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ABSTRACT

With the introduction of environmental legislation such as
the Restriction of Hazardous Substances (RoHS), lead (Pb)-free
materials have made their way into the electronics manufacturing
industry. One issue that has emerged is that Pb-free solder alloys
can initiate and grow tin whiskers under specific conditions. These
whiskers are thin, highly conductive filaments which have the
potential to grow and can cause field failures in many applications.
Most concerning with respect to tin whiskering are high reliability
applications such as aerospace, automotive, and medical.

Bismuth (Bi) is being considered for inclusion in solder alloys
to replace the current industry standard (SAC 305) and provide
improved thermomechanical and vibration reliability. In this paper,
we discuss whisker formation of several Bi-bearing alloys after
long-term (12,000 hours), ambient high humidity (25°C/85%
RH) storage. Three alloys containing Bi, in addition to SAC 305
(Sn-3.0Ag-0.5Cu), were considered. These alloys were Violet (Sn-
2.25Ag-0.5Cu-6.0Bi), Sunflower (Sn-0.7Cu-7.0Bi), and Senju (Sn-
2.0Ag-0.7Cu-3.0Bi). The boards were fabricated with electroless
nickel immersion gold (ENIG) and immersion tin (ImmSn) finishes
and populated with parts having Cu and Fe42Ni alloy leads and
chip parts, with half of assemblies cleaned and half cleaned and
contaminated with low levels of NaClL

This paper is the second in a series of three in which we share
quantitative statistical analysis from the whisker inspection of the
small outline transistor (SOT) components. It was found that on
ImmSn surface finishes, the longest whiskers were found on SAC,
however the longest whiskers were found on Bi-bearing alloys
for ENIG. In addition, whiskers were found to generally grow
in regions where the tin coverage is thin, and, on ENIG-finished
assemblies, near the PCB, likely due to galvanic corrosion between
the solder and the finish chemistry.

Keywords: Tin whisker, nucleation, growth, corrosion, ambient
temperature, high humidity, lead-free solder, bismuth, SAC

BACKGROUND

The elimination of lead (Pb) from consumer electronics has
resulted in an increased emphasis on tin whisker risk mitigations
in aerospace and defense systems using dual-use commetcial/
aerospace components [1]. Environmental prohibitions of lead
in commercial electronics have made these electronic parts and
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assemblies become more susceptible to tin whiskering, Tin whisker
shorting issues were known to be an issue decades ago and at
that time whisker issues were solved by the addition of lead into
tin. Unlike consumer electronics, aerospace systems can have
high consequences of failure and are exposed to many kinds of
environmental conditions that promote whisker growth. Some
conditions of concern are thermal cycling, vibration, shock,
humidity, salt fog, sulfur rich environments, rework, and long term
storage. Figure 1 shows several sources of compressive stress in a
typical tin plated lead and solder joint.
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Figure 1: Sources of compressive stress contributing to whisker
growth.

The dynamic recrystallization model provides a useful means to
describe whisker growth [2]. An interesting aspect of the dynamic
recrystallization model is that for a given temperature and grain size
if the compressive stress in the tin is either too low or too high,
whisker growth does not occur.

Although lead has demonstrated effectiveness at reducing whisker
propensity, tin alloying elements can either increase or decrease
whisker growth in Sn plating [3][4]. A short duration Sn plating
study indicated that Bi addition tended to retard whisker growth
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[5]. However, prior soldered assembly tin whisker testing revealed
that the entire material system of the lead-free solder joint must be
considered when evaluating tin whisker growth (e.g. lead material,
lead finish, solder alloy, board pad finish, board pad material, and
the type/location of intermetallics within the joint) [6]. Soldet can
have significant whisker growth due to corrosion between different
intermetallics in the alloy when contamination is present [7]. The
whisker propensity of bismuth containing lead-free alloys in the
present evaluation is a lower stress longer term evaluation than the
previously completed high temperature high humidity testing [8][9].
Here an 25°C/85 petcent relative humidity environment is used,
similar to the soldered assembly tin whisker growth test previously
performed on SAC305 (Sn-3.0Ag-0.5Cu) [10]. This paper is the
second of three parts detailing statistical analysis of whisker growth
on the same small outline transistor (SOT) components assembled
using bismuth-containing solder alloys shown in the previous paper.

METHODOLOGY
Test Vehicle, Assembly, Cleaning, Contamination, and
Exposure

Custom test vehicles were used for whisker growth testing. The
individual printed circuit boards (soldered twelve at a time on a
panel) are 6 cm x 6 cm x 2.36 mm thick double sided glass epoxy
with one ounce copper external base layers and finished with either
immersion tin (ImmSn) or immersion gold over electroless nickel
(ENIG), both in accordance with IPC-6012.

The types of test vehicles were assembled: SOT (small outline
transistor), QFP (quad flat pack) and BGA/CAP (ball grid array/
capacitor). Only the SOT boards (Figure 2) are considered in this
paper; part types on this test vehicle are given in Table 1. The
boards on the panels were soldered using solder pastes composed
of the alloys and flux shown in Table 2. The SAC305 assemblies
wete soldered with a peak reflow temperature of 240 °C, while the
bismuth containing alloys had a peak reflow temperature of 226 to
228 °C (as measured at the boatd surface).
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Figure 2: SOT test vehicle.

8 Delhaise, et al

After soldering, the boards were cleaned with a conventional
in-line cleaner. Next, selected boards were re-contaminated by
immersion in pans with solution of 160 ppm NaCl in deionized
water. Based on prior work, the resulting assembly contamination
level of the purposely contaminated assemblies is expected to be
near 5 ppm CI- by ion chromatography with a total concentration
of approximately 12 ng/in* equivalent Cl- as measured by resistivity
of solvent extraction [10]. Assemblies were exposed to low
temperature high humidity (ATHH) 25°C/85% telative humidity
(RH) simulated long term storage.

Table 1: SOT board parts.

Designation Lead Lead | No. of leads per part
Part No. Package | Frame (4) | finish / No. of parts
SOT3
2N7002 (1) Alloy 42 Ms*’rtlte 3/64
SOT23-3
SOT5
NC7S08M5X (2) | Cul94 MS"‘;‘e 5/40
SOT23-5
SOT6
IN7002DW-7-F | Alloy 42 Ms‘fe 6/17
(1) SOT363
R0402
0402- Pb-free | Alumina Msartlte 2/128
Chip resistor

Notes: (1) Fairchild; (2) Diodes Inc.; (3) Practical Components
(Amkor); (4) From the manufacturer’s data sheet Alloy 42 is
Fe39-41Ni-0.6Mn-0.05Cr-0.02Si-0.05C and Cul94 alloy is Cu
2.1-2.6Fe 0.015-0.15P 0.05-0.2Zn

Table 2: Solder assembly alloys and fluxes.

Solder Cc.)mp051t1011 Flux
(weight percent)

SAC305 96.5-Sn, 3-Ag, 0.5-Cu INDIUMS.9HF
SenjuMaz | OH2SB. i’_gig’ 0.75-C. | NDIUMS.9HF
Sunflower 92.3-Sn, 0.7-Cu, 7-Bi INDIUMS.9HF

Violet 91:25-8n,225-Ag. 03| pMg 9HF
Cu, 6-Bi

For further details concerning these processes, please refer to the
corresponding section(s) in Part 1 of this paper series.

Whisker Inspection

A Hitachi S-3000 scanning electron microscope (SEM) was used
for the inspection and an electron dispersive X-Ray (EDX) was
used for elemental analysis. The first inspection was performed
after 1,000 hours. Following the inspection, the samples returned
into the chamber and re-inspected after an additional 3,000 hours
for a total of 4,000 hours (1,000h + 3,000h). Then the samples were
returned to the chamber again and re-inspected after an additional
8,000 hours for a total of 12,000 hours (1,000h + 3,000h, + 8,000h).

This series of papers describes the inspection on selected parts
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from the SOT assemblies. The boards were inspected to obtain
whisker nucleation and length statistics. An inspection was done
for each combination of alloy (SAC, Senju, Sunflower, Violet),
surface finish (ENIG, ImmSn) and level of cleanliness (clean and
contaminated). All or portions of the following short hand may
be used to reference the configuration: (Finish-Solder-Board-Part-
Reference Designator-Lead).

At the 4,000 inspection interval, the following quantities
of randomly selected parts were inspected at 4,000h for each
combination:

* SOT3 — 6 components, 18 leads

* SOT5 — 2 components, 10 leads

* SOTG6 — 2 components, 12 leads

At the 12,000 inspection interval, the same part locations for
each combination were examined. The following quantities were
inspected:

* SOT3 — 8 components, 24 leads

* SOT5 — 5 components, 25 leads

* SOTG6 — 4 components, 24 leads

SEM photographs of all regions on the leads were taken at
100x magnification and all visible whiskers were counted to obtain
whisker density. The whisker length criterion in JESD22A121A
was used to perform the whisker length measurements [13] in the
SEM, except whisker nucleation sites having an aspect ratio of
approximately one were included in the whisker count. Whiskers
longer than 10 microns were measured.

A unique aspect of measuring whiskers on part solder joints is
that nothing is planar and the sample must be continually rotated
and tilted during the inspection. As the stage is tilted, the whisker
length appears to increase until the SEM inspection azimuth angle
is perpendicular to the whisker. Further tilting results in the whisker
beginning to appear shorter. In the present work, the reported
whisker length measurements are conservative. During the length
measurement procedure, the SEM inspection azimuth axis was
adjusted to be aligned to within ~30 degrees from perpendicular to
the whisker. The SEM axis misalignment from the whisker normal
results in a potential whisker length under-reporting of up to 15
percent as shown in Figure 3. All whisker dimensions are reported
in microns.

The whisker location was documented in an effort to understand
patterns related to the underlying metallurgy. The locations are
defined in Figure 4; the surface areas of each joint (lead, pad, and
solder joint fillet) with respect to locations obtained via the image
post processing are provided in Table 3. These surface areas were
used in density calculations and were previously determined in
eatlier SERDP work [9]. In the present experiments, all whisker
growth in region 2 occurred where the solder was thin, unless
otherwise noted. Whisker diameter was also measured in the SEM.
In addition, the whisker growth angle was approximately measured
as shown in Figure 5.
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Figure 3: Whisker length measurement error estimate.
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Figure 4: Whisker location definition. The hatched region 2
indicates the thick solder region on the lead and includes the
thinner solder that wet onto the board pad. Areas 1, 3, 4 and
5 represent the thin solder or tin region above the thick solder
area.

Table 3: Computed areas for SOT whisker growth locations
(mm?).

Location SOT-3 SOT-5 SOT-6
1 0.086 0.187 0.116

2 0.572 0.573 0.358

3 0.066 0.054 0.036

4 0.066 0.212 0.117

5 0.314 0.241 0.133
Total 1.104 1.267 0.760
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Figure 5: Whisker angle measurement definition.

INSPECTION RESULTS
1000 and 4000 hour inspections

At the 1000 hour inspection, the cleaned boards had no whisker
growth. The contaminated assemblies demonstrated growth of
several small whiskers; the longest observed was 12 microns in
length and was found on a SOT-5 component assembled using
Sunflower paste on immersion tin finish.

After 4000h, only a few whiskers were observed on contaminated
assemblies. Cleaned assemblies did not grow any whiskers. No
whiskers failed JESD Class 2. The longest whisker was on ImmSn-
SAC 305-SOT3, and was 29.5 microns in length and was hollow.
Only four whiskers greater than 10 microns were measured; the
only one that was not hollow was 11.9 microns in length, on
ImmSn-Senju-SOT3. The longest whisker from the 1000 hour
screening inspection was not observed in the 4000 hour screening
inspection because a different set of parts were inspected.

12,000h inspection

General Observations

More whiskers were observed on contaminated assemblies than
cleaned assemblies, and a larger proportion of parts/leads on
ImmSn assemblies had whiskers compared with ENIG (Figure 0).
For both cleaned and contaminated assemblies, a larger fraction
of the inspected parts and leads assembled with Bi-bearing alloys
(particularly Violet and Sunflower) demonstrated whisker growth
than those assembled with SAC 305. Notably, for cleaned ENIG
assemblies, whiskers were only observed on Sunflower, and on
cleaned ImmSn assemblies, the proportion of parts/leads with
whiskers increased with Bi content. A similar trend was observed
on contaminated assemblies.
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W hisker Length

The vast majority of whiskers greater than 10 microns in length
were on contaminated parts — only one such whisker (14.3 microns)
was observed on a cleaned assembly (ImmSn, Violet, SOT5, at 1.3
(Location 3, ref. Figure 19 in Part 1).

On contaminated ImmSn, two whiskers were measured which
failed JESD201 for tempetature/humidity storage. These measured
98.4um and 79.3um respectively and were found on SAC and Senju
SOT-3 parts, respectively. Long whiskers on SOT-3 also occurred
on the high temperature/humidity samples from our eatlier work
[9]. All alloys and parts showed comparable ranges in measured
whisker length other than a few outliers such as those mentioned
above — this indicates that whisker length is much more consistent
on Bi-bearing alloys and the risk of developing a long whisker is
reduced (Figure 7).
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Figure 6: Percentages of inspected parts and leads with
whiskers, by assembly cleanliness, surface finish, and alloy.
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Figure 7: Statistical distribution of measured whiskers on the
ImmSn finished boards; (a) alloys and (b) part types.

A very different trend was observed on ENIG (Figure 8). SAC
showed very few whiskers longer than 10um in length, and two
whiskers on Violet SOT-5 parts failed the JESD standard (58.7 and
41.4um). Two additional whiskers on Sunflower SOT-3 (39.7um)
and Violet SOT-6 (39.1um) nearly failed. Overall, fewer whiskers
greater than 10um in length were measured on ENIG than on
ImmSn, however Sunflower had the most of the four alloys.

Figure 8: Statistical distribution of measured whiskers on ENIG
finished boards; (a) alloys and (b) part types.

W hisker Density

Whisker density data is presented in a multiple-variable chart in
Figure 9, with each panel consisting of combinations of surface
finish and assembly cleanliness, with data points grouped by alloy
with respect to location. Almost all whiskers on cleaned assemblies
were present at L1, .3, and 1.4 and on SOT-5 and 6 parts; these
leads are taller than SOT-3 leads and locations are near the top of
the lead, where the solder is thinner, which are ideal conditions for
whiskering. With respect to location and part type, all four alloys
showed varying distributions of whisker density, most notably
Violet and Sunflower for ImmSn. These ‘spikes’ in density can be
explained by the localized concentration of whiskers on a small
number of the total cohort of inspected leads. For example, the
high density seen on Sunflower 1.1 is the result of 29 whiskers
observed on one SOT-5 lead, 2 whiskers on another SOT-5
lead, and zero whiskers on the remaining 23 leads. Similar trends
occurred for Violet; in both cases the leads with high whisker count
were heavily corroded (Figure 10, also seen in Part 1). It is suspected
that the contamination/corrosion may be the result of handling
between chamber exposures. However, there are times when high
whisker density occurred on the clean assembly with little or no
incidental contamination (Figure 20 in Part 1 showing Imm Sn-
Sunflower-SOT5-U18 lead 4).

It is recommended that either the exposure time be increased to
grow more whiskers, or a larger number of parts/leads be inspected
for more meaningful data analysis of the cleaned assemblies.

Delhaise, et al il
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Multi-Vari Chart for Counted Whisker Density by Location
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Figure 9: Whisker density by location, organized by assembly
cleanliness, surface finish, and alloy.
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Figure 10: High whisker growth and corrosion on a cleaned
assembly on a Violet soldered SOT5 lead on an ImmSn board,
corresponding to the large spike in Figure 10. (A) Overview
of lead, (B) whisker growth near the arrow in A, (C) adjacent
lead with no corrosion or contamination, and (D) typical lead
corrosion and whisker growth on a purposely contaminated
assembly.

Similarly to the cleaned assemblies, whiskers were found almost
exclusively on L1, L3 and 1.4 on contaminated ImmSn assemblies.
The trend in density with respect to location varied between alloys.
For SAC and Senju, the higher whisker density was on 1.4, and for
Violet and Sunflower, the highest whisker density was on L3. Minor
differences in density between the alloys are observed for L1 and
L4 (other than Senju L4). Examination of Alloy-Part-Location plots
with respect to whisker density did not explain these differences —
for cach alloy, different part types were more favorable to whisker.
It can be said that there are many competing processes taking part
in these samples which make interpretation of the results difficult.
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Two significant observations can be made comparing the ENIG
result to the ImmSn result — fewer whiskers overall were seen on
ENIG, and on the Bi-bearing alloys, appreciable whiskering was
observed on L2 and L5, which did not show any whiskers on
ImmSn. This may be a corrosion effect exclusive to the ENIG
finish and is discussed below. In addition, a greater ratio in density
between 1.3 and 1.4 was observed for the Bi-bearing alloys.

There appears to be a shift in the density difference between
lead frame materials (Alloy 42 and Cul94) as the Bi content in the
alloy increases (Figure 11). On both ImmSn and ENIG assemblies,
higher densities are observed on Cul94 for SAC 305. Generally,
Bi-bearing alloys demonstrate slightly higher density on Alloy 42
compared to SAC, and the whisker density on Cul94 is lower.
ImmSn Senju is one interesting exception — density is higher than
on any other combination of alloy and lead frame for ImmSn. For
Violet and Sunflower, Alloy 42 demonstrated higher whisker density
than Cul94, the opposite to what was seen for SAC.

Multi-Vari Chart for Counted Whisker Density by Leadframe Material
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Figure 11: Whisker density by leadframe material, organized
by surface finish and alloy.

Whisker density was calculated for each lead and these values
(except densities of zero) are plotted in Figure 12 (ENIG) and
Figure 13 (ImmSn), for cach alloy and plot type, and fitted to a
lognormal distribution. Statistical results from these distributions
are given in Table 4 (ENIG) and Table 5 ImmSn).

Definitions of the parameters are as follows:

* N: Number of leads with a whisker density.

* Location: Indicative of the median (log scale) whisker density.

* Scale: Indicative of the distribution of data (log scale). A larger
value indicates a wider spread in whisker density across the
sampled leads.

* AD (Anderson-Datling statistic): Indicative of how well the
data fits the lognormal distribution. A larger value indicates a
poorer fit.
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Figure 12: Lognormal probability plots of whisker density on
a per lead basis, for ENIG-finished assemblies. SOT-3 (a); SOT-5

(b); SOT-6 (c).

Table 4: Lognormal Distribution Parameters (ENIG)
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Table 5: Lognormal Distribution Parameters (ImmSn)

Part Alloy N | Location | Scale AD
SAC305 | 23 2.13 1.01 | 0.924
SOT-3 Senju 14 1.67 1.13 | 0.528

Violet 24 2.70 0.84 | 0.733

Sunflower | 23 2.05 0.97 1.002

SAC305 | 24 2.53 1.17 | 0.754

Senju 19 3.38 1.13 1.800

Part Alloy N | Location | Scale AD
SAC 305 16 1.06 0.86 0.498
Senju 20 1.96 1.17 0.501
SOT-3 Violet 22 3.10 0.56 0.423
Sunflower | 23 2.26 0.93 1.439
SAC 305 | 22 2.60 0.94 0.180
Senju 16 2.06 1.31 0.219
SOT-5 Violet 19 2.06 1.21 0.144
Sunflower | 25 1.72 1.03 0.429
SAC305 | 23 1.99 0.77 0.784
Senju 23 1.82 091 0.252
SOT-6 Violet 23 2.57 0.87 0.484
Sunflower | 24 2.28 0.80 0.477

SOT-5 Violet 24 2.55 0.99 0.600
Sunflower | 23 2.20 0.96 0.344

SAC 305 10 1.40 0.64 0.243

SOT-6 Senju 21 2.36 0.99 0.375

Violet 24 2.98 0.47 | 0.154

Sunflower | 24 3.21 0.58 0.599

Figure 13: Lognormal probability plots of whisker density on a
per lead basis, for ImmSn-finished

Delhaise, et al
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Overall, the density data demonstrates varying degrees of fit to
the lognormal distribution. Several observations that can be made
about these probability plots are as follows:

* Generally, a wider spread in densities can be seen on Cul9%4
leads (SOT-5) than Alloy 42 leads. Both lead materials show about
the same wellness of fit to the lognormal distribution, overall.

* Overall, ENIG shows a slightly wider spread in density (across
all parts/alloys) and fits the lognormal distribution slightly better
than ImmSn.

* Several data sets show extremely poor fit to the lognormal
distribution (AD > 1). These are ENIG, SOT-3, Sunflower (Figure
12a); ImmSn, SOT-3, Sunflower (Figure 13a); and ImmSn, SOT-5,
Senju (Figure 13b). These have AD values of 1.439, 1.002, and
1.800, respectively. The latter shows high average whisker density
(Figure 11) — this may be caused by the uncharacteristically high
number of leads with high whisker density.

* No clear trends can be seen with respect to alloy, considering
these distributions.

W hisker Diameter and Angle

Boxplots showing the distribution of average whisker diameter
for the different alloys and board finishes is given in Figure 14.
If a whisker diameter changed over its length, the average of the
minimum and maximum diameter was reported. It is observed that
diameter is not largely dependent on alloy, particularly for ImmSn,
though for both finishes, the median whisker diameter is slightly
larger on the alloy with higher Bi content (Violet and Sunflower).
Opverall, for both ENIG and ImmSn, the diameter distributions do
not appear to be statistically significant between alloys. The overall
average diameter for the ENIG board finish is 2.6 microns and for
the ImmSn is 3.5 microns.

Scatter plots showing the relationship between whisker length
and diameter are given in Figure 15. Generally, very little correlation
is observed, save ENIG-Senju and ImmSn-SAC. The longest
whiskers were between two and eight microns in diameter.

The count of whisker growth angles is summarized in Figure 16.
For the ImmSn finish, the majority of the whiskers had an angle
of zero degrees, which means that the growth angle was relatively
shallow (e.g. less than ~20-25 degrees as defined in Figure 5).

The complete set of data from the whisker inspection of the
SOT assemblies after 12000 hours is given in the appendices of the
original version of this paper, published at the 2018 SMTA ICEET
conference.
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Scatterplot of Whisker Length vs Di (ATHH, 8000h, SOT, ENIG)
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Figure 15: Whisker diameter versus length for the SAC, Senju,
Sunflower and Violet alloys, with correlation coefficients ; (a)
ENIG and (b) ImmSn.
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Whisker Angles by Alloy (ATHH, 8000h, SOT, ENIG)
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Figure 16: Count of whisker angle incidence for the SAC, Senju,
Sunflower and Violet alloys; (a) ENIG and (b) ImmSn.

DISCUSSION
Role of Bi in Whiskering

After reflow, Bi forms a supersaturated solid solution with Sn.
Over time, Bi will precipitate out of solution, forming small particles.
The solid solubility of Bi in Sn is roughly 2 wt%; the higher the Bi
content in the alloy, the greater volume fraction of Bi precipitates.
In addition, the Bi precipitates become more homogenously
distributed through the alloy over time [14], likely due to continuous
dissolution and re-precipitation at the exposure temperature (25°C).
Migration of Bi precipitates from the interdendritic spaces results
in loss of dendritic structure of the primary Sn. In addition, larger
Bi precipitates will not undergo dissolution/re-precipitation; rather
they will remain out of solution and undergo Ostwald ripening
(Dissolution of small grains in favor of growing larger grains)
as some Bi migrates to the phase boundaries between the large
particles and Sn matrix (Figure 17).

In addition, Bi precipitation induces the recrystallization of
the Sn matrix [15] into a homogeneous, equiaxed grain structure
(Figure 18). This is likely a result of density and crystal structure
mismatch between the Sn and Bi phases (Table 6) — as Sn is softer
and more ductile than Bi, it will expetience stress due this mismatch.
Recrystallization is the result of the Sn matrix relieving this stress.
It is believed that whisker nucleation and growth is analogous
to recrystallization — while grain size in the bulk is restricted by
neighboring grains, the free surface provides an opportunity for

unhindered grain growth which results in a whisker. In SAC 305,
whiskers are generally longer and sparser because the stress is higher
in more localized regions. Adding Bi to the alloy causes a more
distributed stress condition in the joint, resulting in more nucleation
sites for whiskers. These whiskers, however, are substantially shorter
and less of a reliability risk.

50 pm

(2)

50 um

(b) S ] o
Figure 17: Evolution of microstructure of Sn-5Bi after aging at
room temperature [14]; (a) As-cast and (b) after 168 days. With
aging time, Bi precipitates become more evenly distributed
and some precipitates undergo Ostwald ripening.
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(b) 50y

Figure 18: Recrystallization of Violet after aging [15]; (a) As
cast and (b) after aging at 125°C for 100 hours.

Table 6: Density and crystal structure data for Sn and Bi.

Metal | Density (g/cm?) Crystal Structure
Sn 7.27 Body-centered tetragonal
Bi 9.78 Rhombohedral

Role of Bi in Corrosion

The addition of Bi to the alloy may also exacerbate corrosion,
which would result in an increase in whiskers. This would be
prevalent in alloys with substantial Bi precipitation (Violet and
Sunflower). Examination of the galvanic series (Table 7) indicates
that Bi is more noble than Sn [16] and thus in a Sn-Bi couple, the Sn
will preferentially corrode (as observed in Figure 19). The galvanic
cell analysis is as follows:

# Half Reactions Standard Half
Cell Potential (V)
Bi,O, + 3H O +6e- — 2Bi + 60H- -0.46V
SnO, + 2H,0O + 4e- — Sn + 4OH- -0.945V
Cu,0 + H O + 2e- — 2Cu + 20H- -0.36V

Rearranging to combine Reactions 1 and 2 into Reaction 4, and 2
and 3 into Reaction 5:
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# Reaction Standard Cell
Potential (V)
4 2Bi203 + 3Sn — 4Bi + 3SnO2 +0.485V
2Cu20 + Sn — 4Cu + SnO2 +0.585V

Table 7: Abridged galvanic series of metals in sea water [16].
The galvanic potential for Au was not included; the value for
Pt is given as it behaves comparably to Au.

Metal Median Potential
(V) (SCE Reference)
+0.295
-0.141
-0.172
-0.248
-0.671

Gold
Copper
Nickel

Bismuth
Tin

Figure 19: 4000h inspection showing corrosion between Sn and
Bi on a cleaned SOT6 lead with Sunflower on an ENIG finished
pad (4000x magnification). EDX locations are labelled; the
bright white particles are Bi.

The net standard cell potentials are positive, which suggests that
the reactions will proceed to the right, and Sn will preferentially
oxidize in a couple with cither Bi or Cu. It supports the SEM/
EDX results (Table 8) where corrosion of Sn occurred around
Bi precipitates, and the lack of Bi in the outer oxide layer of the
corroded whisker (Bi is rejected from the growing oxide layer into
the core of the whisker). Note if SnO instead of SnO, (V = -0.10V)
is used, the net cell potential is negative (-0.36V), which would
suggest that Bi O, and Sn will coexist rather than SnO and Bi. Since
this was not observed in the current EDX data, it is more likely that
SnO, is taking part (or predominant) in this galvanic cell.

In addition, phase boundaries (e.g. between Sn and Bi) are more
active than bulk material and are more susceptible to corrosion.



SMTA Journal

Volume 33 Issue 1, 2020

Finally, the recrystallization of the alloy induced by Bi precipitation
causes an increase in Sn grain boundaries, which are also high
energy boundaries that are more susceptible to corrosion.

Table 8: Detailed EDX spectra for Figure 19.
Element | pt1l pt 2
C 7.34 | 640

N 5.26 | 4.62

O 6.31 | 5.11

S1 0.00 | 0.00

Ni 0.00 | 1.02
Cu 0.00 | 0.00
Sn 76.15 | 69.81
Au 1.39 | 948
Bi 3.55 | 3.56

pt 3
7.80

3.28
5.11
1.21
3.89
13.33
54.47
4.46
1.45

Effect of Au in Corrosion on ENIG finish

The galvanic series suggests that Au is more noble than all other
species in the joint [16]. This fact, in addition to the Sn-Bi galvanic
effect and increase in grain and phase boundary content in Bi-
bearing alloys, may explain the increased whiskering on ENIG at 1.2
and L5 shown in Figure 9. These locations are close to the pad and
thus likely richest in Au. Significantly fewer whiskers were seen in
these locations for SAC, likely because the whisker-inducing effects
of Bi were not present.

SUMMARY AND CONCLUSIONS
Several key takeaways from the statistical results of this study are
as follows:

* On cleaned assemblies, generally a higher proportion of parts/
leads show whiskers as the Bi content is increased.

* On ImmSn, whiskers were generally shorter and more consistent
on alloys with high Bi content (Violet and Sunflower), however the
opposite is observed for ENIG.

* On cleaned assemblies and on contaminated ImmSn assemblies,
whisker growth was restricted to regions with thin solder coverage,
such as L1, 1.3 and L4.

e However for contaminated ENIG assemblies, while showing
fewer whiskers than ImmSn, substantially more whiskers were
observed on locations close to the pad (L2 and L5). This may
be caused by an exacerbation of corrosion related to the nobility
differences between the various species present at these regions
(such as gold from the surface finish).

e Whisker diameter is not strongly correlated with whisker length
or alloy type, however diameter is slightly larger for the higher-Bi
alloys (Violet and Sunflower).

From a practical perspective, it is challenging to keep an initially
clean assembly from getting incidental contamination that can
promote whisker growth during the product life cycle. The typical
practice of conformal coating a product helps reduce the risk of
incidental contamination by providing an added barrier between
the environment and the termination. It is for this reason that full
coverage of conformal coating is desired for whisker mitigation.

The utilization of clean boards permits evaluation of the alloy
impact on whisker formation. Contamination and corrosion may
mask the effects of alloy additions and other growth mechanisms.
In longer tests, where corrosion results in whiskers falling off or
possibly becoming consumed by the corrosion products, it can also
influence whisker density and length results.

It is important when studying whisker growth of solder joints
that all the material interaction be considered. For ImmSn, there
were more whiskers on the Bi-bearing alloys, but they were shorter
in length and more kinked/cutved than the SAC305 terminations.
This is believed to represent a more even distribution of stress due
to a greater number of small Sn grains as compared to the SAC
alloy. However the opposite is observed for ENIG, suggesting that
consideration of multiple mechanisms contributing to whiskering
must be considered. This will be done in the third paper in this
series.

FUTURE WORK

One follow-up paper is planned which supplements the work
shown in this paper and in Part 1. In that paper (Part 3), more
analytical work, including cross-section and EDX, of interesting
features will be provided. In addition, screening inspection results
from QFP and BGA boards will be shown, and the results from a
detailed inspection of the latter will be included in a further future
publication.

Further whisker mechanisms will be proposed and discussed,
notably with respect to the role of Bi and Au in the corrosion of
solder joints. In addition, an expansion to the previously discussed
whisker ‘sweet spot’ concept, considering the effects of Bi on
the stress state in solder joints and subsequent response of the
microstructure, will be considered.
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