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Abstract:

As the entire electronic manufacturing
industry braced for the July 1, 2006
deadline, it has been reevaluating the entire
production process. Likewise, the precision
cleaning industry must also prepare for the
impending deadline as lead-free solder
paste formulations will increase cleaning
demands.

When implementing lead-free solder pastes,
users’ assemblies have to be reflowed at
higher temperatures, thus intensively
baking-in flux residues. To improve the flow
of solder at higher reflow temperatures,
lead-free pastes contain increased activator
content in return impacting the potential risk
of corrosion. Furthermore, lead-free pastes
also have increased rosin content to achieve
low void rates increasing the amount of
residues to be removed. Finally, several
studies by the authors have determined that
silver, a commonly used alloy in lead-free
solder pastes, has a tendency to form
dendrites.

To prepare for the new cleaning demands,
the precision cleaning industry must ask
itself what changes to existing processes
are necessary to meet the new cleaning
demands. In fact, more than 15 years ago,
non-ozone depleting legislation forced
radical changes—changes that mirror the
one presented by WEEE / RoHS now.
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Current legislation restricts the level of
lead in lead-free assemblies to exceed
0.1% by weight.

A large number of users have previously
used DI water-based cleaning processes, in
which water-soluble eutectic products were
cleaned. With the onset of lead-free alloys,
the authors have experienced an increased
demand for cleaning water-soluble lead-free
products, as some residues have become
water insoluble (due to lead-free soldering
process specification). As a result,
modifications to the current DI water
processes are necessary, and will involve
chemically assisted cleaning. These new
users as well as current users are now
confronted with more questions, especially
whether additional hardware is necessary,
or whether processes need to be separated.

Current legislation restricts the level of lead
in lead-free assemblies to exceed 0.1% by
weight. This limitation was adopted in
December 2004, and also included other
heavy metals such as Cadmium (0.01%),
Mercury (0.1%), hexa-valent chromium
(0.1%).

Such stringent limitation requires tight
process controls, including verification of
RoHS and WEEE conformance for the
cleaning process. This DOE study was
therefore initiated, and begins to shine light
on the potential risks associated with
cleaning lead-free and eutectic assemblies
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in a single process also known as mixed
cleaning process.

An initial customer bath sample analysis
was conducted to determine the levels of
lead and other heavy metals commonly
found in eutectic processes using MPC®-
based products. It was found that lead and
tin were present in various amounts.

Tin and lead is a commonly known redox-
pair with sufficient redox potential to
facilitate the reduction of lead on lead-free
assemblies. The authors decided to study
this phenomenon in more detail and include
the ionic contamination pathway as well.

As a result this study was able to address
the two most probable pathways to the
incorporation of lead into lead-free
assemblies.

Introduction:

The introduction of lead-free solder into the
electronics market has brought upon a
myriad of changes to not only North
American electronics manufacturers, but
also their global partners. With the onset of
RoHS and WEEE on June 30" this year,
many companies have mostly adapted to
the new regulation, despite the fact that
many questions have remained
unanswered. The examination of the
cleaning process towards its lead-free
cleaning ability has recently been
recognized as one of the very important
variables. This has been mainly caused by
the fact that the removeability of fluxes has
become more difficult across the board of
lead-free solder products, combined with the
fact that the cleaning process is oftentimes
not conscientiously recognized as a
problem. Recent  publications  have
confirmed this trend and furthermore pointed
out other important ramifications, specifically
related to the silver-content in popular lead-
free alloys."""

Figure 1. Silver induced dendrite formation

In additon to the above mentioned
adjustments and lead-free risks, many years
of cleaning eutectic pastes also created one
additional problem. Customers are uncertain
on how to clean lead-free, particularly in
what kind of equipment.

Can | clean my eutectic and lead-free
assemblies in the same process?

Over the last 12 months, a large amount of
requests were received, which prompted a
more concerted research effort to address
cleaning related problems. Users are faced
with three obvious questions:

o Why is it, that water-soluble fluxes in
conjunction with lead-free alloys are
not very cleanable with DI water
anymore?

o How can | incorporate a cleaning
agent into a machine that has been
designed to cascade DI water?

o Whether or not one can use their
existing chemistry based cleaning
process to clean eutectic and lead-
free alloys in the same process?

Due to the limitation of this publication the
authors will address the last question
initially, while research on the former is
underway.

This comprehensive study now sets out to
provide users valid technical data to better
assess their associated risk, when using
only one cleaning equipment for eutectic
and lead-free products. After extensive
documental research on this topic the
authors determined two viable pathways to
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possibly incorporate lead into lead-free
assemblies.

0 Reduction of lead salts via redox
reaction

0 Lead-based ionic residues, due to
insufficient rinsing"

Reduction of lead salts via redox
reaction:

The presence of metal ions in cleaning
agent creates a possibility of chemical
reaction to take place. Most current de-
fluxing processes rely on an alkaline pH
level to facilitate in the removal of
contamination. A low or high pH level
respectively can affect the redox potential
between different metals. Therefore the
authors felt compelled to illustrate this
reaction pathway.

A redox reaction is best known as a reaction
that includes a reduction of one metal while
oxidation of its reaction partner takes place.
Battery technologies for example heavily
relied on this basic principle (Figure 2).

Figure 2. Electrochemical Cell. Example of a Redox
Reaction

The more precious metal is ionized
(=oxidized) while the less precious metal is
reduced. A reduction can oftentimes lead to
an oxidation level of 0, which means
elemental state. A redox reation of tin (0)
and lead (II) would reduce lead to its
elemental level and oxidize tin to oxidation
level Il.

Schematic 1: Oxidation

M M? + 2e
2e+0 0%
M + O M2++ OZe-

Schematic 2: Reduction

2H 2H" + 2¢e°
M+ 2e° M
2H + M** 2H'+ M

Schematic 3: General Equilibrium

Oxidation
Oxidizing Agent + e

Reduction

Reducing agent

Schematic 4: Summary

Red, Ox + €
OX|| + e Redll
Red| + OX|| OX|+ Red”

The Redox pair of interest in our study is tin
and lead. The likelihood of a redox reaction
occurring is also dependent on the medium
(i.e. acidic or basic) as it determines the
difference in its respective redox potential.
The redox potential for lead and tin in an
alkaline water solution is:

Pb+30H Pb(OH)3+ 2e- =-0.540

Sn+30H  Sn(OH);+ 2e- =-0.909

Figure 3. Tin-Lead Redox potential in an alkaline
aqueous solution

Tin having the higher negative redox
potential will therefore reduce lead.” The
extend and impact of this reaction will be
dependent on numerous factors such as:
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o

Solubility of tin and lead in the
respective cleaning agent
Temperature of the cleaning agent

pH value of the cleaning agent
Exposure time of the cleaning agent
Concentration of the involved species

O ooo

Cross contamination onto lead-free
assemblies can therefore include lead
deposition on lead-free solder during the
cleaning cycle (pre-wash and wash section).
This potential deposition of elemental lead
can_not be removed through water and
therefore becomes part of the solder alloy.
In the following, the conducted experiments
are described in more extensive detalil,
keeping in mind the limit of 0.1% of lead that
RoHs and WEEE permits.

Lead-based ionic residues, due to
insufficient rinsing:

In addition to the possible lead reduction on
lead-free assemblies, the authors also
included the commonly more thought of
source of cross contamination, namely ionic
contamination. In other words the metal salt
based contamination that is solubilized in
the cleaning agent remaining on the
assemblies after the wash process.

lonic contamination measurements quantify
the sodium chloride equivalent are most
commonly used to assess aspects of
climatic reliability. This tests typically
performed in accordance with the J-STD
and uses deionized water in isopropyl
alcohol. Geometries and surface areas of
populated assemblies are usually not taken
into consideration. For proper statistical
control, 3-5 measurements of identical
PCBs are required. The accuracy and
reproducibility fluctuates by 2% for
assembly sizes between 12 by 10 inches.
Results are analyzed in accordance with J-
STD 001-C (Figure 4).

Figure 4. lonic contamination thresholds and industry
standards

Such pathway is heavily dependent on the
cleaning equipment's capabilities. For
example, lead salts which are solubilized in
the cleaning agent will be deposited on
assemblies and have to be properly rinsed
for their full removal.

Secondly, the amount of lead solubilized in
the cleaning agent will have a direct impact
on the specific amount of lead deposited. A
common ionic contamination limit (J-STD-
001-C paragraph 8.3.6) is known to be
below 10.06 g/sg. inch (1.56 g/sg.cm).

The authors therefore decided to also
examine machine specific rinsing
capabilities as well. A state of the art high
pressurized spray-in-air-inline  equipment
was chosen to conduct this set of
experiments with the same “contaminated”
media that had been used for the initial
experiments of this study.

Figure 5. Example of a spray section in an inline
equipment
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Findings:

During this study the authors observed
varying solubility phenomena with lead salts.
Some lead salts (i.e. PbNOg3) are readily
soluble in water. A random collection of
internal customer based bath samples
showed lead levels of well below 10mg/I
(40mg/gallon). The initial assumption of
limited solubility was confirmed through
laboratory tests with virgin cleaning agents
at various concentrations and temperatures.
In all cases a white precipitate was formed
with an increased level of lead salts. This
precipitate was analyzed and found to be a
“temporary complex” between lead and
constituents of the cleaning agents. This
interestingly illustrates that the solubility of
lead and tin can be dependent on the actual
cleaning agent in use.

[

> Cc
Figure 6 A, B, C. Concentration Gradient and solubility
of lead salts: None (A), slight (B) and heavy
precipitation(C) visualized

To fully understand risks and shortcomings
of a mixed cleaning process, current
customer samples were first collected. This
provided valuable information on the levels
of contamination such heavy metal loading
(i.e. lead and tin). All samples were taken
from current customers (with altering
cleaning agents), and specific attention was
given to ensure a large variety of processed
samples.

Additional internal studies of numerous
cleaning agents also showed that especially
lead-free solder pastes have a propensity to
solubilize tin. Tin salts are also known as
being not easily soluble, and this was again
confirmed via laboratory experiments.”
Individual solder paste formulations were

archived for each customer sample, but not
interpreted as part of this study.
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Figure 9 A,B. Overview of representative customer
bath sample data

Examining the customer samples for tin
levels, a similar observation was made as
with lead (Pb). Interestingly, the maximum
levels of lead were found to be always lower
than 10mg/l (40mg/gallon). Nevertheless,
the authors determined that under worst
case scenarios the level of lead content in
the cleaning agent would not surpass
50mg/l at any point in time. This was
demonstrated by suspending 10 gram of
unsoldered solder paste (mix of 2 eutectic
and 2 lead-free formulation) in 40 gram of
cleaning agent for 4 weeks, under simulated
process conditions. These results were
added as sample board 12 and 13 (Figure 9
A). Despite the increased solubility of
unsoldered lead and flux the values still
remained relatively low.

The customer samples collected ranged
from low to high throughput manufacturing
plants. Despite the large discrepancies in
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High Precision

volume, it is interesting to point out that the
extend of lead solubilization has no linear
relationship with respect to the throughput.
The authors attribute this to:

a) the constant precipitation and

b) the consistent replenishment of fresh
medium in high volume applications.

The same principle applied to tin. It is
important to point out that all values
obtained do not include the removal of
misprinted, unsoldered paste. The authors
caution potential users not to rely on the
presented data without clearly separating
their defluxing and misprinted cleaning
process.

Apart from other heavy metals, the presence
of both redox pairs (tin and lead salts) in a
mixed process are hereby confirmed. The
guantities observed were used as
benchmark values for all future experiments.
The number of boards employed mirrored
the surface area obtained from our customer
bath samples. "

X-Ray Analysis:

Among many methods of lead detection, the
authors had to find suitable methods to
detect potential cross contamination, either
through redox or ionic contamination.
Therefore, a method that had previously
been used to detect lead based residues in
leaded residential wall colors was chosen
(XRF Technology based). In particular, the
authors intended to obtain nondestructive
quantitative, meaningful results, with a high
level of accuracy.

First test samples were used to establish the
benchmarks. Both eutectic and leaded
samples were chosen, and the difference
observed. Figures 12 through 13 illustrate
both product samples.™

The calibration for this system is based on
NIST (National Institute of Standards and
Technology) standards with an uncertainty
of 5% resulting in a limit of detection (LOD)
= 0.1 mg/cm®.

The measurement of the lead-free board did
not indicate any presence of lead within the
LOD of this system. In addition an
experimental error determination was also
performed. Close to 100 measurements
were taken to achieve a statistically
meaningful  distribution. The standard
deviation was calculated and found to be 0
( =0; S=0), reflecting a highly concentrated
distribution. As a result, one can conclude
that the standard error of the instrument is
stable and reproducible.

o= (FolE-a) 5= L3 -y

Figure 10. Formula for the determination of the
standard population and sample deviation

Lead-free measurements
(mg/sg cm)

Board # Top Center Bottom
1 0.0 0.0 0.0
2 0.2 0.1 0.1
3 0.2 0.0 0.0
4 0.1 0.0 0.1
5 0.0 0.0 0.1
6 0.0 0.1 0.1
7 0.2 0.3 0.1
8 0.2 0.2 0.1
9 0.1 0.1 0.1
10 0.0 0.3 0.2
11 0.1 0.2 0.3
12 0.3 0.0 0.0
13 0.1 0.2 0.2
14 0.0 0.0 0.1
15 0.2 0.1 0.2
16 0.3 0.2 0.1
17 0.0 0.0 0.0
18 0.2 0.1 0.1
19 0.2 0.0 0.0
20 0.0 0.1 0.0
21 0.1 0.0 0.2
22 0.0 0.0 0.1
23 0.2 0.0 0.0
24 0.3 0.2 0.2
25 0.1 0.1 0.1
26 0.2 0.2 0.0
27 0.0 0.1 0.1
28 0.0 0.2 0.1
29 0.2 0.0 0.0
30 0.0 0.0 0.1

Figure 11: Experimental error determination on lead-
free boards
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As a result, experimental values of 0.0 to 0.3
mg/cm? can be considered below the critical
limit of 0.1% limit, as set forth by WEEE and
RoHS.

The measurement of the eutectic PCB on
the other hand resulted in lead readings
between 3.0 to 5.0 mg/cm? The lead
content was also measurable at values
greater than 3.0 mg/cm? from the back side
of the board. The weight % equivalent of
3.0 to 5.0 mg/cm® based on a general
calibration is about 3000 to 5000 PPM. A
better assessment of the ppm can be
achieved with specific calibration using the
exact PCB sample. Furthermore the authors
confirmed the weight % values through
specific laboratory analysis in which the
solder was removed and elemental analysis
were performed. The test results confirmed
the 1:1000 ratio (0.1% lead limit according
to RoHS) between eutectic and lead-free
assemblies.”

These analyses clearly indicated that the
XRF method can effectively be used for
determination of possible lead
contamination.

Additional samples were analyzed by a
specifically designed “RoHS” analyzer. The
following spectra collected from these
measurements clearly show each sample’s
composition and presence of lead in the
second PCB (Figure 13). This system has a
high detection efficiency for X-ray energies
from 3.0 KeV to 100 KeV. Once there is lead
in any sample the lead K and K
characteristic peaks will appear in the
spectra and the concentration can be
calculated using NIST or other relevant
calibration standards.

Figure 12. Lead-free board with element
characterization (location 2 vs. 3)

The above spectrum does not show the
presence of lead in energy ranges from
72.8, 74.9, and 84.94 KeV X-rays, which are
the K-Shell characteristic X-rays of lead.
The other peaks also missing are lead L-
shell characteristic X-rays at 10.5, 12.6, and
14.7 KeV. The above spectrum shows
presence of bromide (Br) and tin (Sn)
according to the energies listed.

The second PCB (eutectic) clearly shows
the presence of lead in all measurement
locations as shown on the next page (Figure
13).
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Figure 13. Reference Spectrum for eutectic board with
element characterization (location 2 vs. 3)

Figure 14. Side by side comparison of lead based and
lead-free assemblies

The results of this experiment again indicate
that such instrument can be effectively used
for the measurement of lead in PCB
assemblies as an existing system with a
limit of quantification exhibited as 50 times
higher than LOD for the two PCB’s.

The results also show that this analytical
system is capable of providing qualitative
and quantitative data for all RoOHS elements
that also includes a spectrum for each
analysis. The spectrum from each
measurement can be used as verification
record and be further analyzed.

Experimental Laboratory Analysis:
Using this analytical, XRF based technique,
the first experiments with identical test
boards were conducted in a laboratory
environment. Therefore, different product
solutions were prepared at different
temperatures with a varying amount of lead.
As a lead source, lead nitrate a readily
soluble salt was chosen. The test substrate
was further divided and an area of high
solder paste density was chosen for before
and after analysis X-Ray data was collected
on three distinct and repeatable areas,
designated as bottom, top and middle.

Experiment 1: Cleaning Agent A, 15%
concentration, 50 mg/l of lead salt, 5
minutes exposure time, room temperature

mg/cm? Sample | After1 | After 2
board rinse rinse
Top 0.1 0.1 0.1
Center 0.2 0.2 0.2
Bottom 0.1 0.2 0.2

Observations:
o0 Clear Solution similar to Figure 6A
o Experimental error within 0.1mg/cm?
0 No detectable lead contamination via
Redox reaction

This initial experiment shows that lead is
neither incorporated via a redox reaction nor
via ionic contamination. All measured values
lie within the experimental error.
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Experiment 2: Cleaning Agent A, 15%

concentration, 100 mg/l of lead salt, 5
minutes exposure time, room temperature

Experiment 4: Cleaning Agent A, 15%

concentration,

50 mg/l

of lead salt, 5
minutes exposure time, 150°F

mg/cm? Sample | After1 | After 2 mg/cm? Sample | After1 | After 2
board rinse rinse board rinse rinse
Top 0.1 0.1 0.1 Top 0.1 0.1 0.0
Center 0.2 0.0 0.0 Center 0.1 0.1 0.0
Bottom 0.1 0.1 0.1 Bottom 0.2 0.1 0.2
Observations: Observations:
0 White precipitation of lead salts o Slight cloudiness similar to Figure 6B

similar to Figure 6B
o Experimental error within 0.1mg/cm?
o No detectable lead contamination via
redox reaction

Interestingly, an increase in lead salts did
not alter the magnitude of detectable lead.
This provides an additional indication of low
ionic contamination and reduced lead,
mainly due to precipitation. It was also
recognized that a second rinse step did not
alter the readings to any extend.

Experiment 3: Cleaning Agent A, 15%
concentration, 50 mg/l of lead salt, 5
minutes exposure time, 120°F

mg/cm? Sample | After1 | After 2
board rinse rinse
Top 0.1 0.1 0.0
Center 0.2 0.2 0.1
Bottom 0.1 0.3 0.0
Observations:

o Clear Solution similar to Figure 6A

0 Second rinsing removes remaining
lead salts.

0 No detectable lead contamination via
redox reaction

Based on the initial two experiments an
increase in temperature also shows no

increase in

lead
either pathway.

incorporation,

through

0 No detectable lead contamination via
redox reaction

This worst case scenario (150°F) was
included to further demonstrate that no
detectable cross contamination or reduction
of lead was noticeable.

With these results in hand, the authors
decided to perform final trials at an actual
Inline manufacturer to simulate mechanical
energies. 500 boards of eutectic boards
were pre-run to establish the base values for
lead and tin in the solution. A sample taken
from this solution was analyzed for heavy
metals. Tin (32.1 mg/l) and Pb (6.3 mg/l)
were found to be present and once again
confirm the maximum levels of these two
redox pairs. To allow for an easy correlation
the same cleaning agent was chosen when
compared to the previously gathered
customer samples.

Firstly, the potential redox reaction had to be
conducted. Here a number of different
process parameters were chosen to best
illustrate all possible variables.

Experiments at different concentrations had
previously shown that the concentration had
little impact on the amount of lead or tin
solubilized. A working concentration of 15%
was chosen based on customer experience.
However, the authors argued that
temperature and exposure time could be
influencing factors for the extend of lead
reduction.
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lead- Temp. Exposure Pb-content measured
free time [mg/cm?]
boards [°F] [sec] Top Center | Bottom

1 125 120 0.0 0.2 0.0
2 125 260 0.1 0.0 0.0
3 140 120 0.2 0.1 0.1
4 140 260 0.0 0.2 0.1
5 160 120 0.1 0.1 0.2
6 160 260 0.2 0.1 0.0

Figure 15, Post Wash Spectrum,125°F 2.5 ft/minute
vs. 1.2 ft/minute

The data obtained indicate that no
significant increase in lead was observed.
All values obtained are within the observed
readings when compared to the reference
values prior to cleaning. This is a significant
result as it indicates that within the products
used, not only is the amount of dissolved
lead and tin relatively small, but more
importantly no noticeable (or traceable) lead
reduction (chemical reaction) takes place.
This applies in worst case scenarios with
high operating temperatures and extended
exposure times.

Figure 16. NIST standard vs. post cleaning spectrum

for the
cleaning

This study can only account
customers using similar

technologies in which a direct correlation to
the observed data is possible. The authors
argue that the limited solubility observed is
directly related to the cleaning agent
technology  being used. Traditional
surfactant type products with high alkaline
pH values should have a higher tendency to
adsorb more lead.

lonic Contamination study:

lonic contamination is typically a result of
either poor cleaning or poor rinsing.
Residues remain in ionic form on
assemblies and impact the quality and
reliability of subsequent processes such as
conformal coating and wire bonding. To
complement this study ionic contamination
measurements were taken as well. Figure
17 illustrates the findings.

Lead-free | Temperature Exposure lonic
Boards time Contamination
[°F] [sec] [ug/sq cm)
1 125 120 0.14
2 125 260 0.21
3 140 120 0.18
4 140 260 0.02
5 160 120 0.08
6 160 260 0.11
Partial 150 88 0.38
Rinse
Partial 150 180 0.23
Rinse
No Rinse N/A N/A 1.10
Air Dried

Figure 17. Experimental results obtained based on
Inline cleaning process

Experimental results confirm a low ionic
contamination  on regular  lead-free
assemblies after a regular pass through the
lead containing cleaning agent. In all cases
(Entries 1-6, Table 17) the ionic
contamination was found to be very low (J-
STD-001-B paragraph 8.3.6 limits the ionic
contamination level to 10.06 g/sginch).
Most importantly the authors wanted to
demonstrate that ionic contamination can
derive from improper rinsing, given that lead
salts are being present in the cleaning
solution. Based on the results obtained this

conclusion remains valid and it is
recommended to users to establish proper
cleaning equipment parameters. The
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authors did not further investigate the
distribution between various lead salts. As a
result, the ionic contamination seen does
not directly reflect the lead content. The
actual lead content will be a fraction of each
value.

Conclusions:

This study sat out to collect data on two
viable and likely pathways of lead
contamination on lead-free assemblies in a
mixed cleaning process. Initial customer
analysis provided a mean lead level based
on different  customer  throughputs.
Experimental documentation was provided
via XRF analysis. In-situ and actual process
supported cleaning helped to validate these
observations. As a result, the authors were
able to find that a mixed process is indeed
feasible, provided that potential users
adhere to the presented process variables.
As part of this study the authors were not
able to find lead contamination which

No measurable reduction (chemical
reaction) of lead was detectable.
Optimal rinsing can provide reliable
RoOHS compliance by eliminating ionic
(lead containing) contamination.

A mixed process is feasible without
exceeding RoHS and WEEE
limitations for lead-free.

For specific applications which might result
in a higher lead level in the cleaning bath,
the authors highly recommend to consult
with cleaning service providers to include
adsorption techniques that will eliminate
heavy metals in the process (i.e. customized
heavy metal adsorber). New studies are
currently underway to gather additional
information in conjunction with customers
already using mixed cleaning processes.
This includes for example customers that
are currently using cascading DI water
systems. Stencil and misprint cleaning
processes are being investigated as well

exceeded the 0.1%, set forth by RoHS and and findings should be available by year
WEEE. end.

Among the cleaning agents tested,
lead levels were less than 10 mg/liter
(40 mg/gallon).
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' Lead-free Cleaning: Moving from eutectic to Lead-free, SMT 11/2005, Umut Tosun M. S. Chem. Eng., ZESTRON America.
" The reliability of silver based solders, EPP, issue 3/4 2003. Dr. Helmut Schweigart, ZESTRON Europe.

" Lead-free and No-clean: A contradiction of Terms? Dr. Helmut Schweigart, ZESTRON Europe. SMT 10/2002.

¥ Prior to cleaning, flux residues are also known to solubilize heavy metals, a contributing factor to lead incorporation.

¥ A more detailed review on Redox reaction can be reviewed in any introductory chemistry textbook.

V'” For specific experimental data, please contact the authors directly.

V" Future studies on pH neutral cleaning agent for stencil cleaning processes are currently under investigation.
"' A LeadTracer XRF system was used for the first experiment.

* AmeriSci Boston, a reputable outside laboratory was used to perform the elemental analysis.
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