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Preface
The Massachusetts Toxics Use Reduction Institute has been involved for the past eight years
in supporting research to help the electronics industry move towards lead-free electronics. In
2000, the Institute’s university research program funded initial research in lead-free
electronics. Shortly thereafter TURI formed the New England Lead-free Electronics
Consortium, which is a partnership of government, academia, and industry representatives
working together to conduct lead-free electronics research. The Consortium has expanded to
include up to fifteen companies throughout the electronics supply chain. The research
conducted by the Consortium has been essential in helping electronics companies subject to
the European Restrictions on Hazardous Substances (RoHS) Directive transition to lead-free
electronics prior to the 2006 deadline. Since 2006, the Consortium has been assisting
companies that manufacture high reliability products that are exempt from the European
RoHS Directive to also transition to lead-free electronics.
During 2007 and 2008, the Institute worked with representatives from Benchmark Electronics
(a member of the Consortium), Brooks Instrument, and Emerson Process Management to
conduct and document a lead-free electronics implementation for a high reliability electronics
product that is exempt from the European RoHS Directive. The research information
provided by the Consortium, as well as the information contained in this case study, is of high
value to companies that need to transition to lead-free electronics for their high reliability
products. The Institute’s university research program continues to fund research efforts to
reduce the use of toxic chemicals in the electronics industry.
This report has been reviewed by the Institute and approved for publication. Approval does
not signify that the contents necessarily reflect the views and policies of the Institute, nor does
the mention of trade names or commercial products constitute endorsement or
recommendation for use.
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Introduction
In October 2007, Benchmark Electronics conducted a lead-free assembly implementation
for one of its existing customers, Brooks Instrument LLC, a division of Emerson Process
Management until December 31, 2007. For the purpose of the project, “lead-free” means
RoHS Compliant per the European Union’s Restriction of Hazardous Substances (RoHS),
which restricts the use of lead, mercury, cadmium, hexavalent chromium, and certain
brominated flame retardants.
The lead-free implementation was conducted on an existing printed circuit board assembly
used for industrial control products, known as Smart II. The Benchmark Electronics
facility located in Guadalajara, Mexico has been manufacturing this board using a tin-lead
solder alloy with an approximate production volume of 600 boards per month for about
five years. The board (card) was selected because it included surface mount technology
(SMT), ball grid arrays (BGAs), and through-hole components, and was representative of
the entire family of Brooks Instrument products. The product is considered high reliability
with a 10-15 year life required in the field.
The lead-free cards were assembled and tested at Benchmark Electronics in Guadalajara,
Mexico. As with the production tin-lead assembly, the lead-free assembly was performed
per IPC-610-D, Class 2 criteria. The lead-free alloy used for SMT and through-hole
soldering was SAC305, which is 96.5% tin, 3.0% silver, and 0.5% copper, and the selected
lead-free printed circuit board (PCB) laminate was Isola PCL 370HR. Brooks Instrument
requested that Benchmark assemble the board using lead-free solder paste, lead-free board
surface finish, lead-free component finishes and spot conformal coating on selected finepitch components. The spot coating represents a potential tin whisker mitigation strategy.
Although this specific product used for industrial controls is currently RoHS exempt, there
is tremendous value in conducting this lead-free transition in advance of possible end-user
mandates or changes in the RoHS product exemptions. By conducting this early transition,
the issues and challenges of transitioning to lead-free electronics assembly can be
identified and addressed in the most cost-efficient manner.
Benchmark Electronics conducted numerous inspections and tests for the lead-free board
assembly during the period October 2007 through June 2008. Post assembly analysis and
tests were performed at Benchmark Electronics in Winona, MN and Hudson, NH. The
results of this lead-free testing will provide valuable information to Brooks Instrument and
its customers in the areas of assembly, reliability, and tin whisker growth for products
made with lead-free materials.
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Printed Circuit Board
The Smart II board has a footprint of approximately 3.6” x 1.8”. It contains six layers and
has a thickness of 0.062”. The board is populated with components on the top and bottom
sides. The components include both surface mount (e.g. ball grid arrays, small outline ICs,
diodes, crystals, etc.) and through-hole technology (e.g. connectors and a switch). There is
a total of 212 different component types on the board.
For the lead-free build, the chosen laminate material was Isola PCL 370HR. This product
has a glass transition temperature of 180 °C and is specially formulated for high
performance through multiple thermal excursions in a lead-free assembly environment.
The chosen surface finish was Electroless Nickel Immersion Gold (ENIG), which has also
been used for the Smart II tin-lead board production.
Figures 1 and 2 show both sides of an assembled Smart II board.

Figure 1: Brooks Smart II Card, Top Side
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Figure 2: Brooks Smart II Card, Bottom Side
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Pre-Assembly
Bill of Materials (BOM) Review
In order for components to be acceptable for lead-free assembly, they must have both a
lead-free component finish and the ability to withstand the higher temperature profiles of
lead-free processing. Components with 100% tin plating were allowed, provided they
complied with tin whisker mitigation and qualification testing. All lead-free/RoHS
Compliant components manufactured with leads or electrodes (excluding BGAs)
possessing high tin (>95%) surface finishes were required to be made to industry best
practices for tin whisker mitigation (JEDEC – IPC JP002/iNEMI recommendations for
lead free components; Version 3, or equivalent), and were required to have the component
lead/electrode surface finish qualified through industry standard tin whisker testing
protocols (JEDEC JESD 22A121 + JEDEC JESD 201 class II or equivalent). Only matte
tin finishes were considered acceptable, and bright tin was not allowed.
The BOM review was based on the existing Smart II approved vendor list (AVL), which
provided multiple vendors for selected part numbers. Table 1 indicates the RoHS
compliance status for all 212 components based on the categories given in the BOM
review. Of the 212 components, 207 were available to be ordered in a RoHS compliant
format. Most of these components had a special part number for the RoHS compliant part,
but 62 components did not require a part number change, suggesting that a number of these
components could have already entered lead-free production with undesirable lead frame
finishes, such as bright tin. The BOM review verified the plating finish used on each
component to verify that undesirable finishes were not used.
Of the remaining five components, four were discontinued by the manufacturer, and one
required escalation to Brooks Instrument for resolution. Of the four parts that were
discontinued, three had approved alternate RoHS Compliant parts that were selected for
the build. The remaining part did not have an alternate vendor, but the vendor provided an
alternate RoHS compliant part that was approved for the build.
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Table 1: RoHS Status for Components
Part Status

Quantity

COMPLIANT

62

AVAILABLE

145

PLANNED

0

PROBABLE COMPLIANT

0

NOT AVAILABLE

0

END OF LIFE (EOL)

4

ESCALATED TO BEI

0

ESCALATED TO
CUSTOMER

1

TO BE DETERMINED

0

Description
Orderable now as a RoHS
compliant component using
existing part number.
Orderable now as a RoHS
compliant component; part
number update or special
ordering instructions required.
Manufacturer plans to offer a
RoHS complaint version of the
component in the future.
Partial submission of
information by vendor implies
RoHS compliance, but needs
verification.
Manufacturer has not announced
plan to have a RoHS compliant
version of the component.
Discontinued by manufacturer.
The number of contacts/total
time expended on a vendor by
subcontractor exceeds the limit.
The number of contacts/total
time expended on a vendor by
BEI exceeds the limit.
RoHS status has not been
determined.

Design of Experiments – Lead-free Boards
A key objective for Brooks Instrument in this lead-free qualification was the mitigation of
the tin whisker risk. The BOM review ensured component compliance with generally
accepted tin whisker guidelines as discussed above. In addition, the use of conformal
coating was specified for components with spacing of 0.35mm or less regardless of the
lead frame coating or BGA sphere alloy. This guideline was based on the Emerson Process
Management Component Plating Guidelines document released in July 2007, and
provisions were made in the BOM Review to report lead spacing to ensure that the
applicable components were conformally coated.
As an example, the conformal coating was specified to be applied to the uBGA at location
U22 even though the spheres were SAC305, which has a negligible risk of tin whiskers as
compared to lead frame components with 100% tin coating. The conformal coat acts as a
barrier in the event that tin whiskers grow, and is designed to contain tin whiskers and
prevent shorts in the event that a tin whisker breaks free. Fine-pitch components have a
4

greater risk of electrical shorts induced by tin whiskers, and the historical records of tin
whisker lengths indicate that the risk of shorts on components with spacing greater than
0.35 mm is very low.
Selective application of the conformal coat is less expensive and simplifies component
replacements that may be required as part of future product upgrades. In this build, two
types of conformal coating were considered: the acrylic-based Humiseal 1B73, and the
epoxy-based Ellsworth W112800. Conformal coating was applied at component locations
U2, U6, U10, U12, U18, U21, and U22; these locations are highlighted in Figures 3 and 4.

,
m::.

.

Figure 3: Brooks Smart II Card - Top Side
(Conformal Coat Locations Outlined in Red)

Figure 4: Brooks Smart II Card –Bottom Side
(Conformal Coat Locations Outlined in Red)
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For the lead-free Smart II build, two types of solder chemistry were considered: lead-free
no-clean (NC) and organic acid (OA) pastes. The OA paste requires aqueous cleaning but
does not leave a residue, whereas the NC paste does leave some residue. The absence of a
residue could improve the bond between the conformal coat and the board and component,
thereby improving its effectiveness in preventing tin whiskers from causing an electrical
short.
A factorial test matrix was designed to evaluate the influence of two factors, solder
chemistry type and conformal coating type, on the quality of the lead-free boards. Three
levels were used for the type of conformal coating: Humiseal 1B73 acrylic, Ellsworth
W112800 epoxy, and no conformal coating. Two levels were used for the SMT solder
paste: Paste A (OA) and Paste B (NC). Therefore, there were six unique treatment
combinations. In addition, 14 tin-lead boards were pulled from the Benchmark stockroom
for a comparison to the lead-free boards. These boards would have been shipped to the
customer but were pulled to avoid the need for a separate tin-lead build. The 70 boards
allocated for the experiments are listed in Table 2.

Table 2: Lead-Free Design of Experiments
Alloy

Solder Paste

Lead-free

Paste A (OA)

Lead-free

Paste A (OA)

Lead-free

Paste A (OA)

Lead-free

Paste B (NC)

Lead-free

Paste B (NC)

Lead-free
Tin-lead

Paste B (NC)
Paste C (NC)

Conformal
Coat
Humiseal
1B73
Ellsworth
W112800
None
Humiseal
1B73
Ellsworth
W112800
None
None

6

Quantity

Designation

9

A1 to A9

9

B1 to B9

10

F2 to F11

9

C1 to C9

9

D1 to D9

10
14

G2 to G11
E1 to E14

Assembly
Assembly Process
Per the standard process, the bare boards were not baked prior to the start of assembly
because they arrived in hermetically sealed bags. The SMT assembly was done on Line
#10 at the Benchmark Electronics facility in Guadalajara, Mexico. The Fuji CP-642
machine was used for the placement of small components, and the Fuji IP III machine was
used for the placement of large components. The reflow oven used was a Vitronics XPM2.
This oven has 12 zones, and the reflow was conducted in an air environment.
The sequence of the major steps for the board assembly was as follows:
1.
2.
3.
4.
5.
6.
7.

Bottom side print and placement of SMT components
Bottom side reflow with lead-free profile (first pass)
Top side print and placement of SMT components
Top side reflow with lead-free profile (second pass)
Solder through hole components on a wave solder machine with a shielded pallet
Visual inspection and functional test
Conformal coat (if applicable)

Epoxy was not required to hold bottom side SMT components in place during the top side
reflow because the components were light enough that they would not fall off. The epoxy
was also not required for wave soldering because the boards were wave soldered with a
shielded pallet. This pallet allows the solder to make contact with only the through-hole
leads and not the bottom side SMT components.
The lead-free profile used for the first and second passes was a standard ramp-soak-peak
lead-free profile. No special provisions were made for any SMT component that had a
temperature rating below the desired 260 °C, of which two capacitors and one inductor
were found in the BOM review. These components had a reflow temperature rating of 250
°C and were considered acceptable, though not preferred, because the peak reflow
temperature was only slightly below the temperature rating. It is important to note that
components must have an acceptable temperature rating for both assembly and rework. If a
component is rated below 245 °C, hand soldering after the final reflow is recommended,
assuming the component can be hand-soldered. A custom, lower temperature, profile is not
recommended because it could compromise the integrity of the overall solder joint quality
of the board and would be more difficult to control from a process control perspective.
Specifically, profiles are often moved between reflow ovens, and a custom lead-free profile
would have to be clearly denoted with specific guidelines, including the location on the
board of all components with temperature ratings from 245 – 250 °C. These components
would have to be thermocoupled and verified each time a profile was moved.
Three thermocouples were attached to different locations of the board to determine the
thermal profile, and their locations are noted in the profiles below. The target ramp rate
was 1-2 °C per second, the target peak temperature range was 240 – 248 °C, and the target
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time above liquidus (217 °C) was 60 – 90 seconds. The actual time above 217 °C was
about 56 seconds, which is completely acceptable given that all peak temperatures were
above 240 °C. This profile would minimize the risk to any components rated at 245-250
°C.
Figures 5 and 6 show the actual temperature profiles for the top and bottom side of the
lead-free boards. The peak temperature and the time above liquidus are provided for each
of the three thermocouple locations on the board.
250
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° C 150
100

50
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100
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300
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Figure 5: Reflow Profile – Lead-Free Bottom Side
Locations of Thermocouples: U5, U11, and U22
Peak temperatures: 248 °C, 244.2 °C, 245.2 °C
Time above 217 °C: 56.3 seconds, 54.5 seconds, 54.5 seconds
Maximum temperature ramp: 2.1 °C per second
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Figure 6: Reflow Profile - Lead-Free Top Side
Locations of Thermocouples: U5, U22, and U22 (2 locations for U22)
Peak temperatures: 245.5 °C, 243.2 °C, 247.5 °C
Time above 217 °C: 55.3 seconds, 53.6 seconds, 55.5 seconds
Maximum temperature ramp: 2.1 °C per second
The tin-lead profile used for the first and second passes was a ramp-soak-peak profile.
Three thermocouples were attached to different locations of the board to determine the
thermal profile. The target peak temperature range was 210 – 224 °C, and the target time
above liquidus (183 °C) was 60 – 90 seconds. Figures 7 and 8 show the actual temperature
profiles for the top and bottom side of the tin-lead boards. The peak temperature and the
time above liquidus are provided for each of the three thermocouple locations.
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Figure 7: Reflow Profile – Tin-Lead Bottom Side
Locations of Thermocouples: U5, U11, and U22
Peak temperatures: 224.5 °C, 220.3 °C, 221.8 °C
Time above 183 °C: 65.9 seconds, 63.6 seconds, 61.2 seconds
Maximum temperature ramp: 1.8 °C per second
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Figure 8: Reflow Profile – Tin-Lead Top Side
Locations of Thermocouples: U5, U22, and U22 (2 locations for U22)
Peak temperatures: 223.4 °C, 219.8 °C, 221.8 °C
Time above 183 °C: 65.9 seconds, 64.0 seconds, 61.5 seconds
Maximum temperature ramp: 1.8 °C per second
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Printing Process
For the tin-lead process, the Paste C (NC) solder paste was used. The Paste A (OA) and
Paste B (NC) flux chemistries were used for assembling the lead-free boards. These leadfree water soluble and no-clean solder pastes were selected based on extensive lead-free
solder paste qualifications previously conducted by Benchmark Electronics.
The stencil used for assembling the tin-lead boards for the past few years is stainless steel
and laser cut. The stencil is 5 mils thick and utilizes aperture reduction to minimize midchip solder balls on the chip components. The new stencil fabricated for the lead-free
boards has the same material and design as the stencil used for the tin-lead boards.
An MPM Model AP/B printer was used to print the lead-free boards. A 12-inch stainless
steel blade was used with a front and rear pressure of 15 pounds. The print speed used for
the first board was 1.5 inches per second.

Through-hole Component Soldering Process
An Electrovert 2000 with Sonoflux Spray Fluxer wave solder machine was used for
assembly of the lead-free through-hole components. This machine was configured with
three bottom-forced convection units and an infrared heating unit located between two
covers. The machine was configured with both a chip and lambda wave. The solder pot
temperature used for lead-free assembly was 518 °F, which contrasts with the 485 °F used
for tin-lead wave soldering.
The product was wave-soldered with a shielded pallet, which prevented the solder from
making contact with bottom-side SMT components. The pallet was identical to the pallet
used for tin-lead wave soldering and adds a significant thermal load to the process. The
wave solder pallet is shown in Figures 9 and 10.
The Smart II printed circuit board is purchased as a four-up panel and wave soldered in this
configuration. The wave solder conveyor moves from left to right. The cards are offset
approximately 30 degrees to minimize bridging. Openings in the pallet for through-hole
leads are white. The two white arrows in Figure 9 show the locations where the pallet’s
apertures were enlarged to improve the solder joint quality. This improvement was
repeated at all four board locations.
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Figure 9: Top View of the Brooks Smart II Shielded Pallet for Lead-Free
and Tin-Lead Wave Soldering

Figure 10: Top View of the Wave Solder Pallet with the Four-Up
Panel
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The initial conveyor speed used was 2.3 feet per minute, the topside preheat temperature of
the board was 80 °C, and chip and main wave were used for soldering. However, this
resulted in poor flow-through of solder to the top side, partially due to the high heat sink
effect of the shielded pallet. A contributing factor was the use of the chip wave, which
provided partial solder for the through-holes but most likely solidified before the lambda
wave; this meant that the majority of the contact time on the lambda wave was required to
melt the solder in the holes as opposed to adding more solder. Consequently, the top-side
preheat temperature was increased to 120 °C, the conveyor speed was lowered to 1.5 feet
per minute, and the chip wave was turned off. This resulted in excellent flow-through to
the top-side on all leads except three. Two of these leads were on an isolated two-leaded
component that is heavily shielded; Benchmark Guadalajara has experienced previous
difficulties soldering this component in the tin-lead process. The third lead was on the
trailing edge of another connector and right next to the pallet opening; Benchmark
Guadalajara opened up the pallet in this area to address this issue. Eight boards (two
panels) had been soldered using the initial pallet openings, but the remaining boards were
soldered after the pallet modification. The overall joint quality was very good at this point,
including adequate wetting to the board and component terminations.

Functional Test
All cards passed the production functional test in Guadalajara before they were shipped to
Benchmark in Winona, MN and Hudson, NH. A select number of cards were also shipped
to Brooks Instrument. The functional tester used in Guadalajara was the same unit used
for the tin-lead cards.
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Post Assembly Inspection and Testing
Functional Test
The Brooks Service Suite software utility was used to determine the basic functionality of
the cards during post-assembly testing at Benchmark in Hudson, NH and Winona, MN.
Two platforms were specifically built for this project to allow regular follow-up checks
during the long-term vibration and thermal tests. The platforms do not provide the same
test coverage as the platform in Guadalajara, but it was not practical to continually send the
cards back to Guadalajara for functional checks. These platforms ensure that most of the
major functions of the device are tested.
Figure 11 shows the Smart II functional test fixture built for the qualification. The circuit
board shown is the device under test (DUT). There are four cabled connections to the
DUT, three of which attach directly to the fixture plate, while the remaining connection
goes to a personal computer. There are several measurement test points along the right
hand side of the fixture that were part of the functional test. On the left is a cylindrical load
valve, as well as a switch and LED that were tied to selectable resistive loads. Figure 12
shows a schematic for the fixture and PC setup. The 0154e shown at the bottom is an
external power supply and set point controller that was used during the test. The connector
at the top of Figure 11 was used to connect to the 0154e.

Figure 11: Functional Test Fixture
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Figure 12: Functional Test Diagram
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Forced Rework
A successful lead-free transition must include forced rework to ensure that the lead-free
product can be reworked without compromising its integrity.
The forced rework performed for this project included a BGA, a surface mount thin small
outline package (TSOP), and through-hole connectors, which cover the major types of
components that may require rework. Each component was reworked twice; the component
was removed and replaced, the board was allowed to cool to room temperature, and the
component was removed and replaced again. It is very rare that a double rework is required
during production, but if a double rework can be completed successfully, it provides an
even higher level of confidence in the single rework. Tin-lead cards were also reworked to
provide a baseline for the lead-free rework.
The lead-free and tin-lead platforms and descriptions are provided in Tables 3 and 4 for
each component type.

Table 3: Lead-Free Rework Platforms
Reworked Component
BGA at Location U22
Through-Hole Connector at
Location P1
Through-Hole Connector at
Location P2
SMT 44-Pin TSOP at Location
U25

Platform Description
Air Vac DRS25 XLT
Board Top Side Preheat = 160 °C
Premier RW116 Lead Free Solder Fountain
Solder Temperature = 280 °C
Pace Vacuum Iron for Removal
Temperature = 10 (maximum setting/dimensionless)
Hakko Solder Iron for Installation
Tip Temperature = 840 °C
Talon Irons for Removal -No Temperature Setting
Hakko Solder Iron for Installation
Tip Temperature = 840 °C

Table 4: Tin-Lead Rework Platforms
Reworked Component
BGA at Location U22
Through-Hole Connector at
Location P1
Through-Hole Connector at
Location P2
SMT 44-Pin TSOP at Location
U25

Platform Description
Air Vac DRS24
Board Top Side Preheat = 125 °C
Premier RW116 Tin Lead Solder Fountain
Solder Temperature = 265 °C
Pace Vacuum Iron for Removal
Temperature = 10 (maximum setting/dimensionless)
Hakko Solder Iron for Installation
Tip Temperature = 750 °C
Talon Irons for Removal -No Temperature Setting
Hakko Solder Iron for Installation
Tip Temperature = 750 °C
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The applicable rework component locations can be seen in Figures 13 and 14.

Figure 13: Top Side of the Board Showing Rework Locations U22 and P1
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Figure 14: Bottom Side of the Board Showing Rework Locations U25 and P2
The cards selected for forced rework are listed in Table 5, along with the applicable
reworks.
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Table 5: Reworked Boards
Card
E8
E9
E10
F8
F9
F10
G8
G9
G10

Rework Description
BGA rework, tin-lead
T/H rework, tin-lead
SMT rework, tin-lead
BGA rework, lead-free OA flux
TH rework, lead-free OA flux
SMT rework, lead-free OA flux
BGA rework, lead-free NC flux
TH rework, lead-free NC flux
SMT rework, lead-free NC flux

All cards were subjected to 100% visual inspection, X-Ray (applicable for BGA rework
only) and cross-sections. The cross-sectioning validated the integrity of the solder joints
and the presence or absence of thermal damage to the component or printed circuit board.

BGA Rework
Figure 15 shows the Air Vac DRS25 XLT that was used for the lead-free BGA rework. A
pallet, shown in Figure 16, was constructed to improve preheating of the Smart II cards on
the Air Vac DRS 25 XLT. Pallets are typically used when the board being reworked is
small and/or if the BGA being reworked is close to the edge of the board. The Smart II
cards were preheated to a temperature of 160 °C, after which the top of the BGA was taken
to a temperature of 255 – 260 °C; this brought the peak joint temperature to 240 – 248 °C.
The time above 217 °C (liquidus) was 60 – 90 seconds. This profile was used to remove
and install the BGA, and solder paste was applied prior to the installation using a
microstencil.
The tin-lead BGA rework was also done on the Air Vac DRS24, and all temperatures were
approximately 30 – 35 °C lower as compared with lead-free rework. After the completion
of the double rework, the BGA joints were visually inspected and cross-sectioned.
Figures 17-20 show the perimeter views, cross-sections, and intermetallic regions of the
reworked BGAs. No anomalies were detected on the tin-lead or lead-free cards.
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Figure 15: Air Vac DRS 25 XLT – Lead-Free BGA Rework

Figure 16: Brooks Smart II Card on the Air Vac DRS 25 XLT
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Figure 17: Card E8, BGA at Location U22, Perimeter View and Cross-Section

Figure 18: Card F8, BGA at Location U22, Perimeter View and Cross-Section

Figure 19: Card G8, BGA at Location U22, Perimeter View and Cross-Section

Figure 20: Cards E8, F8, and G8; Intermetallic Formation of BGAs at U22
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Through-Hole Rework
The Premier RW116 solder fountain was used for the through-hole rework of the header at
location P1. For lead-free rework, the SAC305 alloy temperature was 280 °C. The top-side
laminate was heated to 125 °C using forced convection. Contact time on the molten solder
was 11 – 15 seconds to remove and replace the header.
The tin-lead rework was performed at an alloy temperature of 265 °C, after the top-side
laminate was pre-heated to 110 °C using forced convection. Contact time on the molten
solder was 9 – 11 seconds to remove and replace the header.
Results from the visual inspection and cross- sections appear in Figures 21-23. No
anomalies were detected on the tin-lead or lead-free cards. The residue in Figures 21 and
23 is no-clean flux; this appearance is normal.

Figure 21: Bottom Side Joints and Cross Section, Card E9, Location P1

Figure 22: Bottom Side Joints and Cross Section, Card F9, Location P1
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Figure 23: Bottom Side Joint Joints and Cross Section, Card G9, Location P1

The connector at location P2 was subjected to double rework on two cards (E9 and G9). A
Pace Iron was used to remove the component from the board, and a Hakko iron was used
to install the component. This process was expected to be a viable alternative to the
Premier RW116 solder fountain. The cross sections appear in Figures 24 and 25, and the
bottom-side joints appear in Figure 26. Hole-wall separation is evident on both the leadfree and the tin-lead cards, but there does not appear to be any post separation. There is
very little copper dissolution on the lead-free card.

Figure 24: Cross Sections, Card E9, Location P2
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Figure 25: Cross Sections, Card G9, Location P2

Figure 26: Bottom-Side Joints, Card E9 and Card G9, Location P2
(E9 on left, G9 on right)

SMT Rework
Talon irons were used to remove component U25, and a Hakko iron was used to solder the
component to the board. The results appear in Figures 27-29. No anomalies were detected
for tin-lead or lead-free cards.
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Figure 27: SOIC, Card E10, Location U25

Figure 28: SOIC, Card F10, Location U25

Figure 29: SOIC, Card G10, Location U25
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Forced Rework Conclusions
All components were successfully double reworked. Visual and X-Ray inspection
indicated compliance with IPC-610 Class 2 inspection criteria. Copper dissolution was not
observed during the rework efforts. Copper dissolution was not expected because the
printed circuit board finish was ENIG. Copper dissolution is a known risk with lead-free
assemblies when working with surface finishes other than ENIG.
Evidence of thermal degradation (hole-wall separation) to the printed circuit board was
observed on the tin-lead and lead-free connectors at location P2 that were reworked by
hand. This type of thermal degradation is acceptable per IPC-610-D criteria, and is not
uncommon to see this on other products. This type of thermal degradation is not known to
cause reliability issues.
No other types of thermal degradation were observed including board delamination,
blistering, component cracking, or component melting. These types of thermal
degradation can cause issues with lead-free assembly and rework, especially if the boards
and components do not have the appropriate temperature rating. However, the hand rework
method is more operator dependent, less desirable, and could lead to hole-wall separation.
Although preheating of the board would help, it is recommended to remove and replace
through-hole components using the solder fountain.

Conformal Coat Application
Conformal coating was applied to 36 selected boards per the matrix in Table 2. Benchmark
Mexico applied Humiseal 1B73 to 18 cards, and Benchmark Electronics in Ayudhaya,
Thailand applied Ellsworth W112800 to 18 cards.
Humiseal 1B73 was applied at locations U2, U6, U10, U12, U18, U21 and U22, using the
patterns shown in Figures 3 and 4. The individual steps of the process are listed below.
1. Mask areas to be protected with Kapton tape, as shown in Figures 30-32.
2. Apply coating manually to the top side, as shown in Figures 33-36.
3. Cure top side using the oven, shown in Figure 37. The peak cure temperature was
120 °C, and the cure time was seven minutes per side.
4. Apply coating manually to the bottom side.
5. Cure bottom side using the oven.
6. Remove tape from masked areas.
7. Inspect both sides with black light, shown in Figure 38.
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Figure 30: Protective Kapton Tape over Gold Area

Figure 31: Protective Kapton Tape over Gold Area (Close-up)
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Figure 32: Protective Kapton Tape over Connector at P5

Figure 33: Manual Application of Conformal Coat (BGA)

Figure 34: Manual Application of Conformal Coat (BGA)
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Figure 35: Manual Application of Conformal Coat (SMT)

Figure 36: Manual Application of Conformal Coat (SMT)
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Figure 37: Asymtek Conformal Coat Cure Oven

Figure 38: Manual Inspection of Cured Conformal Coating Under Black Light
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A typical component with cured Humiseal 1B73 conformal coating is shown in Figure 39.
(Note: This photo is only a representative view of the Humiseal coating; Kapton tape was
not used to prevent the coating from making contact with the gold plane.)

Figure 39: Cured Humiseal 1B73 on SMT Component at U18
Ellsworth W112800 was applied to locations U2, U6, U10, U12, U18, U21 and U22. The
process flow was similar to the flow used for Humiseal, except that the peak cure
temperature was 75 °C, and the cure time was 30 minutes per side. Figures 40-42 show the
masked boards.

Figure 40: Protective Masking over Gold Area
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Figure 41: Protecting Masking over Gold Area (Close-up)

Figure 42: Protecting Masking over Connector at P5
IPC-A-610D 10.5.2.3 specifies a thickness of 0.03 – 0.13 mm for epoxy and acrylic
coating and states, “The thickness is to be measured on a flat, unencumbered, cured surface
of the printed circuit assembly or a coupon that has been processed with the assembly.”
Due to the selective coating used in this qualification, there were no unencumbered areas
to measure. The manual coating process provided a minimum thickness of 0.4 mm. The
appearance was deemed acceptable, and there were no voids or bubbles. The mask could
be removed without leaving any residue on the board. Humiseal 1B73 will be used in the
future for all conformal coat applications, and will be applied by machine to improve the
uniformity of the coating.
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Visual Inspection
The defects identified after the assembly process typically include defects that are
manufacturing/assembly-related and soldering-related. In this report, the analysis will be
conducted for soldering-related defects only. The defect categories considered to be
related to manufacturing/assembly issues include reversed component, missing component,
bent pin, misplaced component, electrically defective component, damaged component,
and sheared component. The defect categories that are considered to be related to soldering
include: solder bridge, unsoldered lead, tombstoned component, solder splatter, cold solder
joint, non-wetting, elevated component, icicles, fractured joint, excessive solder, open
solder joint, solder balls, insufficient solder, and thermally damaged component.
Soldering related defects could include thermal damage to SMT and/or through-hole (TH)
components due to the higher processing temperatures required for lead-free assembly.
Components that are lead-free (RoHS Compliant) must also be rated to ensure
compatibility with the higher processing temperatures. Thermal damage is normally
evident in the appearance of the solder joints, printed circuit board, or components, and no
such damage was seen during any of the visual inspections.
There were no SMT solder-related defects identified for the 56 lead-free boards assembled
at the Benchmark Electronics Guadalajara facility. There were three manufacturing/
assembly-related SMT defects: two misplaced BGAs at U23 and a missing resistor at R92.
There were seven TH solder related defects identified for the 54 lead-free boards: one
solder bridge at P4, one solder bridge at a test point for R104, four insufficient solder cases
at P5, and one insufficient solder case at S1.

Comparison Between Tin-lead and Lead-free Process
To conduct a comparison between the results for the tin-lead and lead-free process, six
work orders previously completed by the Benchmark Electronics Guadalajara facility were
used. Table 6 shows the work order and number of boards included for each work order. A
total of 5,164 boards were included in all of the work orders. These work orders were
completed between January and June 2007.
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Table 6: Tin-Lead Work Orders
Work Order
GMMO016680
GMMO017738
GMMO018907
GMMO019859
GMMO020797
GMMO021551
Total

Number of Boards
804
900
700
1,000
1,000
760
5,164

The following table illustrates the number of SMT and through-hole (TH) solder-related
defects identified for these 5,164 tin-lead boards assembled at Benchmark Electronics
Guadalajara.

Table 7: Tin-Lead Solder Related Defects
Defect Type
Tombstoned component
Elevated component
Solder bridge/short
Solder splatter
Icicles
Cold solder joint
Fractured joint
Excessive solder
Insufficient solder
Solder on gold/hardware
Nonwetting
Open solder joint
Solder balls
Totals

SMT Defects
70
52
267
11
2
3
2
20
88
1
21
40
3
580

TH Defects
0
48
34
1
2
0
0
11
9
0
1
39
0
145

Total Defects
70
100
301
12
4
3
2
31
97
1
22
79
3
725

Table 8 compares the defect data for the recent tin-lead assembly jobs and the lead-free
defects found during the Smart II lead-free build. The total number of defect opportunities
for the Smart II Card is 1,851, which includes SMT and TH opportunities.
Defects Per Million Opportunities (DPMO) is calculated as follows:
DPMO = (#Defects * 1,000,000)/(#Boards * #Opportunities per Board)
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Table 8: Key Data for the Tin-lead and Lead-Free Process
Parameter
Number of Boards
Number of SMT Defects
Mean SMT Defects Per Board
Number of THT Defects
Mean THT Defects Per Board
Number of Total Defects
Mean Total Defects Per Board
Number of Opportunities Per Board
Defects Per Million Opportunities
(DPMO)

Tin-lead Process
5,164
580
0.11
145
0.03
725
0.14
1,851
75.8

Lead-free Process
56
0
0.0
7
0.125
7
0.125
1,851
67.5

The DPMO levels for tin-lead and lead-free were approximately equivalent, and both were
under the Benchmark Guadalajara target quality level of 200 DPMO.

XRF Scan to Verify RoHS Compliance
Niton XRF scans of the lead-free assembled boards after SMT and before wave solder
picked up lead in the range of 900 – 3000 PPM. The maximum allowance is 1000 PPM.
The bare boards, Paste A (OA) and Paste B (NC) solder paste were tested separately, and
no lead was detected. The lead appeared to be most likely coming from the body of the
chip resistor components (0402, 0603, 0805, 1206) that have the allowable, and very
common, lead-in-glass exemption per the RoHS directive. Consequently, additional XRF
scans with a Fischer XDVM-W platform, which has a smaller beam, were conducted on
lead-free Smart II cards. Those scans confirmed that the through-hole and SMT joints were
lead-free and that the lead was coming from the bodies of exempted SMT components.

Ion Chromatography
The ion chromatography testing was conducted on five boards at the Benchmark
Electronics Lab located in Hudson, NH. Five test cards (A1, B1, C1, D1, and E1) were
included. Each card was inserted in a bag containing a solvent. The solvent used for the
testing contained 75% alcohol and 25% water. The bags were inserted in a Polytherm
Science Electronics water bath for one hour at 80 °C.
The surface area for each board was calculated to be 33.25 square inches. A Dionex 500
ion chromatography system with an AS-9 column was used for the analysis. Liquid
chromatography was used to detect anions. The testing was done both before assembly, as
well as after assembly before application of the conformal coating. Table 9 lists the results
for the five boards and an unassembled tin-lead panel.; this bare panel was pulled
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randomly from Guadalajara and had a standard FR4 laminate with ENIG surface finish.
Chart 1 graphically displays the results for the various anion categories.
IPC specifies a maximum of 10 µg/sq in of NaCl equivalent. It also allows the use of an
Omega Meter, which, unlike ion chromatography, cannot distinguish individual ions.
Benchmark Electronics uses the ion chromatography guidelines listed in Table 10.

Table 9: Ion Chromatography Testing Results
Card Solder Paste Coating
Bare Tinlead Panel
None
Paste A
A1 (OA)
1B73
Paste A
B1 (OA)
W112800
Paste B
C1 (NC)
1B73
Paste B
D1 (NC)
W112800
Paste C
E1 (NC)
None

Chloride

Bromide

Nitrate

Phosphate

Sulfate/
WOA

(µg/sq in)

(µg/sq in)

(µg/sq in)

(µg/sq in)

(µg/sq in)

0.798

0.441

1.312

0.148

0.132

0.830

0.669

0.096

0.000

1.220

1.188

0.933

0.186

0.000

1.536

0.975

14.078

0.374

0.000

5.249

0.954

14.875

0.277

0.000

6.174

3.473

2.553

0.450

0.000

2.055
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Chart 1: Graph of Ion Chromatography Results
BROOKS Smart II Anion Data
16.000

Anion Concentration (ugm/sq-in)

14.000

12.000

10.000

8.000

Bare Board Panel None ENIG None
Paste A (OA) SAC305 ENIG 1B73
Paste A (OA) SAC305 ENIG W112800

6.000

Paste B (NC) SAC305 ENIG 1B73
Paste B (NC) SAC305 ENIG W112800
4.000

Paste C (NC) SnPb 63/37 ENIG None

2.000

0.000
CHLORIDE

BROMIDE

NITRATE

PHOSPHATE

SULFATE/WOA

Anion Detected

Table 10: Benchmark Ion Chromatography Guidelines
Ion

Assembled Board
Limit (µg/sq in)
2.5-3.0 *
< 12.0 **
< 6.0
< 6.0
< 10.0 ***

Bare Board Limit
(µg/sq in)
< 1.0
< 1.0
< 1.0
< 1.0
< 1.0

Chloride
Bromide
Sulfate
Nitrates
Weak Organic Acid
Notes:
*Chlorides are the most important ion in assessing the overall cleanliness.
**Bromides are allowed to go higher for a no-clean flux where the bromide
component is bound up in the residue. Paste B (NC) has bromide levels in
the 20’s, which are acceptable.
*** There is no limit for the Weak Organic Acid ions in a no-clean flux.
The following observations were made for the ionic levels in the chromatograms.
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Chloride: Lead-Free assemblies had about the same chloride levels as the bare board. Paste
C tin-lead assembly had elevated chloride, but the reading would be considered acceptable.
Bromide: Cards C1 and D1 had high bromides from the organo-bromides in the no-clean
flux that exceeded the assembled board limit guidelines.
Nitrate: The bare board nitrate level is slightly higher than the bare board limit guidelines.
Sulfate/Weak Organic Acid (WOA): The peaks on the assemblies were from Weak Organic
Acids in the flux, which have retention times close to sulfate.
The lead-free assemblies and bare board panel have low levels of ionic contamination and
the risk of electrochemical migration is very low. The assembled tin-lead card had a
chloride reading of 3.473 µg/sq in, which is above the desired maximum of 3.0 µg/sq in.
This maximum is a conservative limit, and greater concern would be expressed if the
chlorides reached 5.0 µg/sq in or higher. IPC allows total ionic contamination up to 10
µg/sq in, but does not require the ionic readings be separated into the various ions such as
chlorides, bromides, etc. It is possible that the elevated chloride readings on the assembled
tin-lead board came from excessive handling prior to the test, or cross contamination
between NC and OA chemistries during assembly. It is recommended that additional tinlead boards be tested with minimal handling to provide additional readings for ionic
contamination.

Representative Photographs and X-Ray Images After Assembly
Selected photographs and X-Ray images were taken of cards after assembly, as shown in
Figures 43-54. All joints met IPC Class 610-D, Class 3 for visual and x-ray criteria.
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Figure 43: Location U19, Cards A2 and B8

Figure 44: Location U19, Cards C6 and D3

Figure 45: Location U19, Cards E6 and F3

Figure 46: Location U19, Cards G5 and A2
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Figure 47: Location U7, Cards A2, B8 and C6
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Figure 48: Location U7, Cards D3, E6 and F3

Figure 49: Location U7, Card G5
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Figure 50: X-Ray Image, Location U10, Cards E2, F2, and G2
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Figure 51: X-Ray Image, Location U19, Cards E2, F2, and G2

Figure 52: X-Ray Image, Location U22, Cards E2, F2, and G2

Figure 53: X-Ray Image, Location U23, Cards E2, F2, and G2
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Figure 54: X-Ray Image, Location P5, Cards E2, F2, and G2

Cross-Sections After Assembly
Cross sections were made of discrete locations to validate the integrity of the soldering. All
joints met IPC-610-D Class 3 Criteria. Photographs are shown in Figures 55-62.

Figure 55: TSOP at Location U25, Cards E2, F2, and G2

Figure 56: Through-hole 25-mil Pin Header Connector P1 - Cards E2, F2, and G2

Figure 57: BGA at Location U22, Cards E2 and F2
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Figure 58: BGA at Location U22, Card G2

Figure 59: 0603 Discrete Component, Cards E2 and F2

Figure 60: 0603 Discrete, Card G2

Figure 61: 0402 Discrete, Cards E2 and F2
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Figure 62: 0402 Discrete, Card G2

BGA Shear Testing
The microcontroller BGA U22 was used for thee BGA shear testing. Three test cards were
included in the BGA shear testing: E2, F2, and G2. Figure 63 shows the equipment used
for shear testing. (Note: The assembly shown in this image is only representative; it is not
the actual Smart II card.)

Force Gauge

Connecting Rod

Shearing Block
BGA
Stage & Handle

Figure 63: BGA Shear Testing Apparatus
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The BGA was sawed into three sections designated as A, B, and C. The shear load at
which failure occurred was recorded.
In the shear process, the assembly/BGA was pressed against a shearing block, which is
fastened to one end of a connecting rod. The other end of the rod is threaded into a force
gauge. The assembly is clamped to the stage, which moves upward (in the direction of the
red arrow in Figure 63) as the handle is turned. The shearing block is then aligned
squarely above and against the BGA. At this point, the gauge is zeroed. As the handle is
turned, the stage is driven upward against the block, and the gauge records the
instantaneous applied force against the BGA. The gauge retains the final reading even after
the part has sheared away and there is no longer any force against the shearing block.
Table 11 provides the BGA shear test results, including the average for the three sections
corresponding to each card.

Table 11: BGA Shear Test Results
Card

Component
Location
U22

E2

A

E2

B

E2

C

E2

Total

F2

A

F2

B

F2

C

F2

Total

G2

A

G2

B

G2

C

G2

Total

Solder Paste

Paste C TinLead
Paste C TinLead
Paste C TinLead
Paste C TinLead
Paste A
OA Lead-Free
Paste A
OA Lead-Free
Paste A
OA Lead-Free
Paste A
OA Lead-Free
Paste B NC
Lead-Free
Paste B NC
Lead-Free
Paste B NC
Lead-Free
Paste B NC
Lead-Free

Number
of
Spheres
in Test
Section

Total Shear
Load for
Spheres in Test
Section
(lbs)

Average
Shear Load
For Individual
Sphere
(lbs/ sphere)

48

46.8

0.975

48

46.7

0.973

12

13.1

1.092

108

106.6

0.987

48

39.9

0.831

48

38

0.792

12

10.2

0.850

108

88.1

0.816

44

37.2

0.845

44

34.8

0.791

12

8.8

0.733

100

80.8

0.808
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The average shear strengths for the BGA shear testing are shown in Chart 2.

Chart 2: Average BGA Shear Strength
Brooks LF Qual
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The average shear strength for the three sections of the tin-lead BGA spheres was 0.987
pounds per sphere. This value was higher than the average shear strength for the six
sections of the lead-free BGA spheres, which was 0.812 pounds per sphere.
The following failure modes were encountered during the BGA shear testing.
E2: 50% of the failures occurred at the sphere-to-package interface, and 50% of the
failures occurred at the sphere-to-PCB interface.
F2: 5.5% of the failures occurred at the sphere-to-package interface, and 94.5% of the
failures occurred at the sphere-to-PCB interface.
G2: 100% of the failures occurred at the sphere-to-PCB interface.
Note: All of the failures occurred at the intermetallic layer of the applicable interface.
None of the failures occurred across the bulk solder.
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In general, the predominant failure mode for the lead-free test vehicles (F2, G2) occurred
at the sphere-to-PCB interface. For the tin-lead test vehicle (E2), there was an equal
distribution of failure modes that occurred at the sphere-to-package interface, and at the
sphere-to-PCB interface. Figures 64-66 show photographs of these failures.

Figure 64: Failure Mode, Card E2

Figure 65: Failure Mode, Card F2

Figure 66: Failure Mode Card G2
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Thermal Cycling for Reliability
Two thermal cycling tests were performed. The first test had a shorter overall duration in
order to prove the reliability of the lead-free assembly. This thermal cycling test was
performed based on the parameters listed below.
•
•
•
•

0 to 85 °C
10 minutes at the extremes
1.5 hour per cycle
500 cycles over 31 days

The cards were not powered during the thermal cycling. They were functionally tested at
the beginning of the test, and after every 100 cycles during the test. The functional test was
run at 25 °C per the functional procedure developed by Brooks Instrument, using the test
fixture shown in Figure 11. The cards subjected to the thermal cycling for reliability appear
in Table 12.

Table 12: Cards Subjected to Thermal Cycling for Reliability
Board
Number
A4
B4
F5
C4
D4
G5
E5
E13

Solder Paste

Conformal Coating

Paste A (OA) Lead-Free
Paste A (OA) Lead-Free
Paste A (OA) Lead-Free
Paste B (NC) Lead-Free
Paste B (NC) Lead-Free
Paste B (NC) Lead-Free
Paste C (NC) Tin-Lead
Paste C (NC) Tin-Lead

Humiseal 1B73
Ellsworth W112800
None
Humiseal 1B73
Ellsworth W112800
None
None
None

There were no solder joint failures as a result of the thermal cycling. There were two LED
electrical failures; one LED failed on a tin-lead board, and one LED failed on a lead-free
board. The LEDs used for the tin-lead and lead-free boards were identical. The LED
failures were primarily due to a separation of the die and die-attach epoxy from the
ceramic substrate, which resulted in an electrical open. This appears to have occurred
because of a near complete separation of the plastic over-mold from the ceramic substrate,
which was caused by the coefficient of thermal expansion (CTE) mismatch between the
plastic and the ceramic.
There was a small number of failures (reference the next section, “Thermal Cycling for Tin
Whiskers”) where the wires or wedge bonds separated from the substrate due to the same
failure mechanism. The LED vendor’s recommended maximum operating temperature of
75 °C was knowingly exceeded during this test. Both cards were sent to the LED vendor
for root cause analysis. The vendor indicated handling forces before, during, or after reflow
were likely responsible. However, similar LEDs with an FR4 substrate have not exhibited
this failure mechanism because the CTE mismatch between the plastic over-mold and the
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FR4 is much smaller as compared to the mismatch between the plastic over-mold and the
ceramic substrate. LED cross-sections are shown in Figures 67 and 68.

Figure 67: Side View of LED, with Second LED in Background

~--Substrate

- Overmold Separation

Figure 68: LED Failure Mode – Over-Mold Separation from the Ceramic
Substrate
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Thermal Cycling for Tin Whiskers
The second thermal cycling test was an extended version of the first test, and was started
simultaneously with the first test in the same chamber. The intent of the extended test was
to determine whether tin whiskers would start to form on any of the component leads. This
thermal cycling test was performed based on the parameters listed below; the test duration
was four months.
•
•
•
•

0 to 85 °C
1.5 hours per cycle
2000 cycles
10 minute soak at each extreme temperature

The cards were not powered during the thermal cycling. They were functionally tested and
visually inspected under high-power magnification at the beginning of the test, and after
every 500 cycles during the test. The functional test was run at 25 °C per the functional
procedure developed by Brooks Instrument, using the test fixture shown in Figure 11. The
cards subjected to the thermal cycling for tin whiskers appear in Table 13.

Table 13: Cards Subjected to Thermal Cycling for Tin Whiskers
Board
Number
A2
A3
B2
B3
F3
F4
C2
C3
D2
D3
G3
G4
E3
E4

Solder Paste

Conformal Coating

Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste C Tin-Lead NC
Paste C Tin-Lead NC

Humiseal 1B73
Humiseal 1B73
Ellsworth W112800
Ellsworth W112800
None
None
Humiseal 1B73
Humiseal 1B73
Ellsworth W112800
Ellsworth W112800
None
None
None
None

At the conclusion of the test, no whiskers were detected, and almost all cards passed the
functional tests. All of the LED devices failed for opens on one or both of the red and
green LEDs on each board. LED failures started to appear at 500 cycles, and all had failed
by 1000 cycles.
A failure on tin-lead card E4 was attributable to the hand installation of press-fit plastic
LEDs in the immediate area of the micro BGA without proper underlying support for the
printed circuit board. The flexure of the board placed excessive stress on the micro-BGA
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joints, which caused some joints to fracture. The fractures were in the areas closest to the
LEDs, and the high stress was confirmed with strain testing performed separately from this
qualification.

Tin Whisker Constant Temperature and Humidity
Another test was performed to determine if tin whiskers would begin to appear on the
component leads. In the test, the temperature in the chamber was held constant at 60 °C,
with a relative humidity of 85%. The duration of this test was five months.
The cards were not powered during this test. They were functionally tested and visually
inspected under high-power magnification at the beginning of the test, and again after
every month. The functional test was run at 25 °C per the functional procedure developed
by Brooks Instrument, using the test fixture shown in Figure 11. The cards subjected to this
storage are listed in Table 14.
Table 14: Cards Subjected to Constant Temperature/Humidity for Tin Whiskers

Board
Number
A5
A6
B5
B6
F6
F7
C5
C6
D5
D6
G6
G7
E6
E7

Solder Paste

Conformal Coating

Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste A Lead-Free OA
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste B Lead-Free NC
Paste C Tin-Lead NC
Paste C Tin-Lead NC

Humiseal 1B73
Humiseal 1B73
Ellsworth W112800
Ellsworth W112800
None
None
Humiseal 1B73
Humiseal 1B73
Ellsworth W112800
Ellsworth W112800
None
None
None
None

At the conclusion of the test, no whiskers were detected on the lead-free or tin-lead cards,
and all cards passed the functional tests.

Vibration Testing for Reliability
A group of Smart II cards were subjected to vibration testing conducted at Benchmark
Electronics in Winona, MN. Six cards were used for vibration testing, and three additional
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tin-lead cards were used prior to the test to establish the “break point” limit of the cards.
The cards used in the test are shown in Table 15.

Table 15: Cards Used for Vibration Testing
Card
Solder Paste
Conformal
Number
Coating
A1
Paste A Lead-Free OA
Humiseal 1B73
A7
Paste A Lead-Free OA
Humiseal 1B73
B1
Paste A Lead-Free OA
Ellsworth W112800
C1
Paste B Lead-Free NC
Humiseal 1B73
D1
Paste B Lead-Free NC
Ellsworth W112800
E1
Paste C Tin-Lead NC
None
E11*
Paste C Tin-Lead NC
None
E12*
Paste C Tin-Lead NC
None
E14*
Paste C Tin-Lead NC
None
Notes:
*Tin-lead card used to determine break point
Figure 69 shows the three tin-lead cards (E11, E12, and E14) used to establish the break
point of the Smart II card. These boards were mounted as shown in the QRS vibration
chamber. Two standoffs can be seen in the lower left and upper right corners. In Figure 70,
the accelerometer is mounted on a stand-off attached to the vibration table. This setup
matches the accelerometer’s height to the approximate height of the card.
Before the vibration was applied, the three cards were tested. Card E12 had functioned
correctly at Brooks Instrument, but it did not work when retested at Benchmark Winona.
The root cause was not determined, but since it failed before the start of vibration testing,
its vibration testing results are not included in this report.
The tin-lead cards used to establish the break point were able to reach the approximate
upper limit of the vibration table without failing. This limit was 31 G root mean square
(grms), and was used as the upper limit in the actual test.
The remaining cards were used for the actual testing, and were mounted in the QRS
chamber, as shown in Figure 71. The test plan applied increasing vibration levels to these
cards from 5 – 31 grms. The dwell time for each vibration level was 10 minutes, but once
the 31 grms limit was reached, this vibration level was applied over increasing dwell times.
All vibration testing was done at a constant temperature of 25 °C. The six cards were
functionally tested using the test fixture shown in Figure 11 before the test and after each
vibration step in the test. Table 16 lists the vibration levels and dwell times.
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Figure 69: Mounting of the E11, E12 and E14 Test Vehicles & Accelerometers

Figure 70: Accelerometer Configuration
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Figure 71: Cards Mounted for Vibration Testing
Table 16: Vibration Test Plan
Vibration
Level
(grms)
5
7.2
10.3
14.9
21.5
31
31
31

Ramp
Time
(min)
0
0
0
0
0
0
0
0

Dwell
Time
(min)
10
10
10
10
10
10
20
40

At the conclusion of the test, the boards were functionally tested one more time, while lowlevel vibration was applied, to determine if any soft failures could be induced. An auxiliary
accelerometer was placed on the actual test cards to determine the actual stimulus the cards
were experiencing. For this testing, the chamber control accelerometers were lowered to
the floor of the vibration chamber in order for low-level vibration (5 grms) to be obtained.
An auxiliary accelerometer was adhered to each card. The accelerometer was mounted in
the same location on each card. The accelerometer measured acceleration in the z-axis
(up/down). The measured vibration levels at the card indicated that the levels at the card
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were higher than the setting on the table, which suggested that there was some
amplification by the vibration table fixture. This implies increased robustness of the cards
than the vibration table settings alone would indicate. Testing was performed using the
functional test fixture, but with the boards still mounted to the vibration fixture.
Table 17 below shows the measurements of the auxiliary accelerometers during the final
portion of the test.

Table 17: Vibration Testing Results
Card Number
A7
A1
C1
D1
B1
E1

Auxiliary Accel.
Range (Grms)
11.1-19.1
10.2-13.6
18.0-32.0
23.0-35.0
13.3-18.0
14.8-17.5

Cards A1, C1, D1, B1, and E1 generally passed the functional tests. Card E1 had an input
current reading that was slightly high, but this was present before the vibration test and did
not change as a result of the test. Card A7 occasionally exhibited anomalous readings in
driving the valve based on changing the sensor load per the functional test procedure. This
behavior is believed to have existed prior to the vibration test, and was found to occur
approximately 20% of the time.
Overall, the Smart II cards appeared to be robust to vibration within the limits of
Benchmark’s ability to make this assessment visually and electrically. The inability to
induce a hard failure in any card indicates that, to this point, the tin-lead and lead-free
processes appear at least equivalent. A new project that applies additional vibrations for
longer periods of time should be considered. Any “soft” failures, or slight deviations from
given test limits, that were observed during bench-top testing were most likely due to the
use of different test equipment, including the power supply and set point controller, than
what was used to establish the test limits. These deviations are not considered failures due
to vibration.

54

Overall Conclusions
1) In almost all cases, RoHS compliant components were available for the Smart II
design that had the appropriate temperature rating of 260 °C and incorporated
generally accepted tin whisker mitigation guidelines. These components allowed
the conversion of the Smart II card from tin-lead to lead-free. These parts were not
always available during similar studies performed several years earlier.
2) The lead-free SMT defect level from this pilot build was calculated to be less than
the historical levels for tin-lead. The lead-free through-hole defect level was
calculated to be slightly higher than the historical levels for tin-lead. However, the
sample size of the lead-free boards was too small to definitively state that the leadfree defect level is higher or lower. Based on this sample size, the defect levels for
tin-lead and lead-free are considered roughly equivalent.
3) Visual inspections, X-Ray analysis, and cross-sections confirmed that the lead-free
joints met IPC 610-D Class 3 criteria. There was no evidence of thermal
degradation to the printed circuit board or components after assembly.
4) Forced double reworks on BGAs, through-hole components, and SMT lead frame
components were successful, although there was evidence of thermal degradation
(hole-wall separation) on a through-hole component that was reworked by hand.
5) Shear testing and pull testing indicated that the lead-free joints were slightly but not
significantly weaker than tin-lead joints.
6) The lead-free cards passed the ion chromatography testing for overall ionic
contamination, but the levels of some ions indicated that there may be an
opportunity to improve bare board cleanliness and handling during assembly to
provide a further level of robustness against electrochemical failures.
7) There were no lead-free or tin-lead solder joint failures during thermal cycling for
reliability. However, a large number of LEDs failed when exposed to extended
thermal cycling. These failures are believed to be component-specific issues.
8) Tin whiskers were not observed during any tin whisker testing, and all cards passed
functional testing conducted during these tests.
9) Vibration testing indicated that the lead-free and tin-lead cards were equivalent in
their robustness.
10) Overall, the lead-free testing did not indicate any disadvantage with respect to the
use of the various chemistries and conformal coatings tested.
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Overall Recommendations
1) Create a proper baseline of tin-lead process performance and quality metrics for
each product. This will be critical to compare the process and quality results for the
new lead-free electronics assembly process. It should include reliability data from
thermal cycling or an equivalent process, if feasible.
2) Carefully select the key parameters and suppliers to evaluate, including solder paste
vendor, wave solder flux vendor, and other processing parameters.
3) Determine the availability of lead-free compatible components. The components
should have a lead-free finish, the ability to withstand the higher temperature
profiles associated with lead-free electronics assembly, and appropriate tin whisker
mitigation practices implemented for the surface finish.
4) Conduct an X-ray fluorescence (XRF) scan of key materials and inputs (e.g. solder
paste, components, board, hardware, and finished assembly) to ensure the endproduct is RoHS compliant. XRF scans can be conducted during incoming
inspection, inventory retrieval, in-process, and final inspection.
5) Using the solder fountain is recommended for the removal and replacement of
through- hole components as opposed to the hand process using the vacuum
iron/solder iron combination. This recommendation is based on the thermal
degradation of the printed circuit board observed after the hand process was used.
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Future Work
All cards from the thermal cycling tin whisker test and the constant temperature and
humidity tin whisker test will be set aside under standard room temperature and humidity
conditions. They will be re-inspected for tin whiskers in the September 2008 and
November 2008 timeframes.
Brooks Instrument will conduct additional testing on another group of lead-free cards to
determine if the no-clean residue needs to be removed prior to application of the conformal
coat. If cleaning is required, different methods will be analyzed, including the use of
several solvents and saponifiers. The investigation may also lead to the use of organic acid
chemistry, which does not leave a residue after appropriate water based cleaning.
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