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Abstract
There are several methods accepted by the industry for determining the electrochemical 
reliability for electronic assemblies. These methods are typically designed to either 
simulate humid environments in accelerated lifetime testing or assess the species 
of ionic residues present on surfaces. Some can be used to test prototypes or test 
boards; others are more applicable for quality and consistency testing in a production 
environment. The increasing complexity of high density assemblies, along with low 
standoff components, imposes greater associated challenges related to assessing 
electrochemical reliability. This has led to development and adoption of new methods 
for testing ionic residues that can lead to electrochemical migration.

This paper will review traditional and emerging methods to characterize flux residues 
and cleanliness of finished assemblies, including surface insulation resistance, 
electrochemical migration, ROSE extraction, and other emerging test methods. Data 
will be shared showing how different methods can detect process variations in different 
ways, results will be compared.
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Introduction
Reliable electronics assemblies must 
be robust in a range of environments 
that stress the system in different ways: 
thermally, mechanically, chemically, 
and electrically. Each stressor is tested 
for its effect on the system, typically in 
an accelerated fashion, meaning that 
conditions of the testing are more extreme 
than the conditions experienced during 
the actual lifetime of the device. This 
investigation will focus on the different 
methods for testing electrochemical 
reliability.

Electrochemical migration is defined by 
the IPC[1] as “the growth of conductive 
metal filaments on a printed wiring board 
under the influence of a DC voltage bias. 
This may occur at an external surface, 
an internal interface or through the bulk 
material of a composite. Growth of the 
metal filament is by electro-deposition 
from a solution containing metal ions, 
which are dissolved from the anode, 
transported by the electric field, and 
redeposited at the cathode.” This failure 
mechanism is one that develops over 
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time as the circuit reacts with materials in the assembly. When 
filaments grow within the board materials below the surface it 
is called conductive anodic filaments or CAF, which will not 
be discussed in this paper, but is also a contemporary hot topic. 
When electrochemical migration occurs on the surface of the 
board, it leads to dendritic growth between traces and is best 
tested using surface insulation resistance (SIR).

The mechanism for electrochemical migration on the surface 
electronics assemblies relies on four factors to be present: copper, 
voltage, humidity, and ionic species. When humidity in the 
environment forms water droplets on a circuit board, the water 
is able to interact with any ionic species present on the surface 
to allow ions to move along the surface of the board. The ions 
interact with copper and are propelled to migrate between copper 
circuitry due to the voltage. This is typically summarized in a 
series of steps: water adsorption, anodic metal dissolution or 
ion generation, ion accumulation, ion migration to cathode, and 
metal dendritic growth[2]. 

Every material on the board surface has the potential to affect 
part of the migration mechanism, whether it is the board 
materials and solder mask, the cleanliness of the components, or 
any residues from board processing or assembly, including flux 
residues. Due to the dynamic nature of this failure mechanism 
it would be best to test every design and assembly, but that is not 
feasible. This raises the question of how to best characterize an 
assembly’s propensity for electrochemical migration.

The industry standard for decades has been that SIR testing is the 
best way. In practice, however, this method has some limitations. 
First, it is conducted on test coupons and not the assembly as 
designed. This requires a separate set-up for testing that varies 
in board finish, reflow process, handling, and may or may not 
include components, depending on the test method chosen. As 
related to flux classification, standardization of these factors is 
critical to produce comparable classes of fluxes. On the other 
hand, related to process optimization and control, it may omit 
critical sources of failure. Secondly, results cannot be collected 
in real-time as assemblies are in production. The test duration 
is a minimum of 72 hours, up to 28 days, depending on test 
method, and this makes the test too long for process control. This 
leaves manufacturers to seek out test methods to characterize 
propensity for electrochemical migration quickly and effectively 
in order to control the assembly process.

This paper will investigate and discuss the available test methods 
for characterizing an assembly’s propensity for electrochemical 
migration. As mentioned, tests like SIR are the industry standard 

and are critical for design verification in the early stages of 
process development. Additional test methods will also be 
discussed, which are better suited for process control.

Discussion of Methods for Design 
Characterization 
Design characterization and process verification are critical 
when preparing to manufacture a new PCB assembly. This will 
include investigating incoming materials, developing process 
parameters to ensure proper soldering, and making a finalized 
representative assembly that has gone through many steps to be 
approved. This takes much more time than can be dedicated to 
verify every assembly. This paper will focus on the tests that 
should be done during the process verification step.

Flux characterization tests
IPC requires that all fluxes for soldering are classified by the 
J-STD-004 (currently in revision B). This standard outlines 
requirements and industry standard test methods to characterize 
how fluxes react with copper circuitry during soldering and in 
the environment after assembly. Once tested, a flux is classified 
with a code such as “ROL0,” which indicates the flux basis, 
activity level, and presence of halides. For the ROL0 example, 
this means the flux is rosin-based, classified with a low activity 
rating with no halides in the raw flux. There are several test 
methods that contribute to this rating, many of which test aspects 
of electrochemical reliability specifically pertaining to the flux. 
(Note: some methods may vary slightly for solder paste flux or 
cored-wire flux as specified in J-STD-004B).

Copper Mirror
IPC-TM-650 Method 2.3.32 is used to test how unheated fluxes 
interact with copper or flux-induced corrosion. Essentially, a 
drop of flux is compared to a control when dropped onto a thin 
layer of copper over glass and subjected to an environment for a 
period of time. This environment is close to ambient temperature 
and 50%RH. After 24 hours, the fluxes are cleaned off and the 
copper coupon is visually inspected on a white background 
to see where the copper has been removed. The amount of 
breakthrough determines a level of L, M, or H for this test.

Copper Corrosion
IPC-TM-650 Method 2.6.15 tests corrosion on copper from flux 
residue in extreme conditions. The flux is heated on a copper 
panel in contact with a solder pellet until soldered. The panel 
is then placed in a humid environment at 40°C to accelerate 
any reaction the flux residues will have with the copper. 
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The panel is visually examined before and after environmental 
conditioning to identify any change   in appearance and color of 
the copper related to corrosion. The level of corrosion observed 
determines a level of L, M, or H for this test.

Electrochemical Migration (ECM)
IPC-TM-650 Method 2.6.14.1 assesses the propensity for surface 
electrochemical migration. Flux is applied on a test coupon as 
shown in Figure 1 with an interlaced comb design with spacing 
to simulate close circuitry for microelectronics. The flux is 
then heated as defined based on the type of flux. High activity 
fluxes may also be cleaned before testing in order to achieve 
a passing result, in which case the cleaning method must be 
disclosed. The coupons with residue are then subjected to a 
humid environmental chamber to encourage dendritic growth 
between combs. The insulation resistance of each pattern is 
measured at the beginning and end of the test. A passing test 
results in less than a decade drop between the second and first 
test measurements, which means, as resistance is typically 
measured in 10xΩ, the x must not change.

The method outlines several different conditions for testing 
fluxes and processes. The J-STD-004B requires assessment 
by this method using the 65°C, 88.5%RH chamber condition, 

with coupons prepared as defined by Method 2.6.3.3. Insulation 
resistance is measured after a stabilization period of 96 hours 
and a low voltage is then applied for 500 hours. At the end of 
the test, insulation resistance is measured again at the same test 
voltage. In addition to the requirement of less than a decade drop 
between measurements, the coupons must be visually inspected 
for any dendritic growth or discoloration attributed to corrosion. 
The test result will contribute an L, M, or H rating from this test.

SIr
IPC-TM-650 Method 2.6.3.7 defines the test conditions for 
surface insulation resistance testing in the presence of high 
humidity. The test is conducted in a chamber at 40°C and 90% 
RH with the same coupon preparation (Figure 1) as the ECM 
test indicated in Method 2.6.3.3. The newest revision of the 
test requirements states that the samples should be frequently 
monitored, at least every 20 minutes. During the seven-day test, 
the insulation resistance must not drop below 10 Ohms for each 
pattern, excluding the initial 24-hour equilibration period. The 
voltage is constant. This varies from the ECM test in duration, 
chamber condition, and intent of the test due to the frequent 
measurements. The coupons must also be visually inspected 
for dendritic growth that bridges more than 20% of the spacing 
and any discoloration related to corrosion.

halide Content
Halide content is measured using IPC-TM-650 Method 2.3.28.1 
using ion chromatography. The method identifies quantities 
of halide ions in raw or extracted flux. Each ionic species 
percentage is then calculated according to the preparation 
method as described in the method. A zero rating, regardless 
of whether other tests determine the flux to be L, M, or H, will 
always require less than 0.05% of each ion by weight. For halide-
containing fluxes, the ionic percentage will determine an L (less 
than 0.5%), M (less than 2.0%), or H (greater than 2.0%) rating. 

Flux Classification
Once all of this testing has been completed, the L, M, and 
H designations from each test are compiled and the highest 
designation from all the tests becomes the class. For instance, 
no-clean fluxes are required to be L, and this can only be 
achieved by a result of L on every one of the five tests. Each 
test quantifies the propensity for electrochemical migration 
from a different angle. ECM and SIR tests are designed to be 
the closest to the actual conditions leading to electrochemical 
migration during the lifetime of an assembly. Both use elevated 
temperatures and humidity to accelerate the test and have been 
rigorously developed to indicate a standard of reliability. 

Investigating Test Methods for Electrochemical  
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Figure 1. ECM/SIR test coupon IPC-B-24.
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The current test method for SIR excels at testing the propensity 
for electrochemical migration in a standardized way that is 
most closely related to the true failure mechanism. Due to the 
monitoring frequency, this test captures fluctuations in insulation 
resistance where a dendrite may partially form and then dissolve 
and doesn’t rely on a catastrophic failure to give indication of 
a potential issue.

Copper mirror and copper corrosion test the contribution of the 
interaction between ions in the flux or flux residue, respectively, 
to potential for electrochemical migration. Lastly, the measured 
halide content indicates how much of the ionic content in the 
raw flux can be attributed to halogens. Note that this differs 
from the optional requirements for halogen-free or low-halogen 
fluxes. Additional values may also be provided, such as flux 
viscosity, acid value, and solids content per additional methods 
in the J-STD-004. 

When the flux classification is provided by the supplier, it 
gives the engineer a gauge for how the flux performs under 
standard conditions, which include specified heating cycles 
and test boards. This differs from qualifying the use of the flux 
with a specific design and process. Some of the test methods 
used for flux classification can be modified to fit the role of 
design characterization, but these modifications can change the 
expected results and associated pass/fail limits.

Design characterization
IPC J-STD-001 is the document that prescribes practices 
and requirements of the manufacture of soldered electronics 
assemblies. Generally, the standard refers to the J-STD-
004 classification for which fluxes are appropriate in which 
assemblies. It also indicates that in the case of multiple coatings 
or fluxes, compatibility should be verified. The method for 
compatibility testing is varied based on application, but requires 
use of industry standard methods. 

Ideally, the electrochemical reliability/compatibility should 
be tested with boards and components that are representative 
of the new assembly. The heating cycle, measured by reflow 
profile, is also a critical factor in the function of flux residues. 
Cleaning processes should also be verified with a method such 
as SIR on the IPC-B-52 board. Once the optimized assembly has 
been achieved, this type of in-depth testing should be done to 
qualify the assembly design and process. IPC-9202 and 9203 are 
proposed in the J-STD-001 as examples. The profile experienced 
in the area of the assembly with the greatest thermal mass, thus 
the lowest and shortest peak, should be replicated for any test 

coupons used in testing to ensure consistency in the results and 
reliability expectations.

Discussion of Methods for Process 
Control
The J-STD-001 document defines requirements for soldered 
electrical and electronic assemblies. Section 8 addresses cleaning 
process requirements and addresses the testing associated with 
electrochemical reliability. This section references several test 
methods that are acceptable to use for assessing what ionic content 
is available on the surface of a printed circuit board to degrade 
electrical resistance. It also includes the option for methods as 
agreed by user and supplier. TM-650 Method 2.3.25 provides 
three methods for process control regarding, namely the detection 
and measurement of ionizable surface contaminants by resistivity 
of solvent extract, commonly referred to as ROSE testing. 

resistivity of Solvent Extract (roSE)
This test method has been an industry standard for decades. Yet, 
it is a method that has been investigated increasingly in recent 
years, with several varied publications. The apparent reason for 
increased scrutiny is that this test method has been identified in 
some cases[4] to conflict with results from SIR. Aside from that 
ongoing discussion, the test can be impractical and laborious 
for process control. This adds to the impulse to search for new 
methods that are quicker and operate on a smaller scale than 
full board extraction.

The ROSE method uses a 2-propanol and water solution to 
extract any residues on the surface of a board through three 
methods: manual, dynamic and static. Typically it is carried 
out by submerging the entire board in solution, then measuring 
the resistivity of this extract, determined by the ionic content 
contributed by all soluble ionic species present on the board 
surface. Each extraction method varies in how exactly this 
process is achieved. Often, only testing the resistivity is not 
enough because it does not differentiate which ions are causing 
the decrease in extract resistivity. To assess which ions are 
present, additional ion chromatography testing must be carried 
out. This completes the testing by allowing the operator to 
identify the source of the ionic content from the process.

In addition, process control starts at the beginning of the assembly 
process, and incoming cleanliness of boards and components 
can be just as important as the final cleanliness of the assembly. 
This also could be achieved more effectively by a test method 
able to extract from surfaces on a smaller scale.

Investigating Test Methods for Electrochemical  
Consistency in PCB Assembly Processes
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Localized Extraction with Ion 
Chromatography
An emerging method that has gained popularity over the last 
decade is localized extraction followed by Ion Chromatography 
(IC) for critical cleanliness control, commonly referred to as the 
C3 test. This method uses cool steam directed through a small 
nozzle, which condenses on the chosen board and component 
surfaces to dissolve any ionic species. The nozzle then extracts 
the solution of water and ionic species back into the test cell for 
testing. Current is passed through the extract and the time to 
reach a level of continuity is measured. The extract is then tested 
using ion chromatography to diagnose which ionic species are 
present and to quantify them. 

This type of testing is particularly useful for spot checking 
potential problem areas on a board, such as low standoff 
components, high thermal mass areas, sections with selective 
soldering, and assemblies that are cleaned. Most importantly, a 
localized extraction method can easily be incorporated into a 
quality assurance protocol to verify consistency in test results 
over time and over many assemblies.

Localized extraction will dissolve any ionic species left on the 
board. Common sources for ionic material on circuit boards 
are widely varied, including board fabrication and plating 
residues, residues from   human interaction, flux residues, 
etc. This encompasses intentionally-added chemicals, as well 
as unintentional contamination. Considering this, whenever 
unacceptable results are encountered, it is an invitation to 
investigate what changed in the process and the bill of materials. 
During process development, a “normal” range of results should 
be defined, but when results fall outside of the expected range, 
there can be many potential reasons.

Case Study: Water Wash Process Control
Experimental design
The test coupon design, as shown in Figure 2, used  a 68-pin 
LCC with an SIR pattern. This design has enough thermal mass 
to allow a range for reflow profiling. The component height and 
bottom terminations represent a typical assembly where flux 
residues and other contaminants can become entrapped under 
the component. During localized extraction, the nozzle is much 
smaller than the component and can comply with the height 
difference between the component and board. 

The SIR pattern allowed this coupon to be installed in the 
humidity chamber at 40°C and 90%RH, as described in 

IPC TM650-2.6.3.7. There is a slight deviation because the 
boards were not fixtured and had varied orientations with 
respect to the air flow, as shown in Figure 3. The company 

Investigating Test Methods for Electrochemical  
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Figure 2. Test coupon in the process of localized extraction.

Figure 3. SIR coupons in chamber before the start of testing.
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running the chambers has ensured that no condensation was 
evident on the SIR coupons during the testing. According to the 
IPC standard, passing patterns maintain a resistance higher than 
108Ω for the entirety of the testing. The results will be reported 
as pass or fail, based on this limit. 

The purpose of the associated study was to characterize the 
effects of different reflow profiles on the flux residues that are 
left behind. In previous work, it was anecdotally observed that 
assemblies completed using a rework station with directed IR 
heating and a faster cooling rate exhibited higher levels of ionic 
residues compared to assemblies reflowed in a convection oven. 
To test this observation, heating profiles were developed for 
SAC305, which has a melting range of 217-220°C. The four 
profiles targeted a similar reflow window as follows: standard 
reflow profile, simulated reflow profile on rework station with 
natural (fast) cooling, lower peak with natural cooling, and lower 
peak with extended cooling. The profiles shown in Figure 4 
were measured by a profiler in the case of the reflow oven and 
by the attached thermocouple on the rework station. The rework 

station takes less time to start ramping, thus the profiles have 
been slightly shifted for ease of peak and TAL comparisons.

A halogen-free water-soluble commercially available Pb-free 
solder paste was chosen for this study with a classification 
of ORH0. Coupons were assembled and tested as reflowed 
and after thorough cleaning with water. In the case of water-
soluble flux, the profile may have an effect on the cleanability 
of the flux residue, but should not show an effect in testing 
assuming complete cleaning. For each solder paste/reflow profile 
combination, six coupons were assembled. Three were tested 
for ionic cleanliness immediately after assembly, whereas the 
other three were subjected to SIR testing followed by ionic 
cleanliness testing.

Results and Discussion
The results of SIR and localized extraction are pass or fail. The 
criteria are based on resistance of the circuit and resistivity of the 
extracted solution, respectively. For reference, detailed results 
have been included in the Appendix. As tabulated in Table 1, 
pass has been coded green and fails have been coded orange. 

The results show a clear definition where all uncleaned coupons 
failed both tests and all cleaned coupons passed. In fact, the flux 
residue is so concentrated with ions that the localized extraction 
test was very quickly over the resistivity limit. There are several 
ionic species that are present in high concentrations on the 
unwashed boards. Overall, this was a very extreme comparison, 
as it is more likely that boards would be partially cleaned instead 
of completely uncleaned. This reinforces the high importance 
of cleaning all assemblies using water-soluble solder pastes.

Conclusion
Electrochemical migration is a very common failure mode for 
PCB assemblies. Diligent testing is required both during the 
design/process development stages and during production for 

ongoing process control. 
The electronics industry 
has many available methods 
for assessing the propensity 
for electrochemical 
migration on the surface of 
an assembly. The industry 
standard test will continue 
to be SIR according to 
TM #2.6.3.7. This is 
because the test most 
closely mimics the 
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Figure 4. Pb-free profiles for reflow oven and rework station.

Immediate Extraction Post-SIr Extraction SIr results

Material Profile 1 2 3 1 2 3 1 2 3

WU
1 F F F F F F F F F
2 F F F F F F F F F
3 F F F F F F F F F

WW
1 P P P P P P P P P
2 P P P P P P P P P
3 P P P P P P P P P

Table 1. Water-soluble paste results (WW=washed, WU=unwashed, as reflowed). 
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conditions that lead to electrochemical migration in the service 
life of an assembly, and because it considers the interaction of all 
four factors that contribute to the mechanism of electrochemical 
migration. When tests focus on one or some of the factors, such 
as testing ionic content, they may indicate changes in which ionic 
species are present on each assembly, but they do not directly 
assess the propensity for electrochemical migration. There is 
something critical in the interaction between copper, voltage, 
humidity, and ionic content, and the electrolysis[3] that leads to 
dendritic growth that will continue to drive best practices for 
testing toward directly testing surface insulation resistance. The 
most important thing is to match the conditions of SIR testing to 
operating conditions as closely as possible. Once the assembly 
process is verified and qualified, tools and methods such as 
localized extraction and IC are useful in maintaining the levels 
of ionic content and identifying changes in incoming materials 
and process controls.
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Appendix 
Localized extraction/IC results
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Figure B-1. Paste WU.

Figure B-2. Paste WW. 


