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SUMMARY
The effect of NaCl and weak organic acids (WOAs) in “no-clean” wave solder flux
residues was studied on electrochemical migration (ECM), leakage current, and
corrosion on surface mount chip capacitors using a test printed circuit board
assembly (PCBA) substrate having known chip components. The investigations were
performed under environmental conditions varying from non-condensation with 60%
RH at 25°C to near to condensation with 98% RH at 25°C, and full condensation
conditions. Near to condensation and full condensation conditions have been
established by (i) lowering the temperature of PCBA while keeping the temperature
and relative humidity constant inside the climatic chamber and (ii) applying single
micro-droplets of water on the surface mount chip capacitors. Water layer formation
on the PCBA was observed in-situ by introducing a video camera inside the climatic
chamber. The ECM probability testing under droplet condition showed dependency
on the type and amount of ionic contamination. Climatic testing of the test PCBAs
pre-contaminated with NaCl and solder flux residues showed the importance of
hygroscopic nature of ionic contamination to corrosion and leakage current due to
water adsorption on the surface.

1. INTRODUCTION
The climatic reliability of electronic circuits is becoming an important issue in recent
years due to increased requirements for long term reliability and the harsher
environments in which electronics has to operate [1–3]. The reliability of electronic
devices has become more sensitive to the environmental conditions and presence of
ionic contamination due to ever-increasing use of high frequency in high-density
interconnection assemblies, increasing package component densities and
decreasing component stand offs [4–6].
The electronics design, as well as the nature of the environment, is critical because
corrosion failures in the integrated circuits and electronic components can occur even
at extremely low levels of moisture and contamination. The presence of ionic
contamination on a surface of a printed circuit board assembly (PCBA) acts as an
accelerating factor for corrosion. Most ionic residues are hygroscopic and assist the
water adsorption to the surface, which enables the dissolution of ionic contamination
thereby reducing the surface insulation resistance and increasing the leak currents
on the PCBA. An electrochemical process that occurs on metals covered by a thin
film of electrolyte is often primarily responsible for the damage to the electrical and
electronic components that can lead to premature failures [1,7,8].

Moisture condensation on a surface in humid environments depends on a number of
factors including relative humidity (RH), temperature differences between the
condensing surface and environment, surface roughness, porosity, and finally the
presence of hygroscopic contaminants [9]. This paper discusses the effect of NaCl
and a specific wave solder flux residue on the corrosion behavior, ECM migration
probability, and leakage current investigated using test specimens such as surface
mount components and a SIR comb pattern biased at DC voltage and exposed under
various environmental conditions. The climatic condition under which the test
vehicles were exposed vary from dry at 60% RH and 25°C to full condensation, when
a visible layer of water is formed on the surface. The condensation condition is
established by reducing the temperature of the PCB, while keeping the climatic
conditions constant. The effect of type and level of ionic contamination on the ECM
probability under full condensation conditions is studied by applying single microdroplets of water on the surface mount chip capacitors.

2. MATERIALS AND EXPERIMENTAL METHODS
2.1 Contaminants
Two types of contaminants have been used for the investigations, namely: (i) NaCl
which dissolved into water acts as a strong electrolyte and is used to define the
equivalent contamination levels on PCBAs as described in IPC standards, and (ii)
Cobar 390-RX-HT, a type of “no-clean” weak organic acid (WOA) based wave solder
flux residue, which is also a commonly found contamination on PCBAs. The solid
content of this solder flux as determined by weight measurement is approx. 3 wt.%
and the content of WOAs as determined by ion chromatography is approx. 2 wt.%. In
this work, the flux residues consist of solid residues which include resin and WOAs.
The solid flux residues and NaCl were dissolved into de-ionized water with resistivity
in the range between 2 MΩ·cm and 2.5 MΩ·cm at room temperature. The electrolytes
were used to pre-contaminate the PCBs and components prior to testing.
2.2 Components
The components used for ECM probability testing under droplet condition were size
0805 10 nF multilayer ceramic chip capacitors. The average distance between the
terminals of the capacitors is 1 mm. The electrode terminals are made of pure tin with
traces of lead (< 2 wt.%).
2.3 Single component electrochemical migration setup
Single component electrochemical migration tests have been conducted using a
special setup described by Minzari et al. [10,11]. The single component
electrochemical migration (SCECM) setup consists of a sample holder having two
small adjustable probes, which act as connectors to each end of the surface mount
components (SMC) – in this case ceramic chip capacitors. The entire SCECM setup
consists of three separate pairs of metal probes and enables the experiments to be
conducted with three chip capacitors at a time, as shown in Figure 1 (a).

Figure 1: Single component electrochemical migration setup

The ECM probability testing on the single components was done by placing a micro
droplet of electrolyte at a desirable concentration on top of the surface mount
components. The current was measured between the terminals of the components
which are bridged via the droplet of electrolyte solution and biased at DC voltage in
the range of 1 V – 25 V using an in-house built multi-channel multiplexer unit called
“CELCORR test PCB set up”, described elsewhere [12]. The leak current followed by
the current increase due to ECM (electric short due to dendrite formation) was
measured with a 1 µA resolution ammeter connected in the circuit via a two switch
system. The sampling rate for the leakage current reading was set to 1 s. The
experiments were carried out under ambient conditions: temperature 23.5°C –
24.5°C, relative humidity 30% – 40%.
For tests carried out under non-condensation conditions, the water was evaporated,
hereby leaving the components pre-contaminated at known levels. The volume of
droplets was selected in accordance with the surface area of the component to
provide a fixed level of contamination in terms of µg/cm2 for comparison with IPC JSTD-001 standard. A relationship of 1 µl of solution over 1 mm2 area has been used
to fix the level in µg/cm2, which enabled an equivalent between g/l and µg/cm2 with a
ratio of 1:100. The experiments were carried out using a “BioLogic VSP” multichannel
potentiostat, Bio-Logic Instruments, France, having 0 – 20 V compliance voltage and
1 nA resolution.
2.4 Test printed circuit board
The test PCB is made on a FR4 laminate in accordance with IPC‐4101/21 having a
size of 168 x 112.4 mm and thickness of 1.6 mm. The test PCB system consists of
known SMCs like chip capacitors and chip resistors soldered in parallel rows of 10
components and two SIR comb patterns (one of the SIR patterns is placed under the
solder mask as reference). However, for investigations reported in this work only two
channels of the test PCB systems were analyzed, namely the SMC with size 0805
100nF ceramic chip capacitors and the SIR comb pattern above the solder mask.
The SIR pattern was made of lead free HASL finish with an overall surface area of 13
x 25 mm with 0.3 mm pitch size for the comb pattern. The overlapping area is 10.8
mm in height and there are 42 sets of common overlap giving 453.6 mm as the total
length of opposing faces. The ratio of total length of opposing faces and spacing of
all segments gives the nominal square count, which is 1512 for this SIR comb
pattern. It is in contrast with B-36 board comb patterns having 3538 squares and B24 having 1020 squares. The sensitivity of SIR pattern increases with increasing
number of squares.

2.5 Temperature control of PCB
The temperature of the PCB was controlled by mounting the PCB on an aluminum
block with embedded Peltier elements. The heat from the hot side of the Peltier
elements was removed using a coolant passing through the hollow aluminum block.
A DC power source (EA-PSI 6032-06 32V/6A) was used for applying potential to the
Peltier elements. The surface temperature of the PCB mounted on the aluminum
block was measured with two platinum Resistance Temperature Detectors (PT1000
class A) connected in a 2-wire circuit. DaqLink data logger “Fourier Systems
DBSA720” was used to log the temperature/voltage readings on the surface of PCB
throughout the duration of the experiment. The cooling effect on PCBs placed on the
aluminum block is presented in Figure 2.

Figure 2: Temperature profiles of test PCB fixed on aluminum block with embedded Peltier elements
taken at ambient temperature of 25°C: (a) – without cooling; (b) – 4V DC is applied on Peltier elements

The whole test was performed inside the climatic chamber under constant humidity
(60% RH), while the temperature of the PCB was changed as described above. Insitu monitoring of the water layer formation and condensation was carried out using
the video camera installed inside the climatic chamber. This allowed in-situ
observation of water layer formation and corrosion failures on the PCB.

3. RESULTS AND DISCUSSION
3.1 Effect of ionic contamination on ECM migration probability
The effect of contamination levels on electrochemical migration probability was
studied by applying a micro-droplet of solution (giving a known concentration in
µg/cm2) on top of ceramic chip capacitors mounted in the SCECM setup, and the
leak current between the terminals of the chip capacitor was measured as a
response to applied 5V DC voltage.
Figure 3 shows the probability of migration (number of capacitors which showed ECM

out of 18 experiments in each category expressed as a percentage) and the average
dendrite current for NaCl and flux residue as a function of concentration. The
average time to dendrite growth initiation marked as time to failure (TTF)
corresponding to each set of experiments is shown on the bar.

Figure 3: ECM probability and dendrite current as a function of concentration: (a) NaCl and (b) flux residue

The level and the type of ionic contamination showed an influence on the probability
of an ECM event and also the time of ECM initiation. The following effects are shown
in the cumulative percent of ECM versus time graphs for NaCl and solder flux
residues in Figure 4.

Figure 4: Cumulative failure dependence of time for (a) – NaCl and (b) – solder flux residue

As is seen from the graphs in Figure 4, increasing concentration shortens the time to
an ECM event. This fact is also clear from the comparison of the time needed for 50
% of capacitors to show ECM as well as from the time to the first failure. In the case
of NaCl, the increase of concentration from 1.56 µg/cm2 to 15.6 µg/cm2 reduces the
time to first failure accordingly: 62s, 25s, 19s and 14s. The presence of flux residues
reduces the time to the first ECM event from 354s to 72s with increase of
concentration from 3.75 µg/cm2 to 92 µg/cm2.
The results revealed contamination levels below which the probability of dendrite
growth is very low. This empirically found limit for NaCl is in the range between 1.56
µg/cm2 and 0.858 µg/cm2, whereas for “no-clean” solder flux residues investigated in
this work, this limit is much more broad where it starts at 3.75 µg/cm2 until it peaks
around 92 µg/cm2. In general a decrease of TTF and to some extent an increase of
cumulative percent failure was observed with increasing level of contamination
(Figure 4). However a considerable reduction of ECM probability at very high

concentrations of contamination can be seen for WOAs in the flux residue which is in
contrast with NaCl. This behavior is attributed to decreased stability of tin ions in the
solution.
Figure 5 shows the morphology of the dendrite after migration for NaCl and flux

residue as a function of concentration. For NaCl, the probability of dendrite growth
increases rapidly above a concentration of 0.858 µg/cm2. Below this level, the
migration probability is low, probably due to the low dissolution of tin. Typical surface
morphology of a component at 0.156 µg/cm2 of NaCl shows very few corrosion
products (appearing white in the image). However as the concentration of chloride
increases, dendrites start appearing, and at very high concentration levels a mixture
of dendrites and white precipitate species can be seen. At high chloride levels, the
probability of ECM is also slightly reduced due to the large amounts of tin ions in the
solution which leads to heavy precipitation, reducing the chance for dendrite growth
as reported by Minzari et al. [13]. The precipitated species can be hydroxides of tin
namely Sn(OH)4 and/or Sn(OH)2, although intermediate hydroxyl chloride species are
also possible [14].
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Figure 5: Size 0805 capacitors after SCECM testing at 5 V DC; pictures corresponding to NaCl and solder flux
residues are shown in the images. Anode terminal is on the right and cathode on the left side

Typical optical micrographs of the tested components with flux residue (Figure 5)
shows that the level of corrosion is negligible at lower concentrations; however, at 92
µg/cm2, the surface of the component shows a clear dendrite mixed with some
hydroxides. The appearance of ECM at flux residue concentrations 3.75 µg/cm2 – 92
µg/cm2 is similar to the appearance of ECM observed with NaCl. Light optical
microscope images revealed the dendrites (dark grey color) bridging the terminals
and the tin hydroxides (white color).
Further increase in flux residue concentrations caused only a low probability of
migration (Figure 3 (b)), while the component shown in Figure 5 shows heavy
corrosion of the anode terminal, but no dendrites or precipitation of tin hydroxides as
was seen in the case of NaCl. This appearance might indicate that the pH level of
solution was moved towards the acidic area due to the high levels of weak organic
acids in the flux residue and therefore the precipitation of tin hydroxides was

thermodynamically unfavorable. According to the appearance of the capacitors, all
the metal dissolved on the anode migrated towards the cathode and deposited there
as an oxide or hydroxide; however, the dissolution, migration and precipitation of
copper ions is also likely. It is known that the precipitation of tin as an oxide or
hydroxide can create a passive film (cassiterite SnO2) [15] for which the stability
increases with dehydration of the tin hydroxides [16]. The appearance of black
deposits near the cathode is shown in Figure 6 (b). The EDS analysis of composition
of black deposits showed high content of tin (65 wt.%) and oxygen (30 wt.%), and
small amount of copper (5 wt.%).
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Figure 6: (a) – ECM on the size 0805 capacitors with 92 µg/cm of flux residue; (b) – deposition of corrosion
2
product (black deposits) nearby cathode terminal with 342 µg/cm of flux residue and (c) – corrosion of anode
2
terminal with 342 µg/cm of flux residue

The EDS analysis of corrosion products on the anode terminal (Figure 6 (c)) indicated
mainly tin (85 wt.%, however some amount of copper (10 wt.%) and small amount of
chromium (less than 5 wt.%)) were identified. Both elements are known to be used
as termination materials for multilayer chip capacitors [17–19], and indicate a heavy
dissolution of electroplated top layer of tin. The copper and chromium were mostly

identified on the very edges of the anode terminal, where the dissolution rate of metal
is expected to be the highest.
Overall the results presented above indicate that both NaCl and flux residues can
accelerate the ECM considerably. The ECM probability is dependent on the
contamination type and the level it is present on the PCBA. In general the ECM
probability is increasing with increasing level of contamination, however above a
certain level, dependent on the tin ions stability in the solution can be reduced
drastically. The latter was the case with WOAs in the flux residues. SEM/EDX
analysis of the capacitors with 342 µg/cm2 of flux residues revealed heavy
deterioration of anode terminal and corrosion products on the cathode terminal
indicating the presence of severe conditions; however, conditions unfavorable for
ECM.
3.2 Effect of electric field on ECM migration probability
The effect of electric field in the range between 1 mV/µm and 25 mV/µm on ECM
probability and dendrite current was investigated at contamination levels 1.56 µg/cm2
and 15.6 µg/cm2 concentrations of NaCl together with clean components. The graphs
representing the results are shown in Figure 7. It is seen that the probability of
migration initially increases with increasing electric field as the voltage applied on the
terminals of capacitor until an intermediate voltage is reached, after which an
increase in voltage causes a decrease in the probability of electrochemical migration.
The electric field at which maximum probability of migration occurs is a function of
NaCl concentration, however it was found to be in the neighborhood of 10 mV/µm –
15 mV/µm (respectively 10 V and 15 V potential bias). Also the probability of
migration in general was low at lower potential bias values such as 1 V – 2.5 V above
which the probability increases drastically in solutions containing NaCl, while the
probability of migration in Millipore water remains low irrespective of the potential
bias.

Figure 7: (a) – Comparison of the potential influence on ECM probability and (b) – dendrite current in terms of
contamination

In general the probability of migration shows a bell curve with an increasing trend
initially followed by a decreasing trend above the maximum, similar to the result
found for increase in concentrations of contaminants. However, Figure 7 (a) shows

that the effect of contamination is more pronounced, especially from Millipore water
to 1.56 µg/cm2 chloride solutions. The dendrite current also shows a similar behavior
except for a large increase of dendrite current at 15.6 µg/cm2 conditions. This
indicates the formation of thick dendrites, unlike in other cases. It shows that
increased contamination increases the dissolution rate of the metal, which
consequently forms thicker and more branched dendrites containing more metal and
hydroxide precipitation. The high amount of metal content in the dendrites increases
the current leaking through. However, as the potential increases, the probability of
migration decreases, which also correlates with a decrease in the dendrite current.
This is due to the fact that the rate of dissolution of tin increases with an increase in
potential bias similar to increase in contamination. This leads to precipitation of the
hydroxide species, while the heavy gas evolution at the anode and cathode also
inhibit the formation of dendrites. Minzari et al. [11] have reported similar
phenomenon with increase in potential bias or contamination level.
The visual and SEM/EDS inspection of ECM and corrosion revealed the precipitation
of tin hydroxides, but no formation of dendrites at potentials below 2.5 V. At 1 V
potential difference, the precipitation of hydroxides could be seen in the middle of the
capacitor, indicating the homogenous pH change from acidic to alkaline and neutral
in the middle. The diffusion of the dissolved metal-ions is mainly dependent on the
effective electrical field strength [20], therefore it can be assumed that the electric
field strength was insufficient for the tin hydroxides to reach the cathode terminal of
the capacitor. It has also been reported that the threshold electric field under which
ECM will not occur is below 1 mV/µm [21].
The increase of anode terminal corrosion and hydroxide precipitation rate was
observed with increasing applied potential bias in the range between 5 V and 10 V.
Apart from that, no significant change of appearance of corrosion and dendrite
structure was observed with light optical microscopy or with SEM/EDS. However at
potentials above 15 V, the positively biased terminals were heavily corroded. The
measurements at 25 V potential revealed that no dendrites are formed, although the
anode is heavily corroded, indicating a high rate of tin dissolution. The discrete
deposits, probably tin hydroxides and oxides, at this condition can be seen. This can
be attributed to insufficiently alkaline conditions near the cathode to sustain the
presence of (Sn(OH)6)2-, which could be reduced at the cathode. As the potential
bias increases due to the dissolution of large amounts of tin ions, the alkaline
boundary for the formation of (Sn(OH)6)2- becomes unsustainable, as reported by
Minzari et al. [11].
The results have shown that at potential below 2.5 V the probability of observing
ECM on size 0805 capacitors under wet conditions within 15 minutes is very low but
increases with increasing potential until a certain limit. The highest ECM rate was
observed between 7.5 V – 10 V potential. In spite of increasing anode terminal
dissolution rate with further increase of applied voltage, the probability of ECM events
and dendrite formation decreases.
3.3 Effect of hygroscopic properties on the leak current
The effect of the hygroscopic properties of contaminants on the leak currents in
regards with RH of surrounding air was studied on the SIR comb patterns on the test
PCB. The SIR patterns were pre-contaminated with 15.6 µg/cm2 of NaCl and 100
µg/cm2 of flux residue. The leak current dependency on applied potential was

measured in the range from 0 V to 9 V with a sweep rate of 2 mV/s. The measured
voltammetry curves as a function of RH are presented in Figure 8. The temperature
during the experiment was kept constant at 25°C.

Figure 8: Leakage current as a function of applied potential and relative humidity: (a) – solder flux residue and (b)
– NaCl and non-contaminated surface

The presence of flux residues (Cobar 390-RX-HT) is less effective in generating
leakage current at all humidity levels compared to NaCl. With the increase of relative
humidity from 60% to 98%, the leak current measured on the SIR comb pattern precontaminated with the flux residues has increased somewhat more than two orders
of magnitude and no ECM initiation has been observed after the testing. Whereas in
case on NaCl a more than four orders of magnitude increase in leak current has
been observed when the relative humidity exceeded 80 % value. The observation of
considerable increase of leak current is assumed to be an indication of NaCl
dissolution and water layer formation on the SIR pattern. According to Kohler theory
and Pöschl study on sodium chloride interaction with water vapour, the hygroscopic
properties of NaCl enables adsorption of water molecules at RH around 75% [22].
The optical inspection of SIR comb pattern after the experiment revealed dendrite
growth between the adjacent conductive lines. The increase of leakage current with
increase of RH from 60% to 98%, measured on the non-contaminated SIR pattern
was in scale of nA and negligible, indicating an importance of PCBA cleanliness for
climatic reliability of electronics.
3.4 Leak current under nearly condensing conditions
The effect of temperature difference between the PCB surface and surrounding air
on the water condensation and leak current was studied on 10 surface mount
ceramic chip capacitors connected in parallel and the SIR comb pattern biased at 5 V
DC. The temperature of surrounding air has been kept constant at 25 °C. The leak
current curves presented in Figure 9 indicate the increase of current with increased
difference in temperature of surrounding air and the surface of the PCB. The
temperatures listed on the graphs are the average values of temperatures obtained
with two RTD sensors places on the surface of the test PCB.

Figure 9: Leakage current measured on test PCB biased at 5 V DC (a) – SIR comb pattern and (b) – 10 ceramic
chip capacitors size 0805 connected in parallel

The effect of temperature difference on the condensation is presented in Figure 10.
The expected error of temperature reading is 1°C. According to the leakage current
measurements, the formation of thin water layer starts at 21.5°C, though it is not
apparent from the captured images. A further decrease of temperature of the PCB
increases the water build up on the surface, which is reflected in the leakage current
versus time graphs. The condensation becomes clearly apparent when the
temperature on the surface of PCB reaches 18°C.
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Figure 10: Water condensation on size 0805 chip capacitors pre-contaminated with 15.6 µg/cm of NaCl

RH in SIR testing determines the thickness of the adsorbed water film and, since
organic materials are permeable to water molecules, it also determines the
availability of moisture at internal interfaces. The leak current observed on the SIR
pattern shows a trend of increasing leakage current magnitude with increasing level
of contamination. The steps of increase in the magnitude of current obtained with SIR
comb pattern coincide with the steps of increasing LC observed on the capacitors in
most of the cases. The sensitivity of the SIR comb pattern is higher compared to the
chip capacitors and this is reflected in the magnitudes of measured currents.

For the non-contaminated condition, the increase of current is very little and it occurs
during the last two steps, when the temperature difference between the surrounding
air and PCB is sufficient enough for water condensation to occur. The increase of
leakage current at 0.156 µg/cm2 of NaCl occurs at the same steps as it was on a
non-contaminated surface, but with slightly higher magnitude of current.
Ionic contamination reduces the critical RH value and increases the leakage currents,
as was shown by these experiments. A considerable increase of leak current is
detected at concentrations starting from 1.56 µg/cm2. A substantial increase of
leakage current is observed at complete condensation conditions (very last steps).
However at concentrations above 1.56 µg/cm2, the critical RH for condensation is
reduced to around 75% for both SIR and capacitors.

4. CONCLUSIONS
1. ECM probability for chip capacitor used in this investigation under droplet
condition showed that it is a function of the type and amount of contamination,
while the effect was different for NaCl and flux residue. In general increased
contamination level caused increased occurrence of ECM and reduced time of
initiation. However, at very high concentrations of contamination, ECM probability
decreased, which is attributed to decreased stability of tin ions in solution.
2. The empirically found limit for low ECM probability for NaCl is in the range 1.56
µg/cm2 – 0.858 µg/cm2, This is lower than the IPC limit of 1.56 µg/cm2.
Corresponding values for no-clean flux used in this investigation is more broad
with ECM probability peaks around 92 µg/cm2.
3. Effect of increased electric field (potential bias) on ECM was in general similar to
the effect of increased contamination level indicating that the effect is based on
the influence on tin dissolution and stability of tin ions irrespective of how this is
accelerated. The peak values of ECM probability at 1.56 µg/cm2 and 15.6 µg/cm2
of NaCl are respectively observed under 7.5 mV/µm and 10 V mV/µm electric
field.
4. From the hygroscopic point of view, the presence of flux residues used in this
work is less critical for humidity adsorption than NaCl. A steady increase of
leakage current, however below the level typical to dendrite growth was observed
with increasing RH on the SIR comb pattern pre-contaminated with flux residues.
In case of NaCl a considerable increase of leakage current, followed by dendrite
growth was observed at RH above 80%.
5. Test by cooling the PCB showed that the presence of hygroscopic contaminants
reduces the critical RH for moisture condensation and is followed with increase of
leak currents under lower relative humidity. The magnitude of leak current
increases with increase of amount of ionic contamination – in this case NaCl.
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