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Tin Whisker Electrical Short Circuit
Characteristics—Part II
Karim J. Courey, Shihab S. Asfour, Arzu Onar, Jon A. Bayliss, Lawrence L. Ludwig, and Maria C. Wright

Abstract—Existing risk simulations make the assumption that
when a free tin whisker has bridged two adjacent exposed electrical
conductors, the result is an electrical short circuit. This conservative assumption is made because shorting is a random event that
has an unknown probability associated with it. Note however that
due to contact resistance, electrical shorts may not occur at lower
voltage levels. In our first paper, we developed an empirical probability model for tin whisker shorting. In this paper, we develop a
more comprehensive empirical model using a refined experiment
with a larger sample size, in which we studied the effect of varying
voltage on the breakdown of the contact resistance which leads to a
short circuit. From the resulting data, we estimated the probability
distribution of an electrical short, as a function of voltage. In addition, the unexpected polycrystalline structure seen in the focused
ion beam (FIB) cross section in the first experiment was confirmed
in this experiment using transmission electron microscopy (TEM).
The FIB was also used to cross section two card guides to facilitate
the measurement of the grain size of each card guide’s tin plating
to determine its finish.
Index Terms—Contact resistance, focused ion beam (FIB), short
circuit, tin whiskers, transmission electron microscopy (TEM).

I. INTRODUCTION
IN WHISKERS are crystalline filamentary surface eruptions from a tin-plated surface that can have a variety
of shapes including straight, kinked, and curved [1]. The hazards presented by tin whiskers include temporary and permanent electrical short circuits, debris contamination, and metal
vapor arcing [2]. Failures attributed to metal whiskers have been
documented in many industries including the nuclear power,

T

Manuscript received July 31, 2008; revised October 28, 2008. Current version
published January 08, 2009. This document was prepared under the sponsorship
of the National Aeronautics and Space Administration. Neither the United States
government nor any person acting on behalf of the United States government
assumes any liability resulting from the use of the information contained in this
document, or warrants that such use will be free from privately owned rights.
This work was supported in part by S. Stich, S. M. Poulos, A. Oliu, J. N. Cowart,
and S. J. McDanels of the National Aeronautics and Space Administration. This
work was recommended for publication by Associate Editor R. Gedney upon
evaluation of the reviewers comments.
K. J. Courey is with the Orbiter Sustaining Engineering Office, National
Aeronautics and Space Administration, Kennedy Space Center, FL 32899 USA
(e-mail: karim.j.courey@nasa.gov).
S. S. Asfour is with the College of Engineering, University of Miami, Coral
Gables, FL 33146 USA (e-mail: sasfour@miami.edu).
A. Onar is with the Biostatistics Department, St. Jude Children’s Research
Hospital, Memphis, TN 38105 USA (e-mail: arzu.onar@stjude.org).
J. A. Bayliss, L. L. Ludwig, and M. C. Wright are with the Materials Science Division, National Aeronautics and Space Administration,
Kennedy Space Center, FL 32899 USA (e-mail: jon.a.bayliss@nasa.gov;
lawrence.l.ludwig@nasa.gov; m.clara.wright@nasa.gov).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TEPM.2008.2009224

computer, satellite, missile, military aircraft, and medical industries [3]. An extensive list of metal whisker failures and extensive documentation of the tin whisker phenomena can be
found on the National Aeronautics and Space Administration
(NASA) Goddard Space Flight Center tin whisker home page
(http://nepp.nasa.gov/WHISKER/).
Tin whiskers can pose serious problems in high-reliability
systems that can result in loss of life as well as significant capital
losses. Improving our ability to assess the risk associated with
tin whiskers is an important area of study for both the government and private industry [4].
Risk simulations have been developed by the Center for Advanced Life Cycle Engineering (CALCE) at the University of
Maryland, and TYCO Electronics [5], [6] . In these simulations,
it is assumed that physical contact between a whisker and an
exposed contact results in an electrical short. This conservative
assumption was made because the probability of an electrical
short from tin whiskers had not yet been determined at the time
the simulations were written [4]. Fang [5] noted the difference
between experiment and simulated results and attributed the difference to contact resistance.
The voltage level at the transition to metallic conduction current is the voltage level at which the contact resistance breaks
down. Experiments were designed to develop an empirical
model to quantify the probability of occurrence of an electrical
short circuit from tin whiskers as a function of voltage. In our
first paper, we developed an empirical probability model for tin
whisker shorting [4].
The second experiment which is detailed in this paper incorporated the lessons learned from the first experiment. It determined the breakdown voltage for a larger sample (
versus
) of whiskers with the objective of obtaining a
more comprehensive empirical distribution. The observed data
was used to determine the best fitting parametric distribution to
the breakdown voltage. The associated data analysis also incorporated explorations of possible sources of variability. In addition, transmission electron microscopy (TEM) was used to study
and determine if the whisker that was sectioned in the first experiment was polycrystalline or a single crystal. Also, an FIB
was used to section a sample of one card guide from each ascent thrust vector controller (ATVC) to determine if the plating
that grew the whiskers was bright or matte finish.

II. BACKGROUND
In our first experiment, we found the best fitting distribution was the three parameter (3P)-inverse Gaussian (IG) distribution [4]. The parameters for the 3P-IG Distribution were
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Fig. 2. Micromanipulator probe in contact with a tin whisker.
Fig. 1. FIB image of as-sectioned tin whisker shows apparent variation in grain
orientation within the cross section. The image was taken at a 52 angle from
horizontal [NASA/University of Central Florida (UCF)]. Reproduced from [4].

,
,
. The probability density function (pdf) for the 3P-IG distribution is shown as follows
[7]:
Fig. 3. Cantilever beam whisker model. Reproduced from [4].

(1.1)
Based on our data, the expected voltage (mean) where a short
will occur for the 3P-IG distribution is
Vdc,
[8]. Tin whiskers from
with a variance of
the same card guide used in the breakdown voltage experiment
were cross sectioned using an FEI 200 TEM FIB with a 30-kV
Gallium liquid metal ion source. The ion beam was used to mill
away whisker material until the desired region of interest was
exposed to obtain a cross section normal to the whisker’s growth
direction [4].
The FIB cross section facilitated the examination of what appeared to be grains with varying crystallographic orientations
within the tin whisker as illustrated in Fig. 1. An additional two
whiskers from the card guide were removed and sectioned by
the FIB. These smaller diameter whiskers exhibited the commonly reported single crystal structure.
III. EXPERIMENTAL PROCEDURES
A. Tin Whisker Breakdown Voltage Experiment
To determine the break down voltage, a micromanipulator
probe was brought in contact with the side of a tin whisker
growing from a tin-plated beryllium copper card guides as illustrated in Fig. 2.
The cantilever beam whisker model shown in Fig. 3 from our
first paper illustrates the mechanical load placed on the whisker
by the micromanipulator probe [4].
the force applied to the whisker,
In this model,
the distance from the base of the whisker to the applied force,

the whisker deflection,
the moment of inertia, and
the modulus of elasticity [4].
(1.2)
From (1.2), the distance from the base of the whisker to the
applied force has a much greater effect on the force applied to
the whisker than the whisker deflection. Since our objective was
to minimize the force applied to the whisker, the micromanipulator probe was applied to approximately the top 25% of the
length of the whisker. In addition, as soon as contact was made
between the micromanipulator probe and the whisker, as seen
under a microscope, the probe was not moved any further. This
minimized whisker deflection. The combination of these two
controls minimizes the force applied to the whisker.
Data acquisition software was written using LabVIEW to automate both the incrementing of power supply voltage changes
as well as the gathering of the voltage and current data for each
of the tin whiskers. The schematic diagram of the test station is
shown in Fig. 4. Once contact was established, as determined
with an optical microscope, the power supply voltage was increased from 0 to 45 Vdc in 0.1-Vdc increments [4]. This was
the same software used in the first experiment.
The software captured 3 to 4 samples per second over the entire voltage range. The automated test fixture was validated by
substituting a calibrated resistor decade box for the micromanipulator, whisker, and card guide. The experiment was repeated
to develop an empirical probability distribution of shorting as a
function of voltage [4].
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Fig. 4. Schematic diagram for the tin whisker test station instrumentation. Reproduced from [4].

Fig. 6. FIB image showing removal of tin whisker section using the in situ
needle (NASA/UCF).

ATVC Serial Number 33. There are 28 card guides from each
LRU; however, card guides that had been used for other experiments were removed from selection. Ten card guides were randomly selected from each LRU and five whiskers were tested
from the top, and five whiskers were tested from the bottom of
each card guide, resulting in a sample size of 200 whiskers.
Fig. 5. Tin whisker test station probing area close up.

B. Improvements to the Initial Experiment
The following improvements were added to this experiment.
• Improved electrical grounding by connecting to the card
guide instead of the card holding fixture.
• Gold-plated tungsten micromanipulator tips were used to
minimize the effect of any oxides on the probe.
• The probe tip was cleaned every five whiskers with isopropyl alcohol.
• A solderer’s helper was modified to allow flexible positioning of the card guide and an extension platform for the
microscope was fabricated to facilitate clamping of the lab
jack (refer to Fig. 5).
• A ferrous top plate was fabricated for the lab jack to allow
the magnetic base of the micromanipulator to be firmly
mounted on the lab jack. The lab jack provided the coarse
, , and movements, while the micromanipulator provided the fine , , and movements for probing the tin
whiskers (refer to Fig. 5).
C. Method of Sample Selection
In the first experiment, all 35 whiskers tested were from the
same card guide. In this experiment, card guides from two different line replaceable units (LRUs) were available for sampling. The card guides are from ATVC Serial Number 31 and

D. Sample Preparation for Transmission Electron Microscopy
(TEM)
An in situ focused ion beam (FIB) methodology was used to
prepare a tin whisker cross-sectional sample for TEM examination. The first step was to deposit platinum on top of the region
of interest (ROI) along the whisker to protect the whisker outer
surface from the ion beam. Next, the ion beam was used to mill
trenches on either side of the ROI of the whisker normal to the
direction of growth leaving a small (
m) section of the
whisker.
Once the section was milled to a desired thickness, an in situ
needle was lowered in preparation for removing the tin whisker
section. The needle was spot welded to the whisker section using
platinum, and the section was released from the carbon tape by
milling away any remaining point of attachment with the FIB,
as shown in Fig. 6.
A conventional TEM copper grid was sectioned, and a small
ditch was made on the grid inner surface with the FIB to accommodate the ROI. The tin whisker section was lowered and
inserted in the copper grid in preparation for TEM examination.
The section was first spot welded to the grid, and then released
from the in situ needle. The last step prior to placing the grid
and sample into the TEM was to thin out the sample using the
was achieved. The TEM imFIB until a thickness of
ages and diffraction patterns were taken using a FEI Tecani F30
TEM with a 30-kV field emission source.

Authorized licensed use limited to: University of Maryland College Park. Downloaded on January 12, 2009 at 16:34 from IEEE Xplore. Restrictions apply.

44

IEEE TRANSACTIONS ON ELECTRONICS PACKAGING MANUFACTURING, VOL. 32, NO. 1, JANUARY 2009

Fig. 7. Tin whisker No. 137 graph of current versus time from the second
experiment.

Fig. 9. Breakdown voltage individual value plot.

The breakdown voltage for each of the 200 tin whiskers is displayed in Fig. 9. The breakdown voltage for each of the whiskers
was selected first by visual review of the graphs as was done in
the first experiment. To ensure that a more consistent approach
was used in the data collection process in the second experiment,
a computer-based method for selecting the breakdown voltage
was developed using Microsoft Excel. All 200 breakdown voltages were verified using both methods.
Since whiskers number 49 and 56 did not breakdown in the
0 to 45 Vdc range used in this experiment, these two data points
are considered censored. Minitab [9] was used in the second experiment because it contained a feature to easily accommodate
censored data.
B. Data Analysis
Fig. 8. Tin whisker No. 137 graph of voltage versus time from the second
experiment.

IV. EXPERIMENTAL RESULTS
A. Tin Whisker Breakdown Voltage
The point at which a short occurs, when the film resistance
breaks down, can easily be seen in Fig. 7 when the current
jumps from near zero, the nanoamp range, to the milliamp range.
Prior to breakdown the majority of the voltage drop is across
the whisker due to the high resistance of the oxide film on the
whisker. In this state, the whisker voltage reading tracks close to
the power supply voltage. The power supply voltage increases
linearly from 0 to 45 Vdc, then it remains at 45 Vdc for a few
seconds at the end of the run until the software is given a stop
command. After the film has broken down, the majority of the
voltage drop is across the current limiting resistor. In this state,
the low whisker voltage reading was determined by the small
resistance of the whisker, card guide and micromanipulator as
shown in Fig. 8.
The voltage level at the transition to metallic conduction current is the voltage level at which the film and oxide layers break
down. Reference Fig. 8. As in the first experiment, the graphs
of voltage and current data showed single transitions, multiple
transitions, and multiple transitions with intermittent contact.

The individual value plot shown in Fig. 9 provides insight
into the data. The majority of the breakdown voltage values fall
between 0 and 10 Vdc. The aforementioned figure shows tin
whisker breakdown voltages versus card guide side where
top and
bottom, card guide, and LRU serial number. The
right skewed nature of the data is evident from this plot. The
individual values are shown in red.
By default, Minitab explores the following 11 distributions
for the best fit: Weibull, Lognormal, Exponential, Loglogistic,
3-Parameter Weibull, 3-Parameter Lognormal, 2-Parameter
Exponential, 3-Parameter Loglogistic, Smallest Extreme Value,
Normal, and Logistic.
In the first experiment, we used the Probability–Probability (P–P) plots along with the Kolmogorov–Smirnov test
to determine the best fitting distribution. Since Minitab does
not perform the Kolmogorov–Smirnov test, the adjusted Anderson–Darling test and correlation coefficient were used in
its place, in addition to the P–P plots [4]. The adjusted Anderson–Darling test measures the area between the fitted line
(based on chosen model) and the nonparametric step function
(based on the plot points) [10].
The correlation coefficient reported for each graph (distribution) measures the correlation between the data and what would
be expected if the data comes from the specified distribution
(represented by a line). If the data and the line are perfectly correlated, the correlation coefficient would be 1, and that would
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Fig. 10. Histogram tin whisker breakdown voltages with pdf of lognormal
distribution.

strongly indicate that the data probably came from the specified distribution. Note that even if one generated the data from
a given distribution, typically the correlation coefficient would
not equal to 1 due to random variability. However, larger correlation coefficients indicate that the “fit” of the probability plot
is better. The correlation coefficient for the Lognormal distribution was 0.943.
Based on the P–P plots and the correlation coefficients, the
Anderson–Darling (adjusted) test, the applicability of the distributions, and the principle of parsimony the Lognormal distribution was chosen as the best fitting model for the data
The pdf for the Lognormal distribution is shown in (1.3)
below [10] as
(1.3)
From the data, the estimated of the location parameter
, and the scale parameter
were obtained. The pdf along with a histogram of the breakdown voltage data is shown in Fig. 10.
Based on the data and the fitted model, the expected (mean)
voltage where a short will occur is 8.0067 Vdc, with a standard
deviation of 7.2812 Vdc. The median tin whisker breakdown
voltage is 5.9236 Vdc.
C. Comparison of First and Second Experiment Results
The empirical probability distributions derived from the data
gathered in the first and the second experiments were the 3P-IG
and the Lognormal distributions, respectively. It is important to
note that EasyFit was used for fitting the distribution in the first
experiment, and Minitab was used for fitting the distribution in
the second experiment. Minitab contained a feature to easily
handle censored data. The IG distribution is not evaluated by
Minitab, and thus was not a choice in the second experiment.
Takagi noted that the probability density functions of the IG and
the Lognormal distributions are similar in shape [10]. The probability density functions for both experiments are right skewed.
The larger sample size in the second experiment likely results
in a better estimate of the tail of the distribution.

45

To aid in comparing the results of the second experiment to
first experiment, the data from the first experiment was analyzed
using Minitab. Based on the P-P plots, adjusted Anderson–Darling test, and the correlation coefficient, the Lognormal was the
best fitting distribution using Minitab. From this analysis, it was
evident that the first and second experiments are consistent when
using the same software for fitting the distributions.
Based on the data and the fitted model for the first experiment, the expected voltage (mean) where a short will occur is
15.5994 Vdc, and the median tin whisker breakdown voltage
is 11.8924 Vdc. Based on the data and the fitted model for the
second experiment, the expected voltage (mean) where a short
will occur is 8.0067 Vdc, and the median tin whisker breakdown
voltage is 5.9236 Vdc. The shift in the mean can be explained
partially by the change to a gold-plated probe tip in the second
experiment, thus eliminating any effect of oxides on the probe
tip.
D. Tin Whisker Current Carrying Characteristics
Since the power supply was limited to 45 Vdc in this experiment, and the current limiting resistor was 10 k , the current
through the whisker was limited to 4.5 mA. 158 out of 200
whiskers or 79% (95% Confidence Interval (72.69%, 84.43%))
of the whiskers were able to carry 4.5 mA. In some circuits, this
current-carrying capability is enough to cause permanent short
circuits.
E. Limitations
Two whiskers in the second experiment did not experience a
breakdown of the film resistance in the 0–45 Vdc range of the
experiment. This resulted in two censored values out of the 200
whiskers tested. Increasing the upper voltage limit of the power
supply voltage could eliminate the censoring.
The difference and variation between force applied by gravity
and the force applied by the micromanipulator probe was another limitation. To improve control of the applied pressure in
the second experiment, the probe was applied to the whisker
on approximately the top 25% of the whisker. This minimizes
the applied pressure, but does not completely eliminate the
difference.
Another limitation of this experiment is the number of conducting surfaces. A free whisker falling across two contacts will
have two points of contact for breakdown, while the micromanipulator probe contacts the whisker at one point. This was accepted simplification in this experiment.
To simulate a loose whisker bridging electrical contacts,
all of the testing done in this experiment was performed by
bringing the probe in contact with the side of a whisker. However, whiskers can also cause short circuits when a whisker
grows from one lead and the tip of the whisker contacts an
adjacent lead. In this case, with tip contact, the results may be
different from those obtained with side contact due to contact
area and force.
F. Transmission Electron Microscopy (TEM)
During the preliminary tin whisker characterization in the
first experiment, FIB analysis and ion channeling imaging re-
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Fig. 11. Bright field TEM image of the polycrystalline tin whisker and nomenclature used to identify the various regions (A-D). Regions A–C were nearly identical
with one another, while region D was misoriented by approximately 2 with region A (NASA/UCF).

vealed what appeared to be a polycrystalline whisker (refer to
Fig. 1). In order to determine whether the whisker was polycrystalline, a thin section was prepared for TEM analysis as shown
in Fig. 11. This sample is from a different section of the same tin
whisker shown in the Fig. 1, but is rotated as evident by the location of the deposited platinum layer. The selected area diffraction patterns (SADPs) were taken at four site specific regions,
labeled A, B, C, and D as shown in Fig. 11.
The SADPs obtained from regions A–D indexed to the tetragbeam direction (refer
onal crystal structure of tin in the
to Fig. 11). Region D was misoriented approximately 2 with
respect to region A in the (121) direction. Regions A–C were
nearly identical with one another.
High-resolution TEM imaging, shown in Fig. 12, was used
to image an amorphous region between uniform crystal lattices
of regions A and B, which clearly delineates a grain boundary
between the crystals in the polycrystalline tin whisker. Additionally, X-ray energy dispersive spectroscopy (EDS) was used
to verify that there were no compositional differences between
the regions, all were composed of pure tin (Sn). The polycrystalline structure of the studied whisker is shown by the contrast
in regions A–D in the bright field TEM image in Fig. 11, the
misorientation of region D with respect to region A shown in
the SADPs, and the amorphous region between the crystals in
the high-resolution TEM image in Fig. 12.
G. Card Guide Cross Sections Using a FIB
FIB analysis of two card guides was used to determine the
grain size and thickness of the tin plating. Ion channel imaging
was used to acquire images showing distinct grains based on

Fig. 12. High-resolution TEM image of the amorphous region in the polycrystalline tin whisker between the uniform crystal lattices of regions A and
B. The amorphous region is a low-angle grain boundary (NASA/UCF).

crystal orientation contrast as shown in Fig. 13. Using a modified line-intercept method, the average grain size for the card
guide from ATVC S/N 31 shown in Fig. 13 was estimated to be
0.350 m (350 nm), and the average grain size for the card guide
from ATVC S/N 33 was estimated to be 0.290 m (290 nm),
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Fig. 13. FIB ion channeling image of card guide 16 (ATVC S/N 31) cross section showing the distinct layers studied: the expected Cu–Be substrate with m-sized
grains, the Sn plating with nm-sized grains, the Au–Pd sputter coating and finally the deposited Pt used to protect the region during FIB analysis (NASA/UCF).

which falls well below the lowest grain size in the ASTM grain
) [11] .
size number charts (grain size number
Fig. 13 shows the copper–beryllium (Cu–Be) substrate base
metal and the tin Sn plating. A layer of gold-palladium (Au-Pd)
was sputter coated on top of the tin plating prior to the FIB sectioning, and a layer of platinum (Pt) was deposited along the region of interest in the FIB to protect the sample during ion beam
milling. The average thicknesses of the Sn layers are 6.9 m and
2.7 m for the card guides from ATVC S/N 31 and 33, respectively. EDS in a field-emission SEM was used to confirm the
composition of each layer. The presence of beryllium cannot
be confirmed using this technique since EDS will only accurately detect elements with a higher atomic number than Boron.
However, the original drawings show the base metal for the card
guide as copper–beryllium.
The purpose of measuring the grain size was to quantitatively
determine the finish of the tin plating. Shetty classified large
grain matte finish as having a grain size between 3–8 m, fine
grain matte finish as having a grain size between 1-2 m, and
bright finish as having a grain size
m [12] . Based on
these criteria, the tin plating used in both ATVC S/N 31 and
33 can be classified as bright finish. While tin finish was not a
variable in this experiment, it is a point of interest because bright
tin finishes have been associated with greater tin whisker growth
than matte tin finishes [13], [14].
V. CONCLUSION
An empirical model to quantify the probability of occurrence
of an electrical short circuit from tin whiskers as a function of
voltage was developed in the first experiment [4]. It provided
insight into the right skewed shape of the probability model.

The 3P–Inverse Gaussian distribution was used to describe the
whisker breakdown voltage in this experiment. This probability
model also provided the baseline for a simulation to evaluate the
sample size for the second experiment. In the first experiment,
a sample size of 35 tin whiskers was used. In the second experiment, a sample size of 200 tin whiskers was used to improve
the accuracy of the probability model. The Lognormal distribution was found to be the best fitting distribution to describe the
whisker breakdown voltage in the second experiment.
The lessons learned from first experiment also aided in improving the equipment and procedures for the second experiment. The modified solder’s helper, extension platform, and the
ferrous top plate greatly improved the ability to clearly see and
probe the whiskers under a microscope.
Three tin whiskers were cross sectioned using an FIB for
study. Two of the whiskers exhibited the commonly reported
single crystal structure. One whisker showed apparent variation in grain orientation within the cross section. Further examination was performed using a TEM. High-resolution TEM
imaging was used to examine an amorphous region between uniform crystal lattices. This clearly delineates a grain boundary
between the crystals in the polycrystalline tin whisker. SADPs
indicated a 2 misorientation between two regions. The polycrystalline structure of the tin whisker is shown by the TEM
images and the SADPs.
In addition, since bright tin finishes have been associated with
greater tin whisker growth than matte tin finishes, two card samples were prepared, one from each LRU, and were sectioned
using a FIB. Using a modified line-intercept method, the average grain size for the card guides’ tin finish was determined
to be in the nm-range, indicative of a bright finish.

Authorized licensed use limited to: University of Maryland College Park. Downloaded on January 12, 2009 at 16:34 from IEEE Xplore. Restrictions apply.

48

IEEE TRANSACTIONS ON ELECTRONICS PACKAGING MANUFACTURING, VOL. 32, NO. 1, JANUARY 2009

A. Future Work
There are many aspects of the tin whisker phenomena that
provide opportunities for future research. One area that would
expand on the research performed here would be to study the effect of pressure on breakdown voltage. This would require the
development of a method measuring pressure applied to the tin
whisker either directly or indirectly by measuring whisker deflection, length and diameter and then calculating the pressure.
Expanding the range of the power beyond the 0–45 Vdc to
determine the upper limit of breakdown voltage would also provide additional insight. By expanding the upper limit one may
be able to eliminate the censored data points.
Other variables that could affect tin whisker shorting should
also be studied. Some examples of these variables that warrant
future study include whisker shape, whisker length and thickness, and oxidation layer thickness. Another phenomenon related to tin whiskers that warrants further quantification is metal
vapor arcing.
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