22 SERDP

DOD = EPA = DOE

Simplified Whisker Risk Model Extensions

1. Extensions to Whisker Risk Model

The whisker risk Monte Carlo model described in the prior SERDEP work (Ref. 1) was extended to
incorporate the following:

o Parallel flat plates
e Parallel round pins
e  Perpendicular flat plates

1.1 Whisker Mirror

The model extensions used both the whisker mirror described in prior work and explicit modeling of
the surfaces for the parallel configurations. The perpendicular flat plate model used explicit modeling
of both surfaces and did not implement the whisker mirror.
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2. Whisker Risk Data Subset

The general approach for developing the simplified whisker risk model was to develop generic
relationships based on view factors and spacing distributions developed from specific geometries as
described in Table 1 through Table 2. Spacing and pitch dimensions are as follows:

o Parallel plate — spacing is the spacing between the plates
o Parallel round pins — pitch is distance between centerlines
o Perpendicular plate — spacing (S) is the spacing between the center of the plates (see Figure 1)

Monte Carlo modeling was conducted for the listed geometries for uncoated leads only.

Table 1 — Dimensions Considered — Parallel Flat Plate Model

Length Width  Spacing

(mm) (mm) (mm)
0.3378 0.127 0.2
0.65 0.127 0.2
0.65 0.127 0.5
1 0.1 0.1

1 0.1 0.2

1 0.2 0.1

1 0.2 0.2

2 0.1 0.1
2 0.1 0.2
2 0.2 0.1
2 0.2 0.2
0.5 0.1 0.1
0.5 0.1 0.2
0.5 0.2 0.1
0.5 0.2 0.2

0.0635 0.14986 0.33
0.6812 0.14986 0.33
0.6812 0.14986 0.7366
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Table 2 — Dimensions Considered — Parallel Round Lead Model

Length Diam. Pitch

(mm)  (mm)  (mm)
0.3378  0.127 0.8
0.65 0.127 0.8
0.65 0.127 0.8
1 0.1 1
1 0.1 2
1 0.2 1
1 0.2 2
2 0.1 1
2 0.1 2
2 0.2 1
2 0.2 2
0.5 0.1 1
0.5 0.1 2
0.5 0.2 1
0.5 0.2 2

0.0635 0.14986 1.27
0.6812  0.14986 1.27
0.6812  0.14986 1.27
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Table 3 — Dimensions Considered — Perpendicular Flat Plate Model

Length Width Spacing
(L,mm) (W, mm) (S, mm)
0.3378 0.127 0.804546
0.65 0.127 1.025305
0.65 0.127 1.025305
1 0.1 1.414214
1 0.1 2.12132
1 0.2 1.414214
1 0.2 2.12132
2 0.1 2.12132
2 0.1 2.828427
2 0.2 2.12132
2 0.2 2.828427
0.5 0.1 1.06066
0.5 0.1 1.767767
0.5 0.2 1.06066
0.5 0.2 1.767767
0.0635 0.14986 0.942927
0.6812 0.14986 1.379707
0.6812 0.14986 1.379707
0.3378 0.127 0.380282
0.65 0.127 0.601041
0.65 0.127 0.813173
1 0.1 0.777817
1 0.1 0.848528
1 0.2 0.777817
1 0.2 0.848528
2 0.1 1.484924
2 0.1 1.555635
2 0.2 1.484924
2 0.2 1.555635
0.5 0.1 0.424264
0.5 0.1 0.494975
0.5 0.2 0.424264
0.5 0.2 0.494975
0.0635 0.14986 0.278247
0.6812 0.14986 0.715026
0.6812 0.14986 1.002536
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Figure 1 — Perpendicular Plate Spacing

© Copyright 2016 BAE Systems



3. Simplified Model Development

Development of the simplified model was based on developing whisker view factor and spacing
distribution based on lead and pad dimensions. All calculations were based on the use of
dimensionless parameters to avoid complications in the simplified model due to selection of units.

3.1 Whisker Shape Factor

The whisker shape factor represents the probability that an infinite whisker will bridge between
adjacent leads. A trial and error method in conjunction with the Excel solver was used to develop a
metric that has best correlation to whisker shape factor based on dimensional calculations easily
derived from part/pad data.

3.1.1 Lead Whisker Parallel Plates and Pins

The shape factor for parallel plates and pins is based on the same metric (M.) as used in the prior work
(Ref. 2) with the understanding that the single side area (As) is the projected area along the pitch axis
(for plates Aw=As) and the lead thickness is the plate width or pin diameter:

s = Lead Spacing

t = Lead Thickness

A= Whiskerable Area

A_= Single Side Area

(oa, M 1
M= 2 Ls)
Ay +s *

w

A plot providing the modeled shape factor as a function of the above metric and the derived equation
is provided in Figure 1.
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Figure 2 — Parallel Plate and Round Lead Shape Factor Correlation

3.1.2 Perpendicular Plate Whisker Shape Factor

The shape factor for perpendicular plates is given by the following metric (M.) with the spacing as
shown in:

s = Plate Spacing (see text)

t = Plate Width

A= Whiskerable Area

A_ =Projected Side Area Perpendicular to Surface = A

(oA \APOPEO—0.418031504

| 2| 1)
.‘5_15“.+ g )

A plot providing the modeled shape factor as a function of the above metric and the derived equation
is provided in Figure 2.

© Copyright 2016 BAE Systems



O Perpendicular Plate (combined data) X Perpendicular Plate

O Perpendicular Plate (more iterations) + Perpendicular Plate (updated spacing)

——Power (Perpendicular Plate (combined data)) —— Power (Perpendicular Plate)

1 ——Power (Perpendicular Plate (more iterations)) ——Power (Perpendicular Plate (updated spacing))
1 y = 0.4466x0-5453
R?=0.9061
& 01 -+
- 4
o I
©
o I
o 1
o 4
©
ﬁ -
5 ) y = 0.2055x04524
ﬁ R?=0.9894
<
= 0.01 +
il &
0.001 1 -+ -+ 1 4+
0.00001 0.0001 0.001 0.01 0.1 1
Whisker Metric (ML)

Figure 3 — Perpendicular Plate Shape Factor Correlation

3.2 Spacing Distribution

The spacing distribution provides a cumulative fraction versus length between the minimum and
maximum spacing. Development of an appropriate distribution requires calculation of the minimum
and maximum spacing and the appropriate intermediate fractions.

3.2.1 Minimum Spacing

The minimum spacing is determined by the specific geometry as follows:

o Parallel flat plates — the spacing between the plates

¢ Round leads — the pitch minus the lead diameter

o Perpendicular plates — the center spacing minus the lead length divided by the square root of 2
3.2.2 Maximum Spacing

The maximum lead spacing is determined by the specific geometry as the extreme distance between
the far corners of the geometry as follows:

o Parallel flat plates — square root of sum of squares of plate width, length, and spacing
¢ Round leads — square root of sum of squares of lead diameter, lead length, and pitch
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e Perpendicular plates — use the following equation:

-
1 2 2

= [— 2-1- ;
Smax ‘]j +yf2ls+s5 +w

3.2.3 Distribution Development

3.2.3.1 0%, 95%, and 100% Distribution Points

Because of the controlled nature of the parallel and perpendicular geometries, the 0% distribution
point is the minimum spacing and the 100% point is the maximum spacing. The intermediate points
are based on the 95% point as calculated by a linear best fit based on the length, width, and minimum
and maximum spacing. Specific coefficients for the 95% length prediction are shown in Table 4.
Correlation between the Monte Carlo spacing and predicted are shown in Figure 4.

Table 4 — Coefficients for Length, Width, and Max./Min. Spacing for 95% Spacing

Length

Parallel Flat Plates 0.387985 0.457803

Perpendicular Flat Plates  -0.33047

Parallel Round Leads 0.017016 0.635506

1= Length
w = Width
= = Spacing

Width

-0.202

Spacing
Min. Max.
1.144546 -0.35014
0.034695 0.999461
0.037845 0.364181

@ Parallel Flat Plates Parallel Round Leads B Perpendicular Flat Plates
—— Linear (Parallel Flat Plates) —— Linear (Parallel Round Leads) ——Linear (Perpendicular Flat Plates)
4
3 /‘

y =1.0075x
R%=0.9949

Predicted 95% Spacing
N

y =1.0007x
R?=0.9978

1
y =1.0013x
1 R?=0.9948
0 j j j f f f f |
0 1 2 3 4

Monte Carlo 95% Spacing

Figure 4 — Correlation for 95% Spacing Prediction
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3.2.3.2 Intermediate Distribution Points

The distributions are developed based on a non-dimensional distribution by subtracting the minimum
spacing from the spacing values, dividing this value by the difference between 95% spacing point
described in paragraph 3.2.3.1 and the spacing as follows (Note: this is a different approach from that
used in prior work, Ref. 2):

8 = Mon-Dimensional Spacing

(5i ~ Smin)
5= 1—mm‘:l s; = Spacing of Point {from Monte Carlo)
| sgs0: — Sp
"93%  “min, sgse;, = 95% Spacing (see text)
Smin = Minimum Spacing

This produces a value of zero at 0% and nominally one at 95%. Plotting the results as a function of
cumulative spacing fraction produces reasonably consistent results as shown in Figure 5 through
Figure 7.

3
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N
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Minimum Spacing, 1

0.5
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Cumulative Fraction

Figure 5 — Non-Dimensional Spacing Distribution for Parallel Flat Plates
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Figure 6 — Non-Dimensional Spacing Distribution for Perpendicular Flat Plates
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Figure 7 — Non-Dimensional Spacing Distribution for Parallel Round Leads
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Specific non-dimensional distribution values for each type of scenario are summarized in Table 5.
These values are used in conjunction with the appropriate minimum, 95%, and maximum spacings to
extract the specific length as a function of cumulative fraction.

Table 5 — Non-Dimensional Whisker Distribution
(0 = minimum spacing, 1 = 95% spacing)

Parallel
Parallel Perpendicular Round
Cumulative Plate Plate Lead
0% 0.0000 0.0000 0.0000
5% 0.0005 0.1151 0.0188
10% 0.0022 0.1694 0.0391
15% 0.0051 0.2162 0.0606
20% 0.0093 0.2593 0.0831
25% 0.0150 0.3006 0.1072
30% 0.0224 0.3410 0.1326
35% 0.0317 0.3807 0.1585
40% 0.0432 0.4206 0.1871
45% 0.0572 0.4610 0.2172
50% 0.0743 0.5024 0.2490
55% 0.0950 0.5444 0.2840
60% 0.1204 0.5876 0.3220
65% 0.1519 0.6324 0.3650
70% 0.1916 0.6789 0.4155
75% 0.2434 0.7279 0.4748
80% 0.3154 0.7800 0.5483
85% 0.4234 0.8385 0.6449
90% 0.6056 0.9078 0.7786
95% 1.0000 1.0000 1.0000
100% Use maximum from text

3.3 Special Case of Parallel Large and Small Plates

A closed form solution for round plate with an infinitesimal source was used to develop an
approximate view factor and distribution relationship for parallel large and small rectangular plates
with only one plate generating whiskers. The radius for the large plate was approximated based on the
same area as the rectangular target plate. Development of the analytical solution and inspection of
Monte Carlo results leads the preliminary hypothesis that whiskering between two unequal areas is
reciprocal in that the number of whiskers making contact does not depend on which area generates the
whiskers. It also follows that the distribution fractions will be identical for whiskers sourced from
either plate. Using the geometry shown in Figure 8, the following view factor relationship was
developed:
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View Factor - Point to Large Circular Plate
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Ag = Area of Small Plate

Aj = Area of Large Plate

F. 1 = View Factor for Whiskers Originating
at Large Plate



Figure 8 — Small and Large Plate Approximation

Table 6 — Comparison of Approximate (closed-form) and Monte Carlo View Factor

Configuration

Plate to QFP lead + solder (0.5mm space)

Plate to 0603 lead + solder (0.5mm space)
Plate to QFP lead + solder (1mm space)
Plate to 0603 lead + solder (1mm space)
Plate to QFP lead + solder (2mm space)
Plate to 0603 lead + solder (2mm space)
Plate to QFP lead + solder (4mm space)
Plate to 0603 lead + solder (4mm space)

Plate

© © VU VU VU OV Vv v

Plate

7

NN NN NN

0.5
0.5

A DN NPR B

Target Target
Length Width Spacing Length Width

1.6
1
1.6
1
1.6
1
1.6
1

1
0.75
1
0.75
1
0.75
1
0.75

View Factor
Monte
Equation Carlo

0.0236 0.0236
0.0111  0.0110
0.0218 0.0217
0.0102  0.0102
0.0186 0.0184
0.0087  0.0086
0.0136  0.0133
0.0064  0.0063

Error
-0.01%
0.15%
0.76%
0.61%
1.05%
1.51%
2.25%
1.07%

The above relationships provide good agreement with the Monte Carlo results (see Table 6). The view
factor relationships can be used to develop the spacing distribution relationship, as follows:
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Cumulative Spacing Distribution Fraction
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Comparison of the approximate and Monte Carlo distribution factors are shown in Figure 9 and Figure
10. Divergence between the approximate and Monte Carlo models at 100% is due to the difference
between the maximum from the use of the circle approximation and the actual maximum. Use of the
approximate relationship is conservative since the 100% point represents a shorter length, a less
conservative but valid approach would be to use the actual calculated maximum based on the
geometry.

Monte Carlo - 0.5mm Spacing Monte Carlo - Imm Spacing Monte Carlo - 2mm Spacing Monte Carlo - 4mm Spacing

== == Approximate - 0.5mm Spacing == == Approximate - 1mm Spacing == == Approximate - 2mm Spacing = == Approximate - 4mm Spacing

|  _— pal

>
d

o § S 7 /s
S / /
o | / /
we |/ / /
o | / /
o | [ [ [

10%

Cumulative Fraction

0% :1 1 ——+— 1+ s e e e e e

Spacing (mm)

Figure 9 — Comparison of Whisker Length Distributions for Plate to QFP Lead & Solder
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Figure 10 — Comparison of Whisker Length Distribution for Plate to 0603 Terminal & Solder
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4. Simplified Whisker Risk Model Spreadsheet

4.1 General Information

Green highlighted cells are for normal user input, blue highlighted cells are for default values that can
but normally do not need to be changed. Values in red font are not recommended to change. There is
no system of units but all units need to be consistent including part and pad dimensions and whisker
length distributions. Calculated values are shown in a blue font. Rows and columns not necessary for
use of the spreadsheet are hidden. There are eight tabs included in the spreadsheet:

User Notes

Roll Up

Model

Whisker
Distribution Plots
Shorting Prob.
Revision Info.
Reference Data

4.2 User Notes Tab

The User Notes tab provides for general user notes and are not used in the calculations.

4.3 Roll Up Tab

The Roll Up Tab (see Figure 11) allows for input of varying dimensions and model cases and
calculates the total number of shorts. To use the roll up capability, blank out cells with a red border on
the Model tab, the first row of data (red border) is then used for calculations in the Model tab.

Goars_Whekar fiuk Modil 1L sty |Corprtisity Mode] - Micraf Laoed . o, 1

=0 = F5y

Lead DatafReterence Condiion: Leas condron nare

Figure 11 — Roll Up Tab
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4.4 Model Tab
The Model tab (see Figure 9) provides the definition of the geometry, applied voltage, and the results.

4.4.1 Data Entry

If dimensions have been entered roll up above, specific lead dimensions are calculated and provided
with a default value (in parentheses). The specific data to be entered is as follows:

Description (optional, Case 4)

Case Code (4)

Length (9)

Width (7)

Spacing (0.5)

Smaller Length (1.6) — unequal plate model only (case 4)
Smaller Width (1) — unequal plate model only (case 4)

Geom_Whesker_Ruk_Model 1 1xds [Compstibikty Mode] - Microsoft Excel m

....... =@ oot
Catiet v N bl 1 General } Narma Bed Gocd i i R e
| . = G A
BIyU- D- &-A EEE wEE % = ot Nl ] . e e P e LSTE Hnak | shae etk
"
16 ~
A [ G M N 0 a W
1 Part Data (fill in green highlighted calls):
2 |Note: Spreadshe t of dimensianal units but all units | F gth dist tion) 1to be consistent i led)
3
4
5 iy
]
7 t plies to distrib
8
g
1
12 |
1 11-parallel,3- perpendsculas,3-raund, 4-Large/smal)
1
15
18 Perpendicular Plate Spacing:
18
- il
21 Note: Blank out cells with !
2
1 Overall Coating Fifectivenpss = 0%
E1 iL
25 Calculated Parameters: g d
% R=05
7 width/$pacing = 14
f1]
b2 Wiiews Factor Mitrie [nen-dim) = Mot Used s

o
35 Calculated Areas [dim’):
3 W

2 Whisi & W
a1 Sing! a

EF] i

15 Whisker View Factors (infinits whisker hits/pal

%

View Factor = 0.023599

ar
ETY
33

T e e T

Figure 12 — Upper Portion of Model Tab

4.4.2 Other Defining Information

In addition to the dimensional information described above, an option that applies for only case 4
(unequal parallel plates) is provided that allows whiskers to be sourced from one or both surfaces. The
default is TRUE indicating whiskers can originate at either of the unequal surfaces, change this to
FALSE for whiskers originating at only one surface. For other cases, whiskers can always originate at
both surfaces. The coating effectiveness represents the fraction of the target lead covered with
conformal coating.
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4.4.3 Applied Voltage and Final Results

The applied voltage and results are located at the lower portion of the Model tab. The applied voltage
is used in conjunction with the appropriate shorting probability to determine the number of bridges
that result in shorts. The result, expressed as the total number of shorts for the part is highlighted in
light red.

WHISKER SHORTING RESULTS:
Coating Effectiveness = 0%

Applied Voltage = 5
Shorting Probability = 41.4%

Bridges: 6946.634
Shorts: 2872.967

TOTAL SHORTS = 2873
Figure 13 — Lower Portion of Model Tab

4.4.4 Default Parameters

The default parameters are highlighted in blue (see Figure 9) and may not need to be changed by the
user except with a change in the system of units. Specific parameters that can be set are:

e Fraction for Minimum Whisker Length — this value is used for plotting calculated distributions
Fraction for Maximum Whisker Length — this value is used to limit the numerical whisker
length for plotting

e Use Geometric Mean for Midpoints — TRUE - use geometric mean for distribution
calculations (recommended), FALSE — use arithmetic mean

e Rounding Digits for Prompt Display — sets how many digits are displayed in prompts with
values

45 Whisker Tab

The whisker tab (see Figure 13) defines the appropriate whisker length distribution and density to be
applied to the appropriate spacing distributions. The whisker density is defined on this tab (cell B6)
based on the number of whiskers generated per square unit (based on square of units used in the rest of
the spreadsheet, so if mm used it is per mm?). Cell B4 is a cell used to select the distribution type for
each tab (1-numerical, 2-lognormal, 3-log Cauchy, 4-Cauchy, 5-Weibull).

45.1 Calculated Distributions

The calculated distributions are selected by values of 2 through 5 in cell B4. The following
parameters need to be supplied to define the distribution:
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Fraction for Short Whisker
Fraction for Long Whisker
Minimum Length (if applicable)
Short% length

Long% length

The distribution parameters are calculated based on lengths for user-defined short and long cumulative
fractions. If the specific model parameters are known, they can be entered in cells B22 through B24
instead of calculating from the cumulative percentages.

oo Wb Rk Mz 1Lt [compatty el - Mo xc S —————
e [ 20w
5 4 [ k
Thess g
"
ALS - £ | =1F(84=4,"Not Used”,"Minimum Length =) e
A B < H 1 ] K A AK AL AM AN A0 AP A0 AR a5 AT Al AV AW A =
1 Whisker (fill in grean d cellz az appropriata): 10
] Lesd Mateniad/Finish (opsional): Laad material here
i o o {optional]: L hara
4 Dastribution = 3 (1-numerical, 2-lagnormal, 3-log Cauchy, 4-Cawchy, S-weibull]
s
3 Whisker Density =, 400 whiskers/dim®
| 7 & dim®
| o = 25200 i
] on = 12,00% {fraction of whiskers that are long enough 1o hit) ¥
10 = 229630995 (Fraction oF infinite whiskers that will hit) z
Coating Effectiveress = % ;‘
12 Total Wihiskars Bridging = 604661364 2
1 5
1 g
o parametens H
20 whisker 8 {shape, nondsm, 0.4515) = ] o1 oz 03 o4 os 05 oy o8 o
2 Whigker Length
37 WARNING - Mot usad, using ealeulated disteibution
75 Numerical Distribution;
3 Cumalative  Langth
a0 oos% oo
1 00% o002
a2 0.50% 0.003
EE] 0% 000
1 LIE%  D.00S
35 LU% 0006
EL] 229% 0.007
a 289% 0.008
38 2% 0009
£t} 17% 001 -
[ Wigdel | Whisker . Dtrbuton Pty Shortng Brob, | Rewson hfa. Refarsnce Gats . Fd 14
sady D4 1o +

Figure 14 — Whisker Tab

45.2 Numerical Distribution

The numerical distribution is selected by entering 1 in cell B4. The numerical distribution consists of
an ordered list of cumulative percentages and corresponding whisker lengths (see Figure 14) for up to
100 data points. Start data entry in cells B30 and C30 and fill in as many data points as needed, clear
the remaining cells beyond those needed to define the distribution. Warnings will be generated if the
minimum length is less than the minimum whisker spacing or if the maximum length is insufficient to
calculate the bridging probability. It should be noted that the minimum/maximum lengths are the
average of the first/last two lengths in the table. A warning will also be generated above the numerical
distribution if a lognormal distribution is selected. Units for length column need to be in units
consistent with the rest of the spreadsheet.
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Figure 15 — Numerical Whisker Length Distribution
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4.6 Distribution Plots Tab

The Distribution Plots tab (see Figure 15) has no inputs but provides the following probability density
plots:

e Spacing distributions as calculated by the spreadsheet (solid lines)

o Lead whisker length distributions as defined by the whisker length definition tab (dashed
lines)

o Solder bridging probability density as calculated by the spreadsheet (double solid lines)

Distributions
1-numerical, 2-lognormal, 3-log Cauchy, 4-Cauchy, 5-Weibull

e Bridge Spacing = == Whisker (5)

Spacing/Whisker Length
0 1 2 3 4 5 6 7
100 , , , , ,

10 ‘

Probability Density Function
(=Y
4

\ :
.
01

0.01

0 2 4 6 8 10 12
Bridge Interference

Figure 16 — Distribution Plots

4.7 Shorting Prob. Tab

The Shorting Prob. tab (see Figure 16) establishes the probability that a bridged whisker would result
in a short at a given voltage using a lognormal distribution. The tab has inputs for the lognhormal
parameters to establish the shorting distribution with initial data based on published results from
Courey (see Ref. 3).
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Figure 17 — Shorting Probability Tab

4.8 Revision Info. Tab

The Revision Info. tab provides a log of changes to the whisker risk spreadsheet with revision number
and date.

4.9 Reference Data Tab

The Reference Data tab provides a summary of the specific cases used to establish the whisker
modeling correlations. Dimensions are as shown in Table 1 through Table 3 and are included in the
spreadsheet for completeness.  Caution should be used for cases that represent significant
extrapolation from listed component types.
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