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ABSTRACT 
In 2006, the European Union RoHS legislation prohibited 
the use of lead in many electronic systems. This has 
resulted in increased use of pure tin finishes and tin rich 
lead-free alloys in aerospace and defense electronic 
systems. While aerospace and defense are currently 
exempt from the RoHS legislation, these industries adapt 
or directly use many consumer parts and assemblies. 
Unfortunately, the tin rich materials in these consumer 
items have a higher short circuit risk due to tin whiskers 
than heritage tin-lead materials. The whisker shorting 
potential can be mitigated by applying conformal coatings 
traditionally used for moisture protection to electronic 
assemblies. However, tin nodules and odd-shaped 
eruptions can also form, which can rupture the coating 
and reduce moisture protection and whisker mitigation 
effectiveness. The application of conformal coating to the 
original “tin free” surface alters the surface, changing the 
whisker nucleation and growth characteristics. A 
combination of finite element, classical plate deflection 
and adhesion models have been developed to examine the 
critical pressure that a tin nodule/whisker can exert on a 
coating before rupture or delamination occur. Supporting 
experimental results reveal that a high strength high 
modulus polyurethane conformal coating can inhibit 
nodule/whisker formation provided the coating is 
sufficiently thick and well adhered to the tin. 
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BACKGROUND 

Tin whisker growth generally occurs when thin tin or tin 
rich alloys are under “compressive” stress. As shown in 
Figure 1, whisker growth can occur due to stress sources 
such as copper substrate intermetallic (IMC) growth, 
corrosion/oxidation, differences in coefficient of thermal 
expansion under thermal cycling conditions, and from 
mechanical loads [1]-[3]. While much of the reported 
whisker growth has been on tin plating, lead-free solder 
can also grow whiskers, particularly where it is less than 
25 microns thick [4][5][7] (Figure 2). Equipment in harsh 
service conditions experiences thermal cycling, vibration, 
shock, humidity, salt fog, sulfur rich environments, 

rework, and long term storage, which can all contribute to 
whisker growth. 

The formation of tin whiskers can result in short circuits 
which are difficult to find and cause unexpected system 
behavior [8]. The aerospace and defense electronic 
systems recognize the potential impact of tin whisker 
shorting and utilize multiple mitigations to reduce the 
risk. Mitigations include lower whisker propensity 
material combinations, barriers, spacing, conformal 
coating, and redundant system design [9].  

 
Figure 1: Some sources of compressive stress 
contributing to whisker growth. 
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coatings were at least 50 microns thick. The researchers at 
NASA Goddard observed that the whiskers lifted and 
peeled the coating forming a tent until the whisker 
buckled or the coating failed. Some key aspects of 
conformal coating whisker mitigation modeling were 
given by Kadesch and Leidecker [16] (Figure 4). 

 
Figure 4: Tin whisker buckling under coating.  

COATING TIN WHISKER MITIGATION 
MODELING 

The factors influencing tin nodule formation and/or tin 
nodule/whisker suppression under coating are not 
captured with a whisker buckling type of model. The 
development of a whisker or nodule under the coating 
causes pressure to be applied to the coating. The pressure 
application diameter could vary several orders of 
magnitude depending upon the type of tin growth. The 
diameter of a tin whisker can range from less than a 
micron to 20 microns. In the case of a nodule or an odd 
shaped eruption, the diameter can be on the order of 100 
microns.  

In this analysis, a combination of finite element, classical 
plate deflection and adhesion models are used to examine 
the critical pressure that a tin nodule/whisker can exert on 
a coating before rupture or delamination occur (Figure 5).  

Coating analysis was based on three approaches: 

A. Non-linear finite element analysis (FEA) to 
calculate the deflection in the coating to 
determine if the coating will rupture 

B. Classical non-linear (plastic hinge) analysis to 
determine the deflection in the coating for 
comparison to the previous approach 

C. Classical analysis to determine the energy 
release rate to delaminate the coating to 
determine in the coating will blister 

Assumptions 

The following assumptions were used in the analysis: 

 The pressure exerted as a tin whisker develops is 
equal to the yield strength of tin 

 Membrane deflection under pressure is neglected 
in the energy release rate calculations because 
the thinner coatings typically affected by 
membrane behavior would likely rupture and 
therefore not be influenced by delamination 

 The outer boundary of the disk used in the 
energy release calculation is fixed initially but 
then limited to a critical bending moment value 
defined by plastic hinge behavior 

 Yielding for the plastic hinge is elastic/perfectly 
plastic 

 

 

Figure 5: Schematic diagram of tin growth forming a 
dome in the coating. 

Symbols and nomenclature 

a = Outer Radius of Whisker/Radius of Applied 
Pressure 
r = Variable Radius 
E = Modulus of Elasticity 
 = Poisson’s Ratio 
h = Coating Thickness 
w = Deflection (subscripts described in text) 
Ma , Mcrit = Moment at Radius , Critical Plastic 
Hinge Moment 
p = Pressure Applied from Whisker 
pcrit = Critical Whisker Pressure 
r,  = Radial, Circumferential Stress 
1, 2, 3 = Principal Stresses 
vm = Von Mises Stress 
crit = Critical Stress 
rv = Radial-vertical Shear Stress 
Ks = Shear Stress Effectiveness Factor 
Km = Plastic Hinge Moment Factor 
G = Energy Release Rate, Shear Modulus (temporary 
variable) 

Analysis and Modeling 
The analysis is based on applying pressure in a circular 
area to represent the nascent tin whisker in a method 
similar to that used by B.T. Han [22] using the yield 
strength of tin (11 MPa [23]) as the applied pressure. 
Coating data was based on measurements by Cho [12] 
simplified into a bilinear curve (see Figure 6). The 
numerical value of the elastic modulus for coating below 
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Although the bending deflection equations produce good 
results for thin disks of coating, thicker coatings require 
consideration of shear deflection as follows: 

General deflection due to shear: 

 

Deflection at center (r = 0): 

 

Shear modulus: 

 

It should be noted that the above shear deflection 
equations produce results 2/3 of the values given by 
Volterra and Gaines [24] this is because the reference 
used the peak shear stress (1.5 times average) in the cross-
section to calculate deflection but better agreement with 
finite-element results is obtained by using the average 
shear stress. Stresses due to bending at the outside edge of 
disk are given by the following relationships: 

Radial stress: 

 

Circumferential stress: 

 

Initial attempts at plastic hinge calculations using the 
above equations compared well to finite-element results 
for thin coatings but showed considerable divergence for 
thicker coatings. Including shear stress given by the 
following equation improved agreement: 

Radial-vertical shear stress: 

 

Ks in the above equation is the shear stress effectiveness 
factor, and represents the effectiveness of shear in the 
Von Mises stress calculations. Theoretically the shear 
stress in a rectangular cross-section varies from zero at 
the top and bottom edges (where bending stress is 
highest) to 1.5 times average shear stress at the centerline. 
Although shear has no effect on the maximum Von Mises 
stress when yielding first occurs (because shear stress is 
zero, shear becomes important as the region of yielding 
moves toward the center of the cross-section. The specific 
value of Ks is empirically derived from the critical 
pressure determined by finite-element analysis. The shear 
stress is combined with the radial stress to determine the 
principal stresses, which are in turn used to determine the 
Von Mises stress as follows: 
 

 

 

 

 

 

Substituting: 

 

 

 

Von Mises Stress: 

 

Substituting: 

 

Solving for Ma and using a critical stress for the Von 
Mises stress can derive a critical moment, which is used 
to establish the critical plastic hinge moment: 

 

 

 

 

The Km in the above equation represents the ratio between 
the plastic hinge moment and that at which yield initiates. 
Theoretically, for a rectangular cross section in pure 
bending with elastic-perfectly plastic material behavior 
this value is 1.5 but stress combinations and the specific 
stress-strain curve can cause some variation. The specific 
value of Km is empirically derived from the deflection 
obtained by finite-element analysis. From the above 
equations, it can be seen that there is a critical pressure 
that results in an unstable (imaginary) result. This critical 
pressure is obtained by setting the relationship under the 
radical to zero and solving for pressure: 
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C. Energy Release Rate Calculations to Determine 
Coating Blistering 
Energy release rate was determined by using the 
following steps by modeling the coating as an 
axisymmetric model of a disk: 

1. Calculate the deflection of the coating in terms 
of thickness, radius, pressure, and material 
properties considering bending, shear, and bulk 
compression (membrane deflection is neglected 
as described in the assumptions) 

2. Use the calculated deflection to determine the 
change in volume of the front surface of the 
coating and the energy absorbed by the coating 

3. Differentiate the energy with respect to radius 
and divide by circumference to determine the 
energy release rate 

C.1 Deflection Calculation 
The bending deflection of a circular plate with radius=a 
fixed at the edge with a uniform pressure is given by [24]: 

 

 

The shear deflection for a similar plate is given by: 

 

 

The total deflection is obtained by summing the 
individual deflections and expressing the plate stiffness 
(D) in terms of the elastic modulus (E): 

 

 

C.2 Volume Change and Energy Calculation 
The volume change of the surface of the coating is 
determined by integrating the deflection over the radius as 
follows: 

 

 

The coating energy is then calculated as follows: 

 

 

C.3 Energy Release Rate Calculation 
The energy release rate is determined by differentiating 
with respect to the radius of the applied pressure (a) and 
dividing by the circumference as follows: 

 

 

 
 
 
 
ANALYSIS RESULTS 

Comparison of Classical and Finite-Element 
Deflection Calculations 
Finite-element results were compared to the classical 
relationships described above for the coating thickness 
values and nodule diameters. Values of Ks and Km were 
adjusted for best agreement on critical pressure and 
deflection respectively. These comparisons are plotted in 
Figure 10 and Figure 11. 
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Figure 21: Ion beam polished section of the eruption 
through the seven micron coating: (A) back scatter 
electron image, (B) secondary electron image, and (C) 
close up of left side of dome showing coating 
delamination from the tin. (Note: the top most light lines 
in images B and C highlight a separation between the 
section potting material and the coating.) 

 
Figure 22: Ion beam polished section of the eruption 
through the three micron coating: (A) back scatter 
electron image, and (B) secondary electron image. 

Measurements were obtained from the three nodule cross-
sections to determine the nodule geometry and coating 
thickness profile. The dome heights were observed to be 
similar for the seven and 30 micron thick coating regions, 
but the diameters increased with increasing coating 
thickness (Figure 23). The coating typically thinned 
slightly near the apex of the tin dome (Figure 24). A 
summary of coating thicknesses and the tin dome 
diameter and height are given in Table 1. 
 

 

 

 

 

 



F
c
t

F
v
s
c

T
s

 

 

 

 

 

Figure 23: Me
coating thickne
est sample. 

Figure 24: Ty
values across 
section measu
coating shown.

Table 1: Coat
summary. 

Nominal 
coating 

thickness 

A
c

th

(m

3 um 

7 um  

30 um 

easured tin dom
ess regions on 

ypical measure
the sample. T

urements from
 

ting thickness 

Average 
coating 
hickness 

in flat 
region 

microns) 

Min
co

thic
at t
do

(mic

3.4 Rup

8.2 7

30.2 2

me height profi
the cantilever 

ed tin and coa
The second i

m the seven 

and tin dome

nimum 
oating 
ckness 
top of 
ome 
crons) 

Dom
diame
(micro

ptured 51.

7.1 79.

28.5 118

iles for various
beam whisker

ating thickness
on beam mill
micron thick

e measurement

me 
eter 
ons)

Dome
height

(micron

6 Rupture

5 6.8

8.5 5.7

 
 

 
s 
r 

 
s 
l 
k 

t 

e 
t 
s)

ed

 

DISC

The n
in th
softe
tin ov
unco
mont
coup
whisk
year,
incre
autho
to be
of th
over 

In 
consi
Figur
prope
glass
Arath

Since
phen
struc
coati
nucle
impa
imple

Figu
slide
the in
were
90°C

CUSSION 

nucleation inh
he present wor
er Arathane 57
ver brass under

oated areas [16
ths of exposu

pons exhibited 
ker growth tha
, the density 
eased rapidly a
ors also noted 
e on the verge o
he coating, with

time.  

the present 
iderably more 
re 25 and Figu
erties are redu
s transition tem
hane (Figure 2

e whisker gr
nomena causin
cture, it is reas
ing on the 
eation. Howev
act the solder
emented prope

ure 25: Nanoid
. The as-receiv
initial cure of 
e repeated after
C.  

hibition observ
rk is in contras
750, where nod
r the coating w
6]. The autho
ure at 50C, 

four to five 
an the uncoate

of growth o
and was simila

that a number
of breaking thr
h the tin dome

experiments,
rigid than the

ure 26. Althou
uced at tempera
mperature, they
7).  

rowth is a su
ng formation
sonable that th
tin surface 

ver, conformal
r thermal cy
erly [25][26]. 

dentation of A
ved measurem
6 hours at 85

r an additional

ed with the rig
st to the behav
dule nucleation

was much great
ors reported th

the coated si
times more n

ed side. Howe
on the non-co
ar to the coated
r of tin nodule
rough the thinn
s developing s

, the coatin
e Arathane TM

ugh the PC18M
atures above th
y are still high

urface stress 
n of the tin
he presence o
could inhibi

l coating can 
ycling reliabili

Arathane 5750 
ments were obt
5 °C. The mea
l exposure of 1

gid coating 
vior of the 
n of bright 
ter than the 
hat at four 
ide of the 
nodule and 
ever after a 
oated side 
d side. The 
es appeared 
ner regions 
sharper tips 

ngs were 
5750 (see 

M+XP2742 
he PC18M 
er than the 

relaxation 
n filament 
of the rigid 
it whisker 
negatively 

ity if not 

 
on a glass 

tained after 
asurements 
10 hours at 



 
 

 

Figure 26: Nanoindentation testing results of PC18M 
filled with XP2742 (nanosilica); (A) elastic modulus, and 
(B) nanohardness. 

 

Figure 27: Nanoindentation testing results of 
PC18M+20% XP2742 at room temperature, 50˚C, 85˚C, 
and 125˚C; (a) elastic modulus, and (b) nanohardness.

 

SUMMARY 

The modeling showed reasonable correlation with the 
experimental whisker coupon results. The FEA modeling 
predicted rupture of a three micron thick coating which 
was consistent with the rigid coating experimental 
observations. Energy release rate results also indicate that 
delamination of a 100 micron coating thickness is 
unlikely for typical whisker diameters.  

If the nodule/whisker diameter was larger, the coating 
needed to be thicker and/or stronger to provide mitigation. 
Subsequently whiskers could grow through the rupture 
site. In addition, the rupture area could have increased tin 
corrosion and/or electrical leakage. 

CONCLUSIONS 
The following conclusions can be made 

 There is a combination of coating thickness, 
strength and adhesion that can provide whisker 
mitigation  

 In contrast to smaller diameter whiskers, larger 
diameter tin nodule formations have greater 
potential to rupture the coating  

 The whisker growth surface stress relaxation 
phenomena causing formation of the tin filament 

structure is altered in the presence of a coating 
having high adhesion, high strength, and 
sufficient thickness  

 Although rigid coatings can inhibit tin 
nodule/whisker formation they need to be 
evaluated for potential impacts to solder joint 
thermal cycling fatigue reliability 

FUTURE OPPORTUNITIES 

Further tests to provide correlation between coating 
blister size, coating thickness and coating 
strength/modulus are recommended. In addition, coating 
deformation under the very slow strain rates associated 
with tin whisker growth needs to be understood further. 
Further work is also needed to rapidly and reliably 
determine the coating mechanical properties, critical 
adhesion energy between coatings and whisker prone 
metal surfaces. It would also be beneficial to have a better 
means to examine the nodule/whisker growth under the 
coating. 
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APPENDIX A: Nanoparticle enhanced polyurethane 
properties 

In the present work, tensile testing on film samples was 
performed to provide macroscopic properties for 
modeling [12]. Testing was done at room temperature in 
accordance with ASTM D882 except the sample size was 
63.5 x 12.7 mm (2.5 x 0.5 inch) with a gauge length of 
12.7 mm (0.5 inch) and the displacement rate was 2.54 
mm/minute (0.1 in/min). Ultimate tensile strength, yield 
strength, and modulus were obtained on PC18M (unfilled, 
PC18M+XP2472 (XP2742 has both nanosilica particles + 
N3300 isocyanate) and PC18M+N3300. The 
PC18M+N3300 isocyanate formulations were selected to 
separate the influences of the nanosilica and the N3300 
isocyanate on the PC18M properties. The compositions of 
the PC18M+N3300 materials match the N3300 isocyanate 
in PC18M+XP2742 compositions without the nanosilica. 

As shown in Figure 28, the PC18M+30%XP2742 
(9.75wt% nanosilica) had the highest elastic modulus and 
tensile strength, almost double the unfilled PC18M. It 
should be noted that the PC18M+20%XP2742 (6.74 wt% 
nanosilica) composition was formulated to try to obtain 
better elongation and was eventually selected for 
assembly level whisker mitigation testing.  

 
Figure 28: Effect of XP2742 (nanosilica+isocyanate) 
suspension and N3300 (isocyanate) on tensile properties 
of PC18M; (A) elastic modulus, (B) yield strength, (C) 
tensile strength at break, and (D) percent elongation with 
the numerical values above the bar showing minimum and 
maximum elongation obtained. 
 
 


