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Abstract
Corrosion reliability is a serious issue today for electronic devices, components, and bare printed
circuit boards (PCBs) due to factors such as miniaturization, globalized manufacturing practices, and
global usage. The result is reduced life span for electronic products and heavy economic loss due to
failures. Miniaturization at all levels is one of the key factors reducing corrosion reliability. Over the
last 10 years, size of the electronics has been reduced by over 70%. For flip chip ICs, miniaturization
amounts to ~ 90%. The closer spacing increases the electric field (E = V/d), which makes corrosion
cell formation easier during local condensation under humid environments. Process related residues
(contamination) on PCB surfaces results from all stages of manufacturing process starting from base
PCB production to components mounting, soldering, inspection and testing, device assembly, and
packing are all process that will have great influence on corrosion. A particularly important factor is
the residue resulting from no clean flux especially from the wave soldering process as this is one of the
step in the PCB manufacturing processes. Such residues can easily absorb water under humid
conditions, and can accelerate the corrosion problems by providing conducting ions, participating in
corrosion reaction, or as a site for entrapment of dust.
This paper focuses on mechanistic investigation of the role of no-clean flux residues on
electrochemical migration failures, which is a dominant corrosion failure mode in electronic devices.
During electrochemical migration, a suitable metal ion such as Sn, Pb, Cu etc. dissolves in to the
condensed water layer from a positively biased point on a PCB and migrates through the water layer to
a nearby negatively charged part to deposit there in the form of dendrites. As it progress, dendrites will
bridge the gap between two points, which will lead to an electric short. This paper investigate in detail
how no-clean flux residues are present on the PCBs, their composition, morphology, interaction with
humid environments, and their electrochemical behaviour in aqueous environments. A novel Single
Component Electrochemical Migration set up (SCECM) was used for investigating electrochemical
migration under various flux residue conditions on tiny electronic components, while spectroscopic
studies and SEM/EDX were used for understanding the residue composition and morphology.
Detailed analysis of the dendrite morphology and composition was carried out using FEG-SEM.
Results shows that the organic acids in the flux residue can some time act as corrosion inhibitors to
reduce migration problem, however the exact effect depends on combination of factors such as
amount, morphology, and presence of other ions such as chlorides. Composition of the dendrite, and
therefore its conductivity was a function of stability of the corresponding metal ions in the respective
environments.
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Introduction
The miniaturization of electronic systems and the explosive increase in their usage has
augmented the risk of corrosion in electronics devices. Problems are compounded by the fact
that these systems are built by multi-material combinations and reasons such as process
related residues, bias voltage, and unpredictable user environment. Demand for miniaturized
device has resulted in higher density packing with reduction in the component size, closer
spacing, and thinner metallic parts. Material loss of the order of nano-grams can cause
reliability problems [1] in such cases especially with the present day use of the electronics in
all walks of life.
Over the last 10 years, the pattern of electronics usage has been considerably changed due to
the increased use of electronically controlled machines, use of more electronics in the
transportation sector, and rapid growth in the consumer electronics. The consumer electronics
sector is one area where the user environment is highly unpredictable. One such example is
the wide-spread use of cell phones [2]. Global manufacturing net-works with unpredictable
component supply chain and unclean components are another factor contributing to the
corrosion reliability.
Miniaturization at all levels is one of the key factors reducing environmental reliability. Over
the last 10 years, size of the electronics has been reduced by over 70%. For the flip chip ICs,
miniaturization amounts to ~ 90%. The closer spacing increases the electric field (E = V/d),
which makes the corrosion cell formation easy during local condensation under humid
environments.
The average size of dew droplet formation on surfaces at different temperatures varies from
20 – 50 m at about 50% RH [3]. Hence smaller distance on the PCBs makes it easy for the
local electrochemical cell to form. Figure 1 shows a schematic of how a tiny water droplet,
electric field and miniaturization can create a local corrosion cell on a PCB. Condensing may
result in functional failures caused by corrosion, flash over or leakage currents. Some of the
failures will be permanent and other may disappear when the condensed water has
evaporated.
The term local condensing is used where a
small part of the product is still cold enough
to form condensation. Thermal heavy
components and air flow are important
factors in formation of local condensation.
Also the ability to evaporate condensed
water is important for a product to be able to
survive local condensing. Therefore, high
levels of design factors are involved in
products response to humidity and
condensation.
In general, the corrosion problems
experienced by the electronic systems can be
generalized as due to the following key
factors. These are the miniaturization
together with: (i) unfavorable material
combinations, (ii) DC or AC electric field
applied to the system in use, (iii) process

Figure 1. Schematic showing relation
between miniaturization, local
condensation and electrochemical cell
formation on PCBA.
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related ionic residues on the PCB surface [1,4-6], and (iv) application related factors such as
high humidity, gases, aggressive ions, dust, etc [1,4-6].
Presently the mechanistic knowledge on electronic corrosion is limited especially related to
the synergistic effects of process related residues and contamination coming from service
conditions. This paper focuses on the effect of no-clean wave solder flux residue together
with the effect of natural dust collection on components during service on the Electrochemical
Migration (ECM) on single chip capacitors. ECM is a dominant electronic corrosion failure
mechanism. During electrochemical migration, a suitable metal ion such as Sn, Pb, Cu etc.
dissolves in to the condensed water layer from a positively biased point on a PCB and
migrates through the water layer to a nearby negatively charged part to deposit there in the
form of dendrites. As it progress, dendrites will bridge the gap between two points, which will
lead to an electric short. In this paper ECM was investigated on single chip components using
a novel Single Component Electrochemical Migration (SCECM) set up. Morphology of the
flux residues and the capacitors after ECM experiment was analyzed using optical
microscopy, FEG-SEM and EDS.
Materials and Experimental Methods
Electronic Components
A multilayer ceramic chip capacitor, C33 (Figure 2) was used as the test component for all the
investigations. The capacitance of the component is 100 nF and dimensions of the component
is 2.0x1.2x0.45 mm with end terminals consisting of 100 % Sn. Components used for the
experiments are representative of a large number of chip capacitors used for the electronic
PCB production.
SCECM system:
A novel Single Component Electrochemical
Migration Setup (SCECM) was used for ECM
investigations. Set up consists of three electrode pairs
with a provision to load tiny bi-polar components like
the chip resistors and capacitors as shown in Figure 3.
Using the two adjustable electrodes, components can
be held for the corrosion experiments in contact with
a drop-let of solution in order to simulate the
condensing humidity. The pair of electrodes also
provides electrical contact to the electrodes on both
Figure 1. Ceramic capacitor (C33)
sides of the capacitor (Figure 2). The probes are
used in this work.
covered with silicone rubber, which is penetrated by
the probe when a load is applied, thereby allowing the electrical contact while at the same
time providing corrosion protection to the probes.
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Figure 3. The SCECM set up with three electrode holders for the components. Components
are fixed between the probes: (1) Probe covered with silicon rubber for corrosion protection,
(2) Chip capacitor fixed between the electrodes, and (3) attached spring for keeping the
holders tight.

Figure 4. Schematic view of the overall SCECM set-up: (1) Chip capacitor, (2) Drop-let of
required solution on top of the component, (3) Needle covered with silicon rubber, (4) Multichannel potentiostat, (5) Video microscope.
Figure 4 shows an overall schematic of the SCECM set up consisting of various parts.
Required environment (in this study, DI water) is placed on each component as a drop-let.
Required DC bias is applied between the two electrodes separately for each component using
a multi-channel potentiostat. Simultaneously the time lapse video recording is started for insitu videoing of the migration sequence. The leakage current flowing through the water layer
is measured as a function of time until a permanent short is observed due to ECM.
For the SCECM experiments, chip capacitors were handled by polymer tweezers and gloves
to avoid any mechanical damage and human related contamination during handling. The
potentiostat used for the SCECM experiments was a multi-channel Bio Logic VSP
potentiostat.
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Introducing the flux residue on chip capacitors
For studying the effect of flux residue on ECM, C33 capacitors were dosed with no-clean flux
by dipping in the flux solution. The components were dried in air and subsequently heated to
high temperature (in this study 235oC) for 45 seconds to simulate the heating condition
during the wave soldering process. Maximum temperature attained during the wave soldering
profile for Sn-Pb solders is ~235oC and overall time interval of the profile is ~45 seconds.
However in this study, components are heated at constant temperature for 45 seconds.
Microscopic Analysis
Surface morphology of the components, flux residues, and the electrochemically migrated
components were analyzed using optical microscopy, Scanning Electron Microscopy (SEM JEOL 5900) and chemical analysis using the attached EDS system (Oxford Link ISIS). Field
Emission Gun Scanning Electron Microscopy (FEG-SEM) was performed using a Zeiss
1540EsB cross beam for the high resolution images of surface topography of the solder
terminals.
Results and Discussion
Morphology and material make up of chip capacitor
The capacitor (Figure 5a) is a surface mount component that consists of a sintered ceramic
body with two electrodes on both sides for mounting it on to the Printed Circuit Board (PCB).
As shown in Figure 5b, the electrodes consist of three metal layers with copper at the bottom
followed by a thin layer of nickel, and a top layer made of Sn (Table shown in Figure 5).
Stacked layers of capacitor lines made of nickel can be seen inside of the capacitor (Figure
5b). Usually the inner electrodes layers are made by thick film technique and the outer Sn
layer is barrel plated.

Figure 5. (a) Magnified view of a chip capacitor (C33), (b) SEM picture of the cross section
of the capacitor close to one of the electrode together with results of chemical analysis (in
wt.%).
Surface morphology of the electrode shows that the outer surface is non-uniform and the
rough areas indicative of a barrel plating technique. Roughness and uniformity of the surface
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layer is important from the corrosion point of view as it increases the surface area for
corrosion, and assists trapping and the condensation of water during service. Non-uniform
surface layer with pores and cracks also expose inner layers to the service environment
causing galvanic corrosion. Copper migration is often found simultaneously with Sn
migration on these components due to the exposure of copper at various locations on the
electrode surface [7].
Flux residues and their composition on PCBs
Wave soldering process is widely used for PCB assembly process to mount through-hole
components. In order to activate the metallic parts prior to soldering process, fluxes are
applied on to the bottom of the PCB which is transported inside the wave soldering oven
through a conveyor belt. During the flux spraying process, drop-lets of flux solution can also
fall onto the top part of the PCB or rise onto the top surface through the via holes. After the
spraying process, PCBs will be passed through several stages of heating from the ambient to
the soldering stage at ~235oC for the lead containing solder. Depending on the temperature
attained at various parts of the PCB, varying levels of flux residues will be left behind. Most
commonly used solder flux for the wave soldering presently is named as ‘No-clean’ fluxes
(NCF) meaning that it is not necessary to clean the PCBs after the soldering process. The
NCFs are mainly made of three major components: (i) Solvent – a medium for mixing all the
components of the flux, (ii) Activators – mainly weak organic acids, and (iii) Vehicle – a nonvolatile compound such as a resin or ester stable through all temperature of the soldering
profile. The assumption behind this process is that the aggressive chemicals used in the flux
solution will burn off during the soldering process so that it leaves minimum residue of
aggressive nature. However, in practice this seldom happens, but mostly substantial amounts
of flux residue including the activator components could be seen on the PCBA. Presently, the
use of NCF has become prevalent in the electronic industry and is estimated that about 70%
of the assemblies produced in North America are not cleaned after the soldering process
[8,9,10].
The activating species in the NCF often consists of one or more of the weak organic acids
(WOA), especially the short-chain carboxylic or dicarboxylic acids such as adipic acid,
glutaric acid, succinic acid, malic acid or formic acid. These acids are capable of reacting with
the oxide layers on the metallic parts of the PCB and should vaporize as a result of the
thermal exposure during the soldering leaving only minimal benign residue. Resin component
in the NCF will usually consists of small amounts of non-volatile organic compounds like the
rosin or synthetic resins made from polyhydric alcohols or fatty acid esters, and the solvents
are often a mix of organic alcohols with different boiling points like isopropyl alcohol or
ethanol [10,11,12].
The main organic acid in the NCF used for the present work is adipic acid (~ 1- 2 %) and a
resin component (~1 – 2 %), water (~1 %), and rest the solvent isopropyl alcohol. If the flux
is sprayed onto a substrate similar to the wave soldering process, which upon drying results in
residues of the resin and acid components. Morphology of such residues formed at room
temperature has the appearance as shown in Figure 6. The acid crystals (mainly the adipic
acid) are embedded inside the resin component. This type of morphology is significant for
corrosion as resin part can act as a good trapping agent for the dust and other solid particles
from the environment, while the acid component can also be water absorbing.
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Figure 6. Morphology of the flux residue formed at ambient temperature by drying of the flux
solution.
Figure 7 shows the optical pictures of the remaining flux residues on a glass plate formed
after heating to various temperatures for 45 seconds. It can be seen that the amount of flux
residue decreases with increase in temperature, however, even at 170oC (temperature
corresponds to the top side of the PCB during wave soldering) and 250oC (above wave
soldering peak temperature) considerable amount of residue still remain on the surface. Ion
chromatographic analysis showed substantial amounts of acid component in the residue
formed at 170oC and 250oC.

Figure 7. Morphology of flux residue formed at various temperatures.

Presence of the acid components in the residue in principle can influence the corrosion of
electronic components in many ways. These are: (i) by changing the pH of condensed water
layer which will modify the stability of the dissolved metal ions, (ii) increasing conductivity
of the water layer so that higher leakage current between the electrodes for migration, and (iii)
depending on the nature of acid, it can either act as an activator for corrosion or inhibitor.
The resin component may not directly influence the corrosion because of its non-ionic nature,
but it can act as a good trapping agent for the solid particles such as dust in the service
environment. This means that although the resin component initially appears to be benign for
corrosion and non-wetting, with time it can become a good site for water absorption and
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source of ions due to the collection of dust particles and embedded acid components as shown
in Figure 6.
Single component ECM investigations using SCECM
Effect of flux residue on ECM
Effect of flux residue formed at room temperature and at 235oC on ECM was investigated on
chip capacitors using the SCECM set up. As described earlier, the flux residue on capacitor
was introduced by dosing the capacitor with the flux solution followed by heating at required
temperature. The flux residue at room temperature means that the drying is carried out at
ambient temperature, while 235oC means that the component is heated to 235oC after dosing
with the flux solution. Six capacitors were tested in each case to provide a good statistics. A
set of as-received (without any flux residue) components was also tested for comparison.
Drop-let of the solution placed on the top of each capacitor for migration testing was DI
water.
Table 1 shows the summary of test results. As-received capacitor did not show any migration
at 5V and 10V showing that the set of components chosen were clean without significant
levels of impurities to increase the conductivity or migration. However, it is interesting to
observe that among the samples with the flux residue formed at room temperature and at
235oC, only one of them showed the migration, while others did not although strong
electrochemical activity and gas evolution was evident at the electrodes at least initially. Soon
after applying the potential bias, the anode showed a passivation effect although gas evolution
was continued to some extent. As the potential on electrodes is of the order of ± 5V and ±
10V, bias is sufficient for oxygen evolution reaction at the anode and hydrogen evolution
reaction by water dissociation at the cathode. Potentiodynamic polarization experiments using
pure Sn in solution containing varying amounts of the adipic acid also showed similar
passivation behavior with increase in the acid concentration [7]. This shows that the acid
component might be acting as an anodic inhibitor reducing the metal dissolution. It is well
known that a number of organic acids could act as corrosion inhibitors.
Table 1. Summary of the effect of flux residue on ECM on capacitor, C33
Total
Sample
Voltage
Migration
migration
As-received

RT
235 °C

5V

0 out of 6

12V

0 out of 6

5V

0 out of 6

12V

0 out of 6

5V

0 out of 6

12V

1 out of 6

0 out of 12

0 out of 12
1 out of 12

Figure 8 shows the results from the in-situ video of dendrite formation observed on one of the
capacitors tested with flux residues at 235oC. Sequence of pictures shown in Figure 8
corresponds to the times indicated in the current vs time curve. Immediately after the
application potential bias, within an interval of 200 seconds the dendrite formation was started
at the cathode. Rate of growth of dendrite was very fast so that within 10 seconds the entire
8
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gap was filled with dendrite to introduce an electrical short. This indicates that if the available
metal ions in the solution and other parameters are conducive enough nucleation, growth, and
electrical shorting occurs very fast. Peaked current was immediately dropped due to burning
of the dendrite as a result of the current surge. In this particular experiment only one event of
dendrite formation was observed, but in many other cases the dendrites forms again after the
burning to give many intermittent shorting events.
Figure 9 shows the current vs time curve measured during the SCECM experiments for one
set of the samples biased to 10V (As-received, RT, and at 235oC). Effect of the acid
component in the flux residue is clearly evident as the RT samples with higher flux residue
shows higher current levels. This is assumed to be due to the increased conductivity of the
solution together with oxygen evolution rather than due to increased metal dissolution. At
high temperature, the residue is partially burned off. The decreased amount of the acid
correspondingly reduces the current due to the lower conductivity. For both cases, the current
is significantly higher than that for the as-received component exposed to the DI water.

Figure 8. Current vs time curve from the migration experiment with flux residue (potential
bias 10V) and sequence of pictures corresponding to various points shown in the curve.
Effect of natural dust on ECM
Effect of natural dust collection on components on the ECM was investigated by exposing the
capacitors for 2 months in a kitchen followed by the SCECM testing. Activity in the kitchen
was mainly related to the use of food items, but no active cooking. Therefore, the source of
dust can be from the particles from food items used in the kitchen (such as bread etc.), human
related contamination, and the dust coming through the openings and windows. Analysis of
such dust showed clear signs of active ions such as chloride, although a detailed chemical
analysis is presently being carried out. However, the effect of this type of dust settling on
components on ECM was very clear from the SCECM experiments as all the six components
tested in this case with a potential bias of 10V showed migration and electrical short within a
short period of time. Comparing with the results presented in Table 1 showing no migration
for as-received capacitors, the results obtained after exposing to the dust clearly shows the
aggressiveness and danger of such dust on electrochemical migration. This is due to the fact
that the dust must contain both organic and inorganic compounds, and ions that could
accelerate corrosion as well as increase conductivity of the solution layer. For example it was
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found that human contamination such as finger print can cause almost 100 times increase in
the leakage current through a condensed water drop-let compared to pure water due to the
dissolution active components from the finger prints [13].
I vs. time
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Figure 9. Current vs time curve corresponds to one of the ECM experiments with flux residue
for the first 10 seconds.
Figure 10 shows the current vs time curve and the sequence of pictures from the in-situ video
for one of the migrated component after exposing to the dust. Initially the current was low,
but after an interval ~450 seconds, dendrites started nucleating at the cathode. The dendrites
grow with time towards the anode until it electrically short (maximum current). The short
remain in place for about 300 seconds and then it breaks off more due to the evaporation of
the solution. In this case, therefore a permanent short was observed once the dendrite filled
the gap between electrodes indicating that the dendrites was stable to carry required current
without burning and the environment on the component is aggressive enough to support
continued growth of the dendrites.
Effect of flux residue and natural dust on ECM
Synergistic effect of flux residue and natural dust on ECM was investigated for the capacitor
using components initially dosed with the flux and heated to 235oC followed by exposure to
the dust in a kitchen similar to earlier set of experiments. The idea of the experiment is to
understand how the dust collection could alter the inhibiting effect if flux residue alone is
present. It is important from the point of view of field applications as the flux residue can
clearly attract the dust, but at the same time act as a decelerator for migration. The question
then is that the aggressiveness of the dust could overcome the inhibitive effect of flux residue
so that with time it can introduce failures.
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Figure 10. Current vs time curve from the migration experiment on components with collected
natural dust (potential bias 10V) and sequence of pictures corresponding to various points
shown in the curve.
Similar to the results found for samples with dust, all the six samples tested at 10V showed
migration. This shows that the environment created by the dust with DI water was aggressive
enough in this case to overcome the effect of flux residue. Flux residue alone is supposed to
inhibit the migration as described earlier (Table I).
Figure 11 shows the current vs time curve and sequence of pictures from in-situ video for one
of the component tested for the migration with flux residue and dust. Initially the current was
low, but in this case after an interval of ~250 seconds, dendrites started nucleating at the
cathode. With time dendrites grow towards the anode making an electrical short, which
remains in place for about 200 seconds and then burns off. Compared to the experiments only
with dust, although the dendrites formation started earlier, the stability of the dendrite is
shorter. However, the current levels under dendrite short was much higher than that observed
in Figure 8 and Figure 10 indicating that the dendrite formed in this case was either thick or
more conducting (means more metallic in nature without much intermixed oxides [14]). In
agreement with this higher degree of electrochemical activity was observed on the sequence
of pictures compared to one without flux residue. In summary, the result obtained with the
flux residue and dust shows that the presence of flux residue must have increased the
conductivity, however presence of dust could have further increased the conductivity and
acted as a source of ions for corrosion to occur.
SEM analysis of dendrites:
Figure 12 shows the FEG-SEM images of one of the migrated capacitor with dust alone.
Figure 12a shows overall view of the migrated capacitor. Dust collection on the surface can
be clearly seen (see arrows). Figure 12a and b shows that the dendrites are very much
branched and connected to the anode at many points. Figure 12c provides a magnified view of
the dendrites showing that the branches are not adhered to the surface of the component.
The SEM pictures of one of the migrated capacitors with the flux residue and dust is shown in
Figure 13. Figure 13a shows that the amount of dust collected in this case is more than
without flux (See arrows). Similar to that observed for one with dust, dendrites are branched
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(Figure 13a and b), but the concentration of dendrites on the surface is much larger in this
case. This is also evident in Figure 13c where a large number the dendrite branches are seen.
Higher density of dust on the surface in this case might be the reason for higher reactivity
compared with the one only with dust.

Figure 11. Current vs time curve from the migration experiment on capacitor with the flux
residue and collected dust (potential bias 10V) and sequence of pictures corresponding to the
various points shown in the curve.

Figure 12. SEM pictures of migrated capacitor after exposing to dust.

Figure 13. SEM pictures of migrated capacitor after exposing to flux residue and dust.
In summary, the results from the experiment with dust and flux residue + dust suggest that
although the flux residue alone is not dangerous for ECM, but with time collection of dust can
alter the behavior to give severe ECM. In this respect, flux residue can act as a most probable
site for dust collection.
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Conclusions
1. Considerable amounts of flux residue with both the activator and resign component was
found even after heating the flux to 170oC and 250oC. Flux residue showed a morphology
with acid crystals embedded in the resin component.
2. Presence of flux residue alone did not create any ECM on the capacitors although the
conductivity of the solution layer was increased due to the presence of acid component.
3. Collection of natural dust on the surface has increased the reactivity giving ECM for all
the samples tested. The dendrites were highly branched and crisscrossed without adhering
to the surface.
4. Presence of the dust together with the flux residue has diminished the inhibiting effect of
the flux residue on migration to severe ECM on all the samples tested. More dust
collection was found on the components with flux, and thick dendrites with crisscrossed
pattern.
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