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Stress Relaxation in Sn, Sn-Cu, and 
Sn-Pb Films 

• Sorting through the variables – from the tin whisker literature
– Known necessary conditions for whisker growth
– Unnecessary conditions for whisker growth
– Possible necessary conditions for whisker growth
– Possible effects of Pb on stress relaxation in Sn films

• Proposed Experiments at Purdue
– Hillock to whisker transition: composition, stress, microstructure, 

presence or absence of IMC
– IMC morphologies: why do the tensile stresses develop the way they do 

given the postulated microstructural changes?
– Changing the stress state at the surface/ disrupting the oxide film
– Separating nucleation from growth 

• (Holy Grail of Whisker Studies)
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Necessary Conditions for Whisker Growth
• Compressive Stress in Film 

• The higher the “better” but how high?  Limited by the 
yield stress in the film.  How high should the yield 
stress be to get whiskers? … to get hillocks? 

• Low creep rate in the film
• But how low, and why?
• Lower in films than in equivalent “bulk” solder and in 

Sn-3% Cu alloys, whisker growth is the dominant 
stress relaxation mechanism – analysis by Boettinger, 
et al., Acta Materialia, 2005, using model proposed by 
Tu (1994) and by Hutchinson et al. (2004)

• Creep is occurring in the elastic regime



Initial Compressive Stress in Initial Compressive Stress in 
Electrodeposits / Whisker FormationElectrodeposits / Whisker Formation
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stresses increase 
like this? –
Chason, Reinhold, 
Kumar, et al. at 
Brown

• this is right after 
plating
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Whisker and hillock formation on Sn, Sn–Cu and Sn–Pb electrodeposits, 
W.J. Boettinger , C.E. Johnson, L.A. Bendersky, K.-W. Moon, M.E. 
Williams, G.R. Stafford, Acta Materialia 53 (2005) 5033–5050.



iNEMI Tin Whisker Workshop, Reno NV,  May 29, 2007

Not Necessary Conditions Not Necessary Conditions 
for Whisker and Hillock Growthfor Whisker and Hillock Growth

• IMC formation – Williams, et al. paper on whisker 
and hillock growth in Sn and Sn-Cu films on 
tungsten

• Single-crystal columnar grains – Moon, et al. 
paper on effects of Cu on whisker and hillock 
growth
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Sn films on tungsten Sn-Cu films on tungsten

Journal of Electronic Materials, 2007



The Formation of Whiskers on Electroplated 
Tin Containing Copper

Proceedings - Pac Rim 2001

Plenty of horizontal and angled 
grain boundaries; what are the 
energies of the grain boundaries ?

Preferential precipitation on 
vertical grain boundaries (gbs) 
suggests possible differences in 
interfacial energy between gbs
of different orientation and/or in 
strain energy for oriented 
precipitation



Journal of Electronic Materials, 2007





When the Sn films are stripped off,  
what makes the resulting stresses 
in the remaining IMC-Cu tensile?

From Stafford et al., stresses are 
definitely tensile after tin films 
stripped off.  Also Chason, et al.

From Zhang et al. results, what is 
the role of the substrate?
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Possible effects of Pb on stress relaxation in Sn
Pb changes mechanical behavior

• Higher intrinsic creep rate
• Lower yield stress
• Mitigates impurity effects on mechanical behavior

Pb segregates to interfaces
• Increases grain boundary mobility
• Improves efficiency of grain boundary and surface 

sources and sinks for vacancies in creep
• Weaker or non-continuous surface oxide
• Changes IMC morphology
• Changes interfacial energies and diffusivities

Pb changes electrodeposition behavior
• Increases grain nucleation rate during electrodeposition
• Changes impurity incorporation rate



Sn-2wt%Pb Pure Sn Sn-3wt%Cu
Microstructure of Surface & Interior of 16 µm Thick Deposits @ >100 days 

No surface features Irregular eruptions
and whiskers

Conical hillocks

FIB pictures: Galyon and Palmer



Proposed Experiments
• Cantilever experiments as a function of composition for Sn

and Sn-Cu – building on results from the literature
• Transition from hillocks to whiskers 
• Well characterized substrates – Cu and W
• Well characterized IMC-Cu-film interface
• Characterize grain structure more quantitatively
• Measure creep behavior by nanoindentation

• Try to disrupt oxide layer, without plastic deformation
• Use FIB to change local surface condition – effect of Ga a 

serious issue
• Change oxide properties using controlled surface impurities/ 

local corrosion
• Your input and help requested – What effects can we isolate?  

What can we learn about Sn-Pb that might help us learn the 
limitations of Pb-free systems? 





Whiskers Growing from SAC 405 Solder Surface 

Life tested Assembly with a No Clean solder paste (SAC 405) reflowed (two sided 
reflow and this was first side) of a MOSFET devices with an Alloy 42 lead frame that 
was matte tin plated.  This assembly was subjected to 20 days of life testing at 65°C 
and 25% RH with a 40 CFM blower on these assemblies were processed with cyclic 
load being applied.  This unit passed the test but whiskers were observed after the test.  
This product was built in 2005 week 46.

 

New assembly using a no clean 
SAC 405 built week 51 and no life 
testing exposure and whiskers were 
found in 4 months from a normal 
storage environment and only 
powered to test. 





•Your input and help requested – What effects can 
we isolate?  What can we learn about Sn-Pb that 
might help us learn the limitations of Pb-free systems?  
Did nature give us another “magic” additive like Pb?

•Carol Handwerker: handwerker@purdue.edu
765-494-0147

•Aaron Pedigo: aepedigo@purdue.edu

mailto:handwerker@purdue.edu


The Formation of Whiskers on Electroplated 
Tin Containing Copper

Number and types of defects –
hillocks to whiskers and eruptions 
– change as a function of copper 
concentration in the deposited film

Proceedings - Pac Rim 2001



Proceedings - Pac Rim 2001

The Formation of Whiskers on Electroplated 
Tin Containing Copper
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Whisker and hillock formation on Sn, Sn–Cu and Sn–Pb electrodeposits, 
W.J. Boettinger , C.E. Johnson, L.A. Bendersky, K.-W. Moon, M.E. 
Williams, G.R. Stafford, Acta Materialia 53 (2005) 5033–5050.



The Formation of Whiskers on Electroplated Tin 
Containing Copper

Proceedings - Pac Rim 2001



 

4. Toe of lead

2. Whisker 
Surface

3. Lead surface next 
to whisker

1. Shoulder of lead above 
whisker (no Whiskers)

Cl- WOA- NH4+ S04-
Shoulder 3.26 5.36 3.62 0.59

Whiskers 14.29 47.14 5.36 3.27
(flux line)
Toe 7.56 42.31 1.24 2.36
all values are in ug/in2

The level of ionic contamination on this 
lead when cut into thirds and analyzed 
by Ion Chromatography IPC TM-650 
2.3.28 



Proposed Experiments

• Cantilever experiments as a function of composition for Sn
and Sn-Cu – building on results from the literature

• Transition from hillocks to whiskers 
• Well characterized substrates – Cu and W
• Well characterized IMC-Cu-film interface
• Characterize grain structure quantitatively
• Nanoindentation measurements of creep behavior

• Try to disrupt oxide layer, without plastic deformation
• Use FIB to change local surface condition – effect of Ga is a 

serious issue
• Change oxide properties using controlled surface impurities/ 

local corrosion
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