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Abstract— The effect of three common no-clean solder flux 

residues (adipic acid, glutaric acid, and succinic acid) as 

contamination types at three low levels (same concentrations) as 

well as in the same conductivity value in comparison with 

sodium chloride (NaCl) on time to failure (TTF) due to 

electrochemical migration (ECM) on the surface mount 

capacitors (SMCs) were investigated. The relation between TTF 

and leakage current (LC), conductivity, number of failures, as 

well as the probability of failure (PoF) using applicable 

probabilistic distributions in various conditions combined with 

diverse contamination types/levels and voltage based on many 

replications were studied. 

Keywords— electrochemical migration; time to failure; 

probability of failure; surface mount capacitor; contamination 

type and level; conductivity. 

I.  INTRODUCTION  

Contamination typically found inside electronic devices 
originates from both the printed circuit board assembly 
(PCBA) manufacturing process (intrinsic contamination) and 
the atmospheric particles (extrinsic contamination) [1], [2]. 
However, process related intrinsic contamination on the 
PCBA surface is most important in almost all cases, as 
extrinsic contamination entry to the PCBA surface is avoided 
by proper packaging [3]. Therefore, major hygroscopic 
residues causing problems on the PCBA surface arise from the 
solder flux residue resulting from the manufacturing process 
[4]. Certain amounts of residues remaining on a PCBA surface 
due to its hygroscopic nature attract humidity from the 
surrounding environment and build up water layer, act as 
corrosion accelerated factors, and contribute to deterioration 
in the electronic device's functionality [4], [5]. The soldering 
process, especially wave soldering because of the use of liquid 
flux by spraying process, introduces ionic residues on the 
PCBA surface during the manufacturing process, which along 
with other factors, affects the corrosion failures related to 
humidity on the PCB surface [6], [7]. Most of the no-clean 
flux systems today are based on weak organic acid (WOA) 
activators [8]. Typically, these acids can be adipic, succinic, 
and glutaric, to name a few, which are hygroscopic similar to 
sodium chloride (NaCl). Due to hygroscopic properties, most 
of the contaminations on PCBAs are also highly soluble in 

water, which can uptake humidity and enrich formation of a 
layer with some electrical conductivity on the PCB surfaces, 
causing different failures [9]. Besides, both WOAs solubility 
and WOAs strength will define the conductivity of the water 
layer made on the PCBA. The high conductivity of the water 
layer usually leads to high leak current between biased points 
on PCBA, which in most cases leads to increased corrosion 
failures. The WOAs solubility determined how much residue 
that can dissolve at a temperature, and WOAs strength 
determines the dissociation ability of the acids (determined by 
the pKa values) [10]. The PCBA contaminations are due to 
their hygroscopic feature mostly connected to the flux 
residues from the soldering process assisting water layer 
increase, and possible corrosion creation [11], [12]. The 
formation of water film, along with applying potential bias, 
results in a leak current between opposite biased points on the 
PCBA surface and the electrochemical migration (ECM) 
phenomenon as one of the most common electrochemical 
failure mechanisms in PCBAs [13], [14]. The importance of 
the ECM refers to migration of metal ions between two 
opposite points of electrodes (anode and cathode on a 
component or between components) through the conductive 
electrolyte (water layer formation on the surface at various 
climatic conditions) under the effect of the electric field due 
to applying the potential bias between two opposite point [14], 
[15]. Subsequently, it can affect product performance and lead 
to severe deterioration and corrosion of electronic devices.  

Previous works showed that most of the studies carried out 
are in high contamination levels, where there is a high amount 
of flux residue in low water layer thickness, meaning that the 
water layer will have very high concentrations of acid on 
surface insulation resistance (SIR) PCBs [16], [17], [18], [19]. 
Many of these acids also act as corrosion inhibitors due to the 
possibility of adsorbing to the metal surfaces because of the 
carboxyl group [20], [21]; therefore, it is interesting to 
understand how low concentrations of these contaminations, 
as well as same conductivity, will influence time to failure 
(TTF) due to ECM. Besides, based on some studies that 
showed the probability of ECM does not follow the linear 
trend by increasing voltage and contamination levels [22], 
[23]; this study tried to find the appropriate probabilistic 
distribution of the TTF trend utilizing 20 replications for each 
condition to find the probability of failure (PoF). Accordingly, 
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two different experiments using droplet tests have been 
performed at various conditions to investigate the influence of 
voltage at two levels of 5 and 10 V, as well as four 
contamination types (three WOAs and NaCl) at similar 
contamination levels (1, 10, and 20 µg/cm2) and the equivalent 
conductivity level (~203 µs/cm) based on the TTF values in 
the SMC component. 

II. MATERIALS AND METHODS 

A. Surface mount capacitor 

Surface mount capacitor (SMC) is one of the important 
components that commonly use in PCBA surface mount 
technology. All the experiments were performed on the SMCs 
with electronic industries association (EIA) code 0805 
housing size of a multilayer ceramic chip capacitor with 10 nF 
capacitance, 50 V voltage range, and electrode terminals of tin 
[9], [24]. For statistical and probabilistically analysis, 20 
SMCs were utilized for each condition combined with various 
voltage, contamination types and levels, Fig. 1 displays the 
SMC used for this study with dimensions of 2 mm length, 1.2 
mm width, and 0.45 mm height. 

 

Fig. 1. View of single SMC consists of tin (Sn) in end terminals. 

B. Droplet test and experimental data conditions 

Droplet test is an accelerated lifetime test to assess the TTF 
on PCBA components [25]. For this investigation, a droplet of 
2 µl constant volume of four different contamination types, 
including adipic acid, glutaric acid, succinic acid, and NaCl 
solution in water, is placed on top of each SMC surface.  

Three concentrations of adipic acid, glutaric acid, and 
succinic acid from WOAs, as well as NaCl electrolyte 
solutions, were used for testing, including; 0.0013 g/l, 0.013 

g/l, and 0.026 g/l. The steady amount of solutions over a 
constant area for all the experiments of 0.24 cm2 and pitch 
distance of 1400µm was used to fix the contamination levels 
in µg/cm2 unit.  

Using a micropipette, the solution droplet is positioned 
between two opposite electrodes to connect the anode and 
cathode under two different DC voltages. This condition 
creates an aggressive situation, which causes increasing high 
leakage current (LC) followed by dendrite formation and 
ECM on the component surface. The BioLogic VSP 
potentiostat is used to apply 5, and 10 DC voltages to the 
SMCs and measure leak current. Fig. 2 displays the droplet 
test on an SMC in connection with a potentiostat to measure 
leak current under a digital microscope. 

 

Fig. 2. Droplet test on an SMC in connects to potentiostat under a digital 

microscope. 

In this study, two different experiments have been 
performed to investigate the influence of similar 
contamination levels and the same conductivity level on TTF 
based on many replications on the SMCs. Table I presents the 
details of all contamination types in similar contamination 
levels, which are used [26], [27]. In the first experimental 
setup, three levels of each contamination at two voltage levels 
provide six diverse conditions. It means in each contamination 
type, six conditions with twenty replications (4 contamination 
types, each at 6 conditions, every condition with 20 
replications) have been analysed, and 240 runs have been 
delivered at 7200 min.
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Table II presents the details of contamination amounts at 
100 ml deionized water and the concentration equivalent in 
order to have an equal conductivity level for all contamination 
types. Three voltages, 5, 7.5, and 10 V at a similar conductivity 
level for each contamination type, have been studied for this 
part. It means for the second experimental setup, 12 conditions 
with ten replications at 3600 min using droplet tests on SMC 
surfaces have been provided.  

TABLE II. 

OVERVIEW OF THE SECOND EXPERIMENTAL SETUP USING A SIMILAR 

CONDUCTIVITY LEVEL. 

 

C. Statistical and probabilistic distribution analysis 

Statistical analysis is used to extract information from the 
experimental dataset (descriptive) and use it to discover the 
behavioural trends (inferential). Probabilistic distribution 
analysis also integrates information from a dataset to catch the 
appropriate distributions to calculate the PoF at three periods for 
each condition. In order to obtain reasonable statistical averages 
of the LC and specially TTF due to ECM, the droplet test was 
replicated many times (at least twenty times) to see twenty 
failures under each experimental condition in the first 
experimental setup (same contamination levels) and ten 
replications in the second experimental setup (same conductivity 
level).  

The importance of recognizing the applicable probabilistic 
distribution for each condition is to endeavour to estimate the 
average value and uncertainty bound associated with the TTF of 
SMC to identify and characterise the dataset trend using 
mathematical formulas. The mathematical formulas for 
distributions and their graphs give us a better understanding of 
the dataset and help with quantification for proper comparing 

and assessing [28], [29]. In this study, three common continuous 
probabilistic distributions have been employed, including; 
Weibull, Lognormal, and Loglogistic distribution. The 
Loglogistic distribution has a similar shape and follows the same 
way as the Lognormal distribution obtained from the normal 
distribution for logistic distribution [30]. These two 
distributions, with the Weibull distribution as unique 
distribution due to high flexibility and the most widely used 
distribution in accelerated failure time, play a central role in the 
field of risk and reliability analysis [31], [32], [33], [34]. 
Cumulative distribution function (CDF) for 3-parameter 
Weibull distribution follows (1) [35], [36], [37]; 

𝐹(𝑡) = 1 − exp⁡[− (
𝑡−𝜃

𝛼
)
𝛽

]                        (1) 

In which α is the scale parameter, β is the shape parameter, 
and θ is the location parameter. The CDF of 3-parameter 
Lognormal distribution given by (2) [38], [39], [40]; 

𝐹(𝑡) = Ф⁡(
ln(𝑡−𝛾)−µ

𝜎
)                            (2) 

In which µ is the mean value or scale parameter, σ is the 
standard deviation or shape parameter, γ is the threshold or 
location parameter, and Ф is the standard normal distribution. 
The CDF of 3-parameter Loglogistic distribution is (3) [41], 
[42]; 

𝐹(𝑡) = ⁡ [1 + (1 +
𝛽

𝜎
(𝑡 − µ))

−1

𝛽 ]−1               (3) 

In which σ is the scale parameter, β is the shape parameter, 
and µ is the location parameter. 

III. RESULTS AND DISCUSSIONS 

An in-situ study on ECM failure mechanism on SMC using 
droplet test demonstrated the electrochemical failure process, 
resulting in some evident dendrite formation and the short 
circuits under various conditions combined with different 
contamination types/levels and applied voltage. For instance, 
Fig. 3 illustrates the leak current measurement versus time at one 
condition combined with 5 µg/cm2 adipic acid at 10 V using the 
potentiostat on an SMC. The ECM grows from the cathode to 

TABLE I.  

OVERVIEW OF THE FIRST EXPERIMENTAL SETUP USING SIMILAR CONTAMINATION LEVELS OR THE SAME AMOUNT OF ACID IN WATER AS 

ELECTROLYTE SOLUTIONS ON SMC SURFACES . 
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the anode during the 160 sec. In these phenomena, the water 
droplet has electrolyzed at the anode electrode and causes metal 
ions to dissolve. The metal ions migrate  to the cathode through 
conductive water, which depends on the effective electrical field 
(E) strength. The Electric field is in relationship with pitch 
distance (P) and applying potential bias (V) between two 
electrodes (E=V/P). Ultimately, the metal ions have reduced at 
the cathode, which relates to the induced contamination type and 
the level. Then a leak current can emerge on the surface. 

Consequently, their deposition at the cathode starts the 
creation of metallic filaments of dendritic shape in the surface 
conductive electrolyte. Creating permanent bridging between 
anode and cathode and leading to malfunctions performance of 
electronic components and systems owing to the high level of 
leak current and electric short circuits. In Fig. 3, after 120 sec 
(TTF), the big jump in leak current presents the creation of a 
permanent bridge (connection) between two electrodes on the 
SMC surface. Fig. 4 shows an average of leak current before the 
big jump (TTF) calculated as LC for each condition. The 
average of LC values using NaCl contamination compare to 
WOAs for the same contamination levels, and voltages show 
very high notable levels; however, the incremental trend from 
low to high levels of voltage and contamination levels for each 
contamination type are clearly observable. 

 

 

Fig. 3. Leak current measurement versus time with the real picture of dendrite 

formation and ECM on an SMC under 10 V and 5 µg/cm2 adipic acid as 

contamination type and level. 

 

Fig. 4. Comparison of LC averages at various conditions combined of 

contamination type, levels and applied voltage. 

A. TTF in the same contamination levels 

In order to investigate contamination types and voltage 
effects on TTFs at various contamination levels, the first twenty 
experiments were performed on each condition combined with 
contamination type, level, and voltage on the same SMC with 
the specific pitch distance and material. Fig. 5 displays the 
number of failures at 20 repetitions, as well as the average of 
TTFs for each condition. The figure shows the lowest number of 
failures at the low voltage for all contamination types. Moreover, 
it presents the highest number of failures for low, medium, and 
high levels of all WOAs, respectively. Increasing the level of 
contaminations (WOAs) on the chip capacitor surface means 
reducing the number of components that showed  ECM. It might 
be because of the existing high amount of contamination ions at 
very narrow spaces between two opposite potential biases of 
electrodes on the component and works as inhibitors to prevent 
the growth of dendrite formation and create electrode 
connections. Nevertheless, NaCl acts opposite to the WOAs. 

 

Fig. 5. Number of failures and the average of TTFs at twenty replications for 

each condition on SMCs. 

Fig. 6 shows the typical surface of the chip capacitors views 

using a digital microscope after the droplet tests. It shows ECM, 

permanent dendrite filament and corrosion failure on SMC 

employing the four contamination types and under a similar 

contamination level (5.5 µg/cm²) and voltage (5 V) with three 

replications. 

 
Fig. 6. Optical appearance of dendrite formation and ECM on SMC at four 

contamination types and the same contamination level (5.5 µg/cm²) and voltage 

(5 V) with three replications. 

Secondly, to make appropriate probabilistic distribution for 
each condition, we perform more experiments to catch 20 failure 

Presented at the Nordic Microelectronics and Packaging Conference and Exhibition (NordPac) 2023 4
Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on July 25,2023 at 09:02:11 UTC from IEEE Xplore.  Restrictions apply. 



data for each one. According to the comparison of probability 
plots employing least squares estimation methods by 
considering twenty TTF values of replications in each condition, 
applicable probabilistic distributions for each condition 
according to the Anderson-Darling (AD) value, correlation 
coefficient, and P-value metrics from the goodness of fit tests 
have been selected. Generally, with a good approximation, 3-
parameter Weibull distribution for all conditions consisting of 
adipic acid, 3-parameter Lognormal distribution for every 
condition consisting of succinic acid, and 3-parameter 
Loglogistic distribution for whole conditions consisting of 
glutaric acid and NaCl as contamination types, presented 
appropriate probabilistic distributions according to the value of 
the metrics. Fig. 8 presents probability plots of entire conditions, 
which are categorized into four main parts according to the used 
contamination types. The figure also shows the three parameters 
(shape/location, scale, Threshold) values of each fitted 
distribution for every condition, which is based on the CDF 
according to the specific formula for each distribution calculated 
and plotted in Fig. 9 to estimate PoF at the desired time. 

Table III illustrates the percentage of PoF at three times or 
periods; i. less than or equal to 300 sec (5 min), ii. less than or 
equal to 600 sec (10 min), and less than or equal to 900 sec 
(15 min) according to the CDF and Fig. 9. The percentage PoF 
for each condition in this table presents the likelihood or chance 
of a big jump in leak current and generating ECM and dendrite 
formation based on the combination of different contamination 
types/levels and voltages. The last coloured column has been 
brought to quickly compared the effect of contamination types 
and voltage at the same contamination levels. Fig. 7 
demonstrates the conductivity levels of all contamination 
solutions at three levels. The NaCl conductivity at the same 
contamination levels presents the highest values compared to 
WOAs. However, the conductivity levels of WOAs with adipic, 
glutaric, and succinic arrangements are close to each other from 
low to high values. Due to the different conductivity levels of 
contamination types at the same contamination levels and in 
relation to Fig. 5, the number of failures at twenty replication 
follows the same order, and the succinic acid presents the highest 
number of failures camper to other WOAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

TABLE III. 
POF AT THREE DIFFERENT TIMES/PERIODS FOR EACH CONDITION. 

 

Generally, the average of PoFs for all conditions in 10 V 
were higher than the same conditions in 5 V, which is 
proportional to LCs levels displayed in Fig. 4, and the inverse of 
the number of failures plotted at each condition according toFig. 
5 The importance of the high voltage in relation to TTF in the 
same contamination type/level, and constant other influence 
factors such as temperature (at ambient temperature), and pitch 
distance (on the same SMC surface), because of the extent of 
electrical field and the leak current, that can be passed through 
the droplet solutions. Therefore, an increase in voltage will 
influence the leak current and start faster metal ions dissolution 
and dendrite formation on the SMC surface, subsequently 
creating the PoF in the early times. 

 

Fig. 7. Conductivity plot at various contamination types/levels. 
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Fig. 8. Probability plots of various conditions are categorized into four main parts according to the contamination types used. 

 

Fig. 9. CDF plots of various conditions that categorized into four parts based on contamination types. 
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In addition, the average of PoF for all WOAs at both voltages 
shows a decreasing trend from low to high contamination levels. 
However, the PoF for NaCl offers an increasing trend from low 
to high levels of contamination. It might be because of the 
deposit of the high amount of contamination ions at spaces 
between two electrodes, which works as inhibitors to prevent the 
growth of dendrite formation and create failure. Fig. 10 presents 
the average PoF of various contamination types at the same 
contamination levels for the three times/periods 300 sec, 600 
sec, and 900 sec. Moreover, from all of the contaminations, 
NaCl demonstrates the highest average of PoF at the same 
contamination levels. Glutaric acid after NaCl presents the 
highest average of PoF at WOAs due to having a highly 
aggressive conductivity camper to other WOAs. The average 
percentage of PoF for succinic and adipic acid approximately are 
the same with little difference, showing that succinic acid's more 
aggressive. 

 

Fig. 10. Average percentage of PoF of various contamination types at the same 

contamination levels for three times/periods 5, 10, and 15 min. 

B. TTF in similar conductivity 

To understand the effect of contamination type and voltage 
on TTF under the same conductivity value, 12 new experiments 
have been performed using new solutions for all contamination 
types, according to Table 2 information. Using the solutions 
with equal conductivity levels and the droplet test, the same 
value (2 µl) as the first experimental setup in ten replications 
have performed on the SMC. Fig. 11 illustrates the statistical 
TTF values of the experimental dataset on the same conductivity 
value and different contamination types and voltages. This 
figure shows that in the same conductivity levels of each 
contamination solution, besides similar voltages, the TTF level 
of NaCl is significantly lesser than WOAs. It means the period 
to create ECM and failure employing NaCl even in the same 
conductivity levels is still lower than other WOAs 
contamination. The remarkable results of this part present the 
significant effect of succinic acid on SMC TTF, which is higher 
than glutaric and adipic acid, respectively, which offer a lower 
average of TTF comper to specially glutaric and adipic acid in 
these conditions. 

 

 

 

Fig.  11. Box diagram of experimental data TTFs on the same conductivity 

value and different contamination types and voltages. 

Fig. 12. presents the comparison of the average TTF and 
failure rate of contaminations at three voltages and the same 
conductivity level. Failure rate refers to the failure speed and is 
calculated by the number of failures divided by the total 
operation time. The failure rate was calculated by dividing the 
number of SMC failures per 18000 sec (10 samples for each 
condition* 30 minutes for each run* 60 seconds for each min) in 
the unit of s-1. The red column illustrates the average failure rate 
at three voltages and the same conductivity level for four 
contaminations. The results show that succinic acid in the same 
conductivity level gives a higher average failure rate. This refers 
to the high number of SMC failures for using succinic acid at the 
same conditions comper to other WOAs and even the NaCl. 
Moreover, in the same conductivity level, the TTF at each 
contamination type from low to high voltage levels illustrate the 
descending trend. 

 

Fig. 12. Comparison of the average TTF and failure rate of contaminations at 

the same conductivity level. 

IV. CONCLUSIONS 

• Droplet test results investigation showed that the 
mostly TTF values increased with increasing the contamination 
levels and decreasing voltage levels in all WOAs. However, the 
number of failures and PoF increased with increasing the voltage 
and decreasing the contamination levels in all WOAs. With only 
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NaCl, TTF decreased, and the number of failures increased with 
increasing the contamination levels and voltage levels.. 

• In the same contamination level at whole 
contamination types, from the low level to the high level of 
voltage, TTF decreased, and the number of failures increased. 
Except for NaCl, at a similar voltage level, the lower 
contamination level has the lowest average of TTF. 

• Generally, the average of TTF from all contamination 
levels at the high voltage level is always lower than the low 
voltage level for all contaminations. However, the average 
number of failures at the high voltage level is usually higher than 
at the low voltage level. 

• Generally, in the same contamination level (or the same 
amount of contamination solved in 100 ml distilled water) at 
whole contamination types, conductivity and the number of 
failures follow the same order as; 
NaCl>Succinic>Glutaric>Adipic, and the average of TTF 
follows the order as; NaCl<Glutaric<Succinic<Adipic. (Due to 
existing glutaric acid results, we could not wholly say that 
conductivity has an inverse relation with TTF).  

• In the equal conductivity level, the average TTF with 
increasing voltage levels decreased and followed the order as; 
NaCl<Succinic<Glutaric<Adipic. 

• The average failure rate in the same conductivity level 
shows NaCl has the lowest value. Moreover, after that, succinic, 
glutaric, and adipic acid present the lowest failure rate, 
respectively. 
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