one of the crucial contaminants found on 
the surfaces of PCBAs.15,16 It is utilized as activator in com-
mercial no-clean fluxes to remove metal oxides during the 
soldering process.17 Research showed that a large amount 
(up to 70%) of adipic acid could remain after reflow at 250° 
C for 45 s (equivalent to maximum reflow temperature and 
period for lead-free soldering).18,19 Being hygroscopic in 
nature, adipic acid can accelerate the electrolyte formation 
and increase the solution conductivity, hence increasing the 
risk of corrosion.17 Existing work related to the ECM of Sn 
in adipic acid can be grouped into two major types. One type 
utilized the fluxes containing adipic acid as the activator, 
while the other focused on the effect of pure adipic acid. 
The previous ECM work utilizing no-clean fluxes contain-
ing adipic acid as the activator showed discrepancies in the 
explanation of the ECM mechanism. Ambat et al.15 sug-
gested that ECM of Sn was suppressed due to the passiva-
tion effect of adipic acid, resulting in less metal dissolution. 
Verdingovas et al.20 showed that the ECM failure probability 
of Sn decreased above 0.92 g dm−3 of the flux residues con-
taining adipic acid as activator. At higher concentrations of 
flux residue containing adipic acid, more metal ions were 
formed but were consumed to form the precipitates instead 
of the dendrites.20

Minzari et al.6 investigated the effects of pure adipic acid 
on the ECM of Sn at 12 V. ECM failure only occurred at an 
extremely low concentration (1 ppm) of adipic acid at high 
bias voltage of 12 V. The authors suggested that at higher 
concentrations, the adipic acid shifts the bulk pH towards the 
acidic region and promotes the formation of precipitates.6 
The authors also suggested that higher concentrations of 
adipic acid suppress the anodic dissolution, thus releasing 
a smaller amount of metal ions for dendritic growth.6 The 
ECM work employing adipic acid as major contaminants 
has contradictions in explaining the role of adipic acid in 
the anodic dissolution stage of the ECM mechanism. Ambat 
et al.15 and Minzari et al.6 suggested that higher concentra-
tions of adipic acid suppress anodic dissolution, while Ver-
dingovas et al.20 explained that more metal ions are formed 
from anodic dissolution at higher concentrations. Thus, there 
is a need to clarify the effects of adipic acid on the elec-
trochemical parameters and ECM mechanism. To date, the 
exact ECM reactions and mechanisms involving adipic acid 
are still unknown.

A recent study of other weak organic acids (oxalic acid 
and glutaric acid) shows that the ECM failure probability 
decreases at higher concentrations of both acids.21 Oxalate 
ions actively participate in the ECM mechanism by form-
ing [Sn(C2O4)]2¯ chelate complex with Sn.21 The subsequent 
dissociation of the chelate complex controls kinetic factors 
including mobility and redox rate of Sn cations, thus limiting 
the reduction of Sn cations to form and grow dendrites.21 
Likewise, adipic acid has also shown complexing ability 
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with copper (Cu).22,23 However, the actual conditions and 
complexing ability of adipic acid are never correlated with 
the ECM mechanism of Sn, and thus still need to be eluci-
dated. The participation of adipic acid in the ECM reactions 
should be investigated in-depth to gain an accurate under-
standing of the mechanisms involved.

Since the anodic dissolution stage is one of the key stages 
in the ECM process, many researchers have attempted to 
correlate the electrochemical parameters obtained from 
potentiodynamic polarization tests with the ECM suscep-
tibility.5,24–28 Jung et al.27 reported that the pitting potential 
(Epitt) of pure Sn in 0.001% Na2SO4 is lower compared to 
0.001% NaCl (−53.33 mV vs 174.67 mV), while the ECM 
lifetime of the former is shorter than the latter (40.0 s vs 
67.6 s). It was explained that lower anodic dissolution occurs 
at higher Epitt, which leads to higher corrosion resistance and 
longer ECM lifetime of Sn. Liao et al.26 studied the effect 
of citrate ions on the ECM of Sn with the presence of Cl¯ 
ions in the electrolyte. It was found that the formation of Sn-
citrate complex occurs in an electrolyte containing 1 mM of 
citrate ions, resulting in higher Epitt, lower anodic dissolution 
and the suppression of ECM. Yoo and Kim29 showed that 
the ECM failure probability has a linear relationship with the 
corrosion potential (Ecorr) and Epitt in electrolytes containing 
Cl¯ or SO4

2¯. However, a recent study by Lee et al.14 reported 
a contradictory result, where Ecorr and Epitt of Sn decrease 
with Br¯ concentration, while ECM failure probability fol-
lows a normal distribution, then increases again.

In this work, we study the effects of adipic acid on the 
ECM reactions of Sn. Systematic variation of adipic acid 
concentrations over a wide range (1 ppm – 24,000 ppm) is 
carried out using the water drop test (WDT) at 5 V. The 
ECM mechanism of Sn in adipic acid is proposed based 
on the in situ observations and various characterization 
methods including scanning electron microscopy (SEM), 
energy dispersive X-ray spectroscopy (EDX), X-ray photo-
electron spectroscopy (XPS) and Fourier transform infrared 
spectroscopy (FTIR). We also elucidate the correlation of 
electrochemical parameters and ECM susceptibility of Sn 
in the presence of adipic acid. We find that the adipic acid 
can suppress ECM failure of Sn at higher concentrations 
(≥ 5000 ppm) despite more severe anodic dissolution. The 
electrochemical parameters found through potentiodynamic 
polarization tests do not correlate with the ECM failure 
probability when adipic acid is present.

Experimental

Samples and Electrolyte

The samples were pure Sn (> 99.99 wt%) solder bars 
embedded in epoxy resin. A pair of identical Sn solder bars 

(0.4 mm × 10 mm × 15 mm) was degreased using soap water 
and isopropyl alcohol (IPA). A Cu wire was connected to 
each solder bar at the side using Sn-Bi solders to enable the 
electrical connections for the subsequent ECM test. The sol-
der bars were embedded in epoxy resin parallel to each other 
with a gap size of approximately 0.5 mm using a chemically 
inert polytetrafluoroethylene (PTFE) sheet. Figure 1 shows 
a schematic diagram of the embedded solder bars. After 
curing, the sample surface was ground to 3000 grit using 
silicon carbide (SiC) sandpapers and was polished to 1 µm 
using polishing cloths and diamond suspension. Prior to the 
ECM test, the samples were cleaned with distilled water 
and IPA. The adipic acid solutions were used in the sub-
sequent ECM and potentiodynamic polarization tests. The 
electrolyte was prepared by mixing distilled water and ana-
lytical-grade anhydrous salts stirred at 100 revolutions per 
minute (rpm). Seven concentrations of adipic acid at 1 ppm, 
10 ppm, 1000 ppm, 5000 ppm, 10,000 ppm and 24,000 ppm 
(saturated concentration) were prepared for these tests.

Water Drop Test

The ECM failure probability and time-to-failure (TTF) of 
each sample were investigated by conducting an accelerated 
ECM test which is the WDT. The sample was placed on the 
platform of a semiconductor characterization system (SCS) 
(Keithley 4200). The Cu wires on the side of the solder bars 
were connected to the probes of the SCS. A drop of electro-
lyte (5 µL) was drop-cast onto the exposed surface of both 
solder bars as shown in Fig. 2. The bright circular rings in 
Fig. 2 are the reflections of the optical microscope ring light.

WDT was carried out at a constant bias voltage of 5 V 
with seven concentrations of adipic acid. During the WDT, a 
direct current (DC) bias voltage was imposed by the SCS and 
the compliance was set at 0.02 A. The in situ optical obser-
vations were conducted using a microscope attached to the 
SCS. The current against time data were recorded using the 
Keithley Interactive Test Environment (KITE) software on a 
computer. The current surge in the WDT occurred when the 
ECM product (dendrite) propagated and caused a short circuit 
by connecting the two terminals. The TTF was the first point 
where this current surge occurred, indicating the occurrence of 
a short circuit caused by the first dendrite. For each condition, 

Fig. 1   Schematic diagram of embedded solder bars (side view).
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eight tests were conducted to calculate the ECM failure prob-
ability and the average TTF.

Potentiodynamic Polarization Test

The polarization behaviour of Sn solder bars in different con-
centrations of adipic acid was investigated using the poten-
tiodynamic polarization test. The potentiodynamic polariza-
tion test was conducted using a three-electrode system with a 
potentiostat (Autolab PGSTAT30, Metrohm Netherlands) con-
nected to a computer. The working, counter and reference elec-
trodes were the Sn solder bar, platinum (Pt) wire and Ag/AgCl 
electrode in a Luggin capillary, respectively. The linear scan 
voltammetry was conducted from −1300 mV to +1300 mV 
at a scan rate of 1 mV s−1.

Characterization of Samples

After the WDT, the morphology of samples such as dendrites 
and precipitates was investigated using SEM coupled with 
EDX (Phenom ProX). The microstructural investigation was 
performed on the SEM micrographs, while EDX was used to 
identify the elemental composition. XPS of the ECM products 
formed at the anode was also conducted using the ULVAC-
PHI Quantera II. The radiation source was an Al K-alpha mon-
ochromatic source (1486.6 eV) with an energy resolution of 
1 eV/ step. The XPS was calibrated using the C–C at 284.8 eV 
as the standard. The elemental curve fitting was performed 
using MultiPak software (ULVAC-PHI) after the background 
subtraction. Lastly, FTIR was performed on the ECM products 
using the PerkinElmer Spectrum 400 to check the adsorption 
of adipic acid on the sample surface. The FTIR spectra were 
recorded from 4000 cm−1 to 0 cm−1 at a resolution of 1 cm−1.

Results

In Situ WDT Results

During the WDT, two types of in situ results are obtained: 
the current–time plots and the corresponding microscopic 
observations of the plots. From these results, the ECM 

failure is confirmed by the occurrence of short-circuiting due 
to the formation of a dendrite connection between the sample 
electrodes. Figure 3 shows the typical in situ results obtained 
from the WDT. The test was performed in 1000 ppm adipic 
acid at 5 V. The microscopic images at 10 s and 440 s are 
depicted in Fig. 3a and b to illustrate the changes at different 
timescales. At 10 s, the polished electrode surfaces remained 
clean with a few tiny gas bubbles observed on the cathode. 
At 440 s, numerous small bubbles coalesced to form larger 
bubbles at the gap between the anode and cathode, while 
the tiny bubbles were formed and concentrated at the anode. 
Anodic corrosion was also observed, while the cathodic sur-
face showed the formation of white precipitates, close to the 
reflection from the optical microscopic light. The forma-
tion of thin silvery dendrites connecting the two electrodes 
was also observed. Figure 3c demonstrates the current–time 
graph during the WDT of the same sample. The major obser-
vation in Fig. 3c was the occurrence of the current surges. 
The first current surge occurred at around 102.74 s due to the 
formation of dendrites which connected the gap between the 
two electrodes and caused the short circuit. The current then 
dropped significantly, indicating that the dendritic connec-
tion had broken. The dendritic connection was either burned 
off by the high current or destructed by the convective fluid 
motion.14,30 At around 196.37 s, another peak representing 
the second current surge was observed due to the formation 
of another dendritic connection.

In this work, the concentration of adipic acid is varied 
from 1 ppm to 24,000 ppm (saturated concentration). The 
in situ WDT results for 1 ppm, 1000 ppm and 24,000 ppm 
adipic acid are shown in Fig. 4, as a comparison between 
the lowest, intermediate and highest concentrations. Fig-
ure 4a, b and c illustrate the overlay current–time graphs 
for 1 ppm, 1000 ppm and 24,000 ppm, respectively. The 
current–time graphs of the short-circuited samples are 
excluded from this diagram; otherwise, the sudden current 
spikes due to short circuits make it difficult to see the trend 
in the present scale. From these current–time graphs, it is 
observed that the current passage through the circuit during 
the WDT increased with higher concentration. The high-
est concentration of 24,000 ppm showed larger fluctuations 
compared to the 1 ppm and 1000 ppm graphs. This was due 

Fig. 2   Optical image of sample 
surface covered by electrolyte 
droplet.

Sn
Electrolyte droplet

PTFE Sn

0.5mm

Reflection of 
microscope light
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to the continuous cycle of bubble formation, bubble growth 
and collapse. The microscopic observations at the end of 
the WDT (440 s) for 1 ppm, 1000 ppm and 24,000 ppm 
are shown in Fig. 4d, e and f, respectively. The reactions 
became more vigorous at higher concentrations with increas-
ing bubble formation. Different concentrations of adipic acid 
also affected the behaviour of the anode. The anode surface 
remained clean after the WDT at a low concentration of 
1 ppm. At 1000 ppm and 24,000 ppm adipic acid, a rainbow-
coloured film and a brown film were observed on the anode, 
respectively. This shows that the anodic corrosion became 
more severe at 24,000 ppm compared to 1000 ppm, as the 
rainbow-coloured film at 1000 ppm represented a thinner 
corrosion product (thin film interference effect). Therefore, 
the anodic corrosion increased with higher concentrations 
of adipic acid.

Table I shows a summary of the ECM failure probabil-
ity and average TTF obtained from the WDT with various 
concentrations of adipic acid at 5 V. The infinity symbol 
in the table represents the absence of ECM failure during 
the entire WDT. The results showed that the ECM mainly 
occurred at intermediate concentrations (10 ppm, 100 ppm 
and 1000 ppm). The ECM failure probability was the highest 
at 10 ppm, followed by 100 ppm and 1000 ppm. The aver-
age TTF showed the opposite trend, whereby it decreased 
from 10 to 1000 ppm. The ECM failure did not occur at a 

lower concentration (1 ppm) and at higher concentrations 
( ≥ 5000 ppm).

Ex Situ Characterization

After the WDT, the samples were subjected to ex situ char-
acterizations. The samples were left to dry in an ambient 
atmosphere for two days before the microscopic observa-
tions. Figure 5a and b shows the optical micrographs of the 
completely dried samples after the WDT with 100 ppm and 
24,000 ppm adipic acid, respectively. The formation of den-
drites and precipitates and the corrosion of the anode were 
observed for the 100 ppm sample. More severe anodic cor-
rosion was observed for the 24,000 ppm sample. The forma-
tion of a white compound was also observed on the sample 
surface at 24,000 ppm.

The microstructure and composition of the ECM products 
were investigated using SEM and EDX. Figure 6 shows the 
SEM images of the WDT test samples at adipic acid concen-
trations of 1 ppm, 10 ppm, 100 ppm, 1000 ppm, 5000 ppm, 
10,000 ppm and 24,000 ppm. The sample surface remained 
clean with no observable changes at 1 ppm while a light-
coloured precipitate was observed at 10 ppm. The forma-
tion of precipitates and dendrites was observed at 100 ppm, 
while the formation of dark phases as the major product 
was observed from 1000 ppm to 24,000 ppm. The number 

Fig. 3   In situ results obtained 
for the sample failed during the 
WDT carried out in 1000 ppm 
adipic acid at 5 V. Microscopic 
observations at (a) 10 s and 
(b) 440 s and (c) current–time 
graph. (The bright rings are the 
reflection from the microscope 
ring light. − is cathode and + is 
anode).
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of dark phases increased with higher concentration of adi-
pic acid. Numerous dark phases were also observed on the 
PTFE surface in the space between the two electrodes at 
24,000 ppm. The identity of these dark phases was investi-
gated from the comparison between the ex situ microscopic 
image of 24,000 ppm (Fig. 5b) and the SEM image (Fig. 6g). 
The white compound in the microscopic images was the only 
visible product observed in the space between the two elec-
trodes, with a similar shape as the dark phases in the SEM 
image. Therefore, the white compound in the microscopic 
image and the dark phases in the SEM image are from the 
same compound. Further analysis using XPS and FTIR is 
described in the subsequent section.

Fig. 4   Results obtained for 
WDT with adipic acid at 
5 V. Overlay current–time 
graphs without short circuit 
at (a) 1 ppm, (b) 1000 ppm 
(c) 24,000 ppm. Microscopic 
images at the end of the WDT 
for (d) 1 ppm, (e) 1000 ppm, (f) 
24,000 ppm. (The bright circu-
lar rings are the reflection from 
the microscope ring light. − is 
cathode and + is anode). 0
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Table I   Summary of the ECM failure probability and average TTF 
obtained from the WDT carried out with various concentrations of 
adipic acid at 5 V

Concentration (ppm) ECM failure probability Average TTF (s)

1 0/8 ∞
10 2/8 253.66 ± 110.77
100 1/8 206.62
1000 1/8 102.74
5000 0/8 ∞
10,000 0/8 ∞
24,000 0/8 ∞
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Figure 7a and b demonstrates the SEM images of the 
dendrites formed at 100 ppm and the dark phase formed 
at 24,000 ppm, respectively, along with the EDX analysis. 
The dendrites in Fig. 7a possessed tree-like structures and 
were surrounded by light-coloured precipitates, while the 
dark phases in Fig. 7b had a relatively flat surface. The EDX 
elemental composition analyses of the dendrites, precipitates 
and dark phases are summarized in Table II. The dendrites 
consisted mainly of Sn and O, while the light-coloured pre-
cipitate consisted of Sn, O and C. The dark phases con-
tained a high amount of C and O. This suggests that the dark 
phases are likely to be organic compounds, for example, 

carboxylic acids which contain carboxyl groups (COOH) 
and their derivatives.

The XPS spectra of the products formed on the anode 
after the WDT with 24,000  ppm adipic acid (dried, 
uncleaned) are shown in Fig. 8. From Fig. 8a, the main ele-
ments present in the XPS survey spectrum were Sn, O, C 
and F. The narrow scan was performed to investigate the 
oxidation states of the Sn, O and C elements. F was excluded 
from this investigation as it originated from the PTFE 

(a) 100 ppm Colour 
change of 
anode

Dendrites

Precipitate
0.5 mm+- PTFE

(b) 24000 ppm

Brown film 
on anode

White compound

0.5 mm
+- PTFE

Fig. 5   Microscopic images of the dried samples after the WDT with 
adipic acid solutions at 5  V (a) 100  ppm and (b) 24,000  ppm (− is 
cathode and + is anode).

Fig. 6   SEM images of samples that underwent WDT at adipic acid 
concentrations of (a) 1 ppm, (b) 10 ppm, (c) 100 ppm, (d) 1000 ppm, 
(e) 5000  ppm, (f) 10,000  ppm and (g) 24,000  ppm (− is cathode 
and + is anode).
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material and not from the reaction products on the anode. 
Figure 8b shows an asymmetric XPS spectrum of Sn 3d5/2. 
This spectrum is composed of two Gaussian functions which 
are centred at around 486.6 eV and 487.9 eV, representing 
the Sn2+ and Sn4+ states, respectively. Figure 8c and d also 
show an asymmetric pattern of the O 1 s and C 1 s spectra. 
The spectrum of O 1 s is de-convoluted into three Gaussian 
functions centred at 530.01 eV, 531.49 eV and 532.73 eV, 
which represent the O-Sn2+

, O-Sn4+ and H2O +, respectively. 
The Gaussian functions in the C 1 s spectrum correspond 
to the -COO-, -C-COO-, -C–C- and -C-H-. Both the Sn and 
O spectra exhibit higher concentrations of Sn4+ compared 
to Sn2+, suggesting that Sn4+ is the major species in the Sn 
corrosion products. The presence of -COO-, -C-COO- and 
-C–C- in the narrow scan C spectrum suggests the presence 
of either carboxylic acid or its derivatives. The carboxylic 
acid or its derivatives are most probably adipic acid or the 
derivatives of adipic acid, since the electrolyte was saturated 
with 24,000 ppm adipic acid. Previous work31 on anhydrous 
adipic acid showed a similar narrow scan C spectrum (major 
peak at 285.0 eV).

To identify the organic compound which appears as a 
white compound in Fig. 5b and as dark phases in the SEM 

images, the sample that underwent WDT at 24,000 ppm 
adipic acid concentration was examined with FTIR. The 
FTIR spectrum of the products formed after the WDT with 
24,000 ppm adipic acid is shown in Fig. 9. The broad peak 
centred at around 3000 cm−1 and a strong sharp peak cen-
tred at around 1700 cm−1 are attributed to the dimeric 
H-bond and dimeric C = O stretching, respectively. These 
are the main characteristics of the FTIR spectrum of a 
carboxylic acid. The products are suspected to be adipic 
acid since adipic acid is the only carboxylic acid used in 
this work. Mouanni et al.32 reported a similar FTIR spec-
trum of adipic acid (broad peak at around 3000 cm−1 and 
intense peak at around 1700 cm−1). An additional FTIR 
analysis was carried out on analytical-grade anhydrous 
adipic acid and the FTIR spectrum of pure adipic acid 
obtained in this work is shown in Fig. 9 for comparison. 
The FTIR spectra of the products and pure adipic acid are 
almost identical, confirming that the organic compound is 
adipic acid which crystallizes after the WDT.

Electrochemical  Behaviour  of Sn in Adipic Acid

Figure 10 shows the polarization curves for Sn in various 
concentrations of adipic acid. The electrochemical param-
eters including corrosion potential (Ecorr) and corrosion 
current (Icorr) were obtained from Fig. 10 and tabulated in 
Table III. It is obvious that the Icorr increases with higher 
concentrations of adipic acid. The Ecorr is generally more 
negative at higher concentrations of adipic acid (from 
5000 ppm to 24,000 ppm).

Fig. 7   SEM images at higher magnifications for EDX analysis (a) dendrites formed at 1000 ppm, (b) dark phase formed at 24,000 ppm.

Table II   Composition of products based on EDX analysis

Products Elemental composition (at.%)

Sn O C

Dendrites 15.57 ± 1.87 84.43 ± 1.87 –
Precipitate 19.63 ± 7.59 69.81 ± 0.82 10.56 ± 7.04
Dark phase 1.85 ± 2.46 27.24 ± 3.18 70.87 ± 4.44
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Discussion

Reactions during ECM

The major reactions described in this work are anodic corro-
sion and the formation of dendrites, precipitates and gas bub-
bles. Anodic corrosion is observed in the microscopic images 
(Figs. 3, 4 and 5), and its severity increases with higher con-
centration. The XPS spectrum confirms that both Sn2+ and 
Sn4+ are present at the anode, with higher concentrations of 
Sn4+. This suggests that the anodic corrosion of Sn resulted 
in the formation of SnO2 and SnO. The presence of SnO2 
is more prominent than SnO, since the former is thermo-
dynamically more stable with a lower standard enthalpy of 
formation (∆ °Hf) (−577.63 ± 0.20 kJ mol−1) than the latter 
(–280.71 ± 0.20 kJ mol−1).33 The formation of gas bubbles on 
the anodic surface during the WDT is attributed to the release 
of O2 from the dissociation of water.34,35 The major reactions 
at the anode are as follows:

Gas bubbles are also formed on the cathode surface. This is 
due to the reduction of H2O, which releases H2 and OH−.6,26 
During the ECM, the electric field causes the negatively 
charged OH− ions to migrate to the anode, while the posi-
tively charged Sn2+ and Sn4+ ions are attracted to the cath-
ode. During migration, these ions encounter each other and 
form precipitates. In this work, the EDX spectrum reveals that 
the precipitate is mainly SnO2. The dehydration of Sn(OH)4 
releases the SnO2. This result is in close agreement with pre-
vious work which suggested that Sn(OH)4 is the major pre-
cipitate formed, owing to the lower solubility product (Ksp) of 
1.00 × 10–57.5,36,37 It is also reported that Sn(OH)4 can be dis-
sociated in acidic medium to form Sn4+ due to its amphoteric 
nature.5 The dissolution of Sn(OH)4 is expected in this work 
due to the presence of adipic acid. The water reduction and 
the formation, dehydration and dissolution of the precipitates 
are described below:
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Fig. 8   XPS survey scan of products on the anode after the WDT with 
24,000 ppm adipic acid concentration at 5 V (a) Full range XPS sur-
vey spectra, (b) Narrow spectrum of Sn3d5/2, (c) Narrow spectrum of 
O1s and (d) Narrow spectrum of C1s.
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The major reaction at the cathode is the formation of the 
Sn dendrites. The reduction of Sn4+ and Sn2+ ions to form 
Sn dendrites are shown below:

The FTIR spectrum confirms that the white organic com-
pound in Fig. 5b and the dark phases in the SEM images 
is adipic acid because it shows the same FTIR spectrum 
as pure adipic acid. It should be noted that this compound 
appeared after the sample was dried at ambient temperature. 
As the electrolyte was gradually evaporated, the precipita-
tion resulted in the crystallization of the adipic acid.

There are also some possible reactions such as the forma-
tion of the Sn complex other than the reactions described 
above. The complexation of Sn with dicarboxylic acids in 
flux residues such as oxalic acid was reported by previous 
work.21,38 Gouda et al.38 reported that Sn forms a complex 
with the oxalate anions in the pH range of 2 to 6 and the 
complexation controlled the anodic corrosion. Liao et al.21 
investigated the effect of dicarboxylic acids such as oxalic 
acid and glutaric acid on the ECM of Sn. They found that 
Sn oxalate complexes were formed from the reaction of 
Sn2+  + 2C2O4

2−  → [Sn(C2O4)2]2− with a high chemical 
equilibrium constant (K) of 8.91 × 1011, indicating that the 
process is thermodynamically favourable. These complexes 
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Fig. 9   FTIR spectra of the 
products formed after the WDT 
with 24,000 ppm adipic acid at 
5 V and pure adipic acid.
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Fig. 10   Polarization curves for Sn at various concentrations of adipic 
acid (1, 10, 100, 1000, 5000, 10,000 and 24,000 ppm).

Table III   Corrosion potential (Ecorr) and corrosion current (Icorr) from 
different concentrations of adipic acid

Concentration (ppm) Icorr (A/cm2) Ecorr (V)

1 7.41 × 10−8 −0.397
10 1.09 × 10−7 −0.179
100 9.61 × 10−7 −0.389
1000 1.29 × 10−6 −0.374
5000 3.32 × 10−5 −0.459
10,000 5.43 × 10−5 −0.492
24,000 6.93 × 10−5 −0.444
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affect the ECM reaction by suppressing the Sn ion trans-
port and controlling the redox reaction rate.21 The National 
Center for Biotechnology Information (NCBI) has included 
another chemical structure of dioxalic acid Sn (IV) (Fig. 11) 
in their PubChem database, which is formed from the reac-
tion between Sn and oxalic acid.39

At present, there are no detailed investigations on the for-
mation of Sn complexes from the reaction with adipic acid. 
Important parameters such as K and ∆ °Hf of the possible 
Sn adipate complex are still unavailable. However, adipic 
acid is expected to have a similar tendency as oxalic acid 
since both are dicarboxylic acids. According to Setifi et al.22 
and Li et al.,40 adipate is a potential bridging ligand which 
forms strong surface complexes with metal ions, for exam-
ple, Cu2+ ions and Al3+ ions. Singh et al.41 calculated the 
stability constants of adipate complexes with various metal 
ions, such as Zn2+, Ni2+ Co2+, Th2+ and Cu2+. It is expected 
that a similar reaction occurs when adipic acid encounters 
the Sn ions, to form Sn adipate complex. The highly charged 
Sn4+ ions have a tendency to discharge by reacting with the 
negatively charged C6H8O4

2− ions. Thus, it is suggested that 
the Sn(C6H8O4)2 is formed from the reaction between Sn4+ 
and C6H8O4

2−.

The proposed chemical structure of the Sn(C6H8O4)2 
complex is shown in Fig. 12. More in-depth study is required 
to confirm the formation of this complex. Figure 13 shows 
a schematic diagram of the species and compounds formed 
during the WDT with adipic acid.

Effects of Concentration of Adipic Acid

Figure 4a, b and c show that the current passing through 
the electrolyte increases with higher concentration of adipic 
acid. At higher concentration, more adipic acid is partially 
dissociated into the ionic species. Therefore, a higher con-
centration of adipic acid increases the solution conductivity. 
Verdingovas et al.20 also reported that the solution conduc-
tivity of the flux residue containing adipic acid increases 
with higher concentration. From Fig. 4d, e and f, more gas 
bubbles are observed at higher concentrations of adipic acid. 
As discussed in Sect. In Situ WDT Results, the anodic cor-
rosion products are thicker at higher concentrations, which 
suggests that the reaction becomes more vigorous when the 
concentration of adipic acid increases.

Another notable finding from the SEM images (Fig. 6) 
is the change in the amount of Sn(OH)4 precipitate with 
the increase in adipic acid concentration. The amount of 
Sn(OH)4 precipitate increases from 1 to 100 ppm of adipic 
acid, then decreases from 1000 ppm to 24,000 ppm of adipic 
acid. This is due to the pH change of the electrolyte with 
the increase in adipic acid concentration, as the adipic acid 
concentration affects solution pH. Adipic acid is a dicarbox-
ylic acid with acidic dissociation constants (Ka) of 4.41 and 
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Fig. 11   Chemical structure of dioxalic acid Sn (IV).39 Reprinted with 
permission from PubChem.

Fig. 12   Proposed chemical structure of the Sn(C6H8O4)2 complex.

Fig. 13   Schematic diagram of species and compounds formed during 
the WDT (Top view).
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5.41.33 It dissociates in water to form the hydronium (H+), 
C6H9O4

− and C6H8O4
2− anions. A higher concentration of 

adipic acid leads to the formation of more H+ ions, resulting 
in a lower solution pH. The pH of the adipic acid solution 
is around 2.7 in the saturated concentration (24,000 ppm) at 
room temperature.42 At lower pH, the amphoteric Sn(OH)4 
reacts with the acidic medium to form Sn4+ ions as shown 
in reaction (7). This explains the phenomenon where the 
precipitate becomes less visible above 1000 ppm. Thus, the 
pH values at 1000 ppm and higher concentrations of adipic 
acid are in the acidic region.

Table I demonstrates that the ECM failure did not occur at 
higher concentrations ( ≥ 5000 ppm) but occurs at interme-
diate concentrations (10, 100 and 1000 ppm). The average 
TTF of the failed samples decreases with the increase in 
adipic acid concentration (10 ppm, 100 ppm and 1000 ppm). 
This result contradicts the results of Minzari et al.6 Minzari 
et al.6 reported that only 1 ppm adipic acid causes ECM fail-
ure with a probability of 2 out of 6, while 10 ppm, 1000 ppm 
and saturated adipic acid do not show ECM failure. This 
apparent contradiction could be due to the difference in the 
applied bias voltage. Minzari et al.6 conducted the ECM 
test at 12V while this work used an applied voltage of 5V. 
The bias voltage accelerates the ECM process by increas-
ing the anodic dissolution and ion migration rates.8 Since 
the ECM work of Minzari et al.6 was conducted at 12V, the 
reaction rates are expected to be much faster, with ECM 
failure occurring at a lower concentration of 1 ppm. At high 
voltage, higher concentrations (10 ppm above) may cause 
reaction rates that are too high for ECM, leading to high 
convection or precipitate formation that hinders dendritic 
growth.5,35

Another work by Verdingovas et al.20 showed a similar 
trend with this work, where a higher concentration of adipic 
acid in the flux residues suppresses the ECM failure. Their 
work using the flux residue mainly containing adipic acid 
showed that the ECM failure probability was maximum at 
a peak concentration but decreased beyond the peak con-
centration. Liao et al.21 investigated the effect of other weak 
organic acids (oxalic and glutaric acid) on the ECM of Sn at 
3 V. They also observed the same trend, where higher acid 
concentration suppresses the ECM failure. They suggested 
that this phenomenon is caused by the formation of Sn 
complexes from the reaction between the Sn cations and the 
organic compound anions, which retarded the Sn ion trans-
port. In this work, a similar phenomenon is predicted, where 
the complexation of Sn with adipic acid occurs in reaction 
(10) to form the Sn adipate complexes. This phenomenon is 
suggested to suppress the ECM failure at higher adipic acid 
concentrations (≥ 5000 ppm) by retarding the ion transport.

The electrochemical parameters of Sn in adipic acid 
are summarized in Table III. The Icorr of the Sn electrode 
increases with higher concentration of adipic acid. Ecorr is 

generally more negative at higher concentrations of adipic 
acid. This implies that the anodic dissolution of Sn increases 
with higher concentration of adipic acid. More Sn2+ and 
Sn4+ ions are formed from the anodic corrosion at higher 
concentrations. These ions are the precursors for the sub-
sequent formation of precipitates and dendrites. The ECM 
failure probability and average TTF are not influenced by 
the Ecorr. This contradicts the previous work that presented 
a direct relationship between Ecorr and average TTF.27 The 
reason for this is that anodic dissolution is only one of the 
four ECM stages; hence, it is not the sole factor which deter-
mines the entire ECM process. Although more metal ions 
are formed at higher concentrations of adipic acid, some of 
these ions are consumed in reaction (10) and do not contrib-
ute to dendritic formation. In this work, the ion transport 
stage plays a more significant role than the anodic dissolu-
tion stage in determining the ECM failure probability.

Conclusions

In summary, we demonstrate that the ECM of Sn is sup-
pressed at higher adipic acid concentrations (≥ 5000 ppm), 
despite the more severe anodic corrosion. The ECM failure 
only occurs at intermediate adipic acid concentrations (10, 
100 and 1000 ppm). We show that the major ECM reactions 
include anodic corrosion and the formation of dendrites, 
precipitates and gas bubbles. The complexation of Sn with 
adipic acid to form the Sn adipate complex is suggested as 
a secondary reaction with Sn4+. This complexation reaction 
can be the main factor which suppresses ECM failure at 
higher adipic acid concentrations ( ≥ 5000 ppm) by retard-
ing the ion transport. Electrochemical parameters (Ecorr and 
Icorr) do not correlate with the ECM failure probability. They 
affect the anodic dissolution stage, but not the subsequent 
stages in the ECM mechanism. In this work, ion transport 
plays a more significant role in determining the ECM failure 
probability. The results of our research will be of relevance 
to future ECM study of other weak organic acids found in 
modern commercial no-clean fluxes.
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