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a b s t r a c t 

We investigate whisker nucleation and growth kinetics in Sn coatings induced by the application of me- 

chanical pressure. The pressure was applied to the samples using a clamping fixture that enables a con- 

stant pressure to be maintained over long duration of time. The fixture is small enough so that it could 

be transferred inside a Scanning Electron Microscope (SEM) chamber to observe the stress driven whisker 

nucleation and growth in real-time while the applied pressure is maintained on the Sn films. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Whisker growth is observed from the surface of thin films or

oatings of many low melting point metals and alloys (Cd, Zn, Sn,

g, Al etc.) [1] . Many studies focusing on whisker formation have

een performed on Sn and Sn-alloy coatings deposited on Cu sub-

trates due to its widespread use in the electronics industry. In

he past, the addition of a small quantity of Pb in Sn was used

o prevent whisker growth [2] . However, the worldwide initiative

or environmentally friendly Pb-free electronics manufacturing has

liminated this practice making whisker growth phenomenon once

gain an active area of research. Despite decades of research on

he whisker formation phenomenon, the mechanism of whisker

rowth remains elusive. Although multiple whisker growth mecha-

isms have been proposed [3–12] , there is no universally accepted

xplanation. 

Whisker formation in Sn coatings has been proposed to be

 stress relaxation phenomenon [13–16] wherein a compressive

tress drives the mass transport of atoms [13] . Whiskers are,

herefore, proposed to grow as long as the driving force of a stress

radient is maintained. There are many potential sources of stress

n the Sn layer that can lead to whisker formation. These are

eposition-induced residual stress [17] , phase formation due to an

nterfacial reaction between Sn and an underlayer [12,14–16,18] ,

ormation of Sn-oxide on the free surface [19–21] , thermal stress

ue to mismatch between the coefficients of thermal expansion

or the Sn layer and the substrate [22–26] , or the application of

echanical force [13 , 27–36] . In many applications that use Sn

oatings on Cu-containing substrates, the diffusion-controlled
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eaction between Sn and Cu leads to continuous formation of

u 6 Sn 5 intermetallic compound (IMC) resulting in compressive

tress in the layer [14–16 , 18–19 , 37] . However, studying this process

s difficult because the stress induced by intermetallic growth is

ifficult to control and predict. 

In order to develop a more fundamental understanding of

hisker formation, it is useful to perform experiments wherein

hisker growth can be studied under a controlled driving force.

ei et al. [22] developed a technique wherein the Sn thin films de-

osited on Si substrate were heated to impose a thermal mismatch

train and hence stress in the Sn layer. The resulting stress in the

n layer and nuclei density was measured simultaneously in real-

ime by a laser curvature technique and optical microscopy, respec-

ively. The resulting nucleation and growth kinetics could then be

orrelated directly with the stress [22–24] . However, the compres-

ive stress in the Sn induced by heating to a fixed temperature

i.e., under constant thermal strain) relaxes due to power-law creep

22–23 , 38] making it is impossible to maintain a constant elevated

tress state. 

Experiments performed by Fischer et al. (1954) [13] demon-

trated that compressive stress in Sn produced by the application

f mechanical pressure could accelerate whisker growth rates dra-

atically. They proposed that Sn atoms migrate from the region

f high compressive stress to the whisker base along the path

f the stress gradient. Since then, others have used mechanically

pplied stress to induce whisker growth [27–36] . These include

pplication of mechanical stress using indentation [28 , 30] , bending

29 , 32 , 35] and in-situ nanoindentation techniques [34 , 36] . How-

ver, the experimentally measured whisker growth rates reported

n different studies were drastically different, with some showing
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Fig. 1. (a) Schematic drawing of the apparatus for applying pressure on the Sn samples. (b) picture of the actual setup. The apparatus is small enough to fit inside regular 

SEM chamber. 
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linear growth kinetics [13 , 31] , some showing non-linear [27 , 28 , 30]

and others showing limited amounts of growth [34 , 36] . This may

be due to the fact that a constant stress was not maintained on

the samples for long durations. Also, some of the previous studies

were performed on Sn deposited on reactive substrates making

it difficult to relate whisker growth kinetics to the applied stress

alone [29 , 34–36] . 

In order to overcome the variability in previous studies, the

work described here relies on the mechanical application of pres-

sure on the Sn samples. Using a miniaturized test fixture that fits

inside an SEM chamber, whisker nucleation and growth kinetics

can be studied in real time while a constant pressure is applied

to the sample. The results provide measurements that can be

compared directly with calculations of the corresponding stress

evolution. 

The samples consisted of 4 μm Sn layers formed by electrode-

position using stannous sulfate acidic electrolyte [39] . Sn coatings

fabricated using stannous sulfate bath are generally more prone to

whisker formation compared to commercial methanesulfonic acid

(MSA) based baths. Prior to Sn deposition the W substrates were

prepared by acid cleaning using a solution of HNO 3 , H 2 SO 4 and

H 2 O in 5:3:2 proportion [40] , then rinsed in DI water and soni-

cated to remove any leftover surface residue. A 20 nm Ti layer was

then electron-beam evaporated on the W substrate to facilitate ad-

hesion, followed by a 40 nm Cu layer to produce the same crys-

tallographic texture and microstructure as Sn coatings on bulk Cu.

After electrodeposition, the Sn samples were allowed to age un-

der ambient conditions for 48 h so that stress induced by IMC for-

mation could saturate. It is worth mentioning that the 40 nm Cu

layer did not induce sufficient compressive stress in the Sn layer to

initiate whisker formation. 

The Sn coated samples were then mounted on the clamping

fixture shown in Fig. 1 . The fixture was made from stainless steel

with the dimensions of SEM specimen mounts so it could be eas-

ily transferred in and out of the SEM chamber for periodic obser-

vations. The bottom part of the fixture, on which the Sn coated

sample is mounted, is rigid whereas the upper part of the fixture

is free to move along parallel rails. A flat punch on the bottom of

the moveable part applies pressure by tightening the screws on ei-

ther side of it (see Fig.1 ). A pair of compression springs mounted

around the screws keeps the applied pressure constant over time.

A thin film force sensor 1 (Flexiforce® Tekscan) is integrated in

the loading axis to monitor the applied force values. The dynamic
1 The resistance of the sensing material changes when the load is applied. The 

sensor was caliberated for different applied loads prior to integration in the system. 

he data was collected utilizing an op amp circuit and an Arduino microcontroller. 

 

e  

n  

t  
ange of the force sensor used in this study was 0-100 lbs (0-

45N). 

Direct contact of the punch on the sample made the applied

tress non-uniform because of the surface roughness of the Sn

ayer; higher grains were observed to be flattened whereas ad-

acent lower grains were untouched. Whiskers were even ob-

erved to grow from some of the deformed grains underneath the

unch. To apply more uniform pressure, a rectangular piece of

teel plate was attached on the sample surface using superglue®, a

yanoacrylate adhesive. Superglue effectively filled the gaps on the

n surface and formed a very thin skin between Sn and steel plate.

he punch was placed on top of the steel plate to apply a uniform

ressure on Sn sample. After the screws were tightened and the

orce was quantified, the clamping system was immediately trans-

erred into the SEM chamber to image the surface. The same re-

ions of the surface were re-imaged periodically over a number of

ays to observe whisker nucleation and growth in real time. In-

etween the measurements the sample was stored in ambient at-

osphere without removing the load. 

A series of SEM micrographs of the same region after varying

eriods of time under an applied stress of 25 MPa are shown in

ig. 2 . Following a short incubation time, nuclei were observed

o emerge from the surface of Sn in the vicinity of pressurized

dge (shown by white arrows in image). A nucleus is defined as

 surface protrusion that has a volume greater than 0.4 um 
3 . With

ime, the density of nuclei was found to spread over a distance

p to 200 μm away from the pressurized edge. It can be readily

een from Fig. 2 that the nuclei density is higher than the whisker

ensity i.e., not all nuclei that formed after applying pressure

ventually formed into longer whiskers. Approximately 25% of

he total nuclei eventually grew to become long whiskers and a

lightly smaller fraction grew as hillocks. 

The stress in the Sn film varies with position and time in the

egion near the punch. Hence, the nuclei density was measured

s a function of position at different time intervals. The density

as calculated by counting the number of nuclei in eight adjacent

trips of width 10 μm at increasing distance from the pressurized

dge. In order to get a statistically reliable value, the density was

nalyzed from 12 different regions, each 140 × 80 μm, that cov-

red the entire width (~1.7 mm) of the Sn sample. The background

as removed using image analysis software to identify the nuclei.

n example of counting the nuclei density in a single frame is

llustrated in Fig. 3 a. 

The number density of nuclei vs. distance from the pressurized

dge is shown in Fig. 3 b for different time periods. The rate of

ucleation was rapid in the beginning and slowed down as the

ime progressed. The width of the distribution can also be seen
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Fig. 2. SEM micrographs of the same region showing whisker nucleation and growth captured in real time after (a) 15 min (b) 1.5 h (c) 6 h (d) 48 h (e) 96 h (f) 267 h. The 

white arrows in (b) and (c) indicate formation of new whisker nuclei. 
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o increase as a function of time. The evolution of the width is

llustrated in Fig. 3 c by plotting the position at which the density

eaches a value of 400/mm 
2 as a function of time. The position

ncreases more slowly at longer times, consistent with a process

hat is controlled by diffusive flow. 

Previous work using thermally-induced stress [22] suggests

hat nucleation occurs when the stress exceeds a threshold value

which was 15 MPa). The nucleation kinetics shown here are con-

istent with this picture in which the stress spreads into the region

way from the punch, controlled by the relaxation processes in the

ayer (diffusion, power-law creep and whisker growth). 

In addition to the nucleation density, the growth rate of

hiskers was determined from the SEM micrographs. The evolu-

ion of a typical whisker is shown in Fig. 4 a. To obtain the volume,

he whiskers were assumed to have a cylindrical shape and the

ength and radius were corrected for the angle of growth by com-

aring measurements made at two different azimuthal angles. The
ime evolution of multiple whiskers measured within the range of

–10 microns from the punch is shown in Fig. 4 b. All the whiskers

bserved showed a period of roughly linear growth kinetics after

hich the growth stopped. The growth rates in the linear regime

anged from 0.5–1.5 μm/day which correlates well with previously

eported whisker growth rates [19 , 41] . It is not clear from these

easurements why the individual whiskers stop growing. Possible

easons are that the driving force is depleted in that region or that

he microstructure at the base of the whisker changes. This needs

o be addressed in future studies, for instance by cross-sectioning

he sample to compare the microstructure around whiskers that

ontinue to grow and those that stop (or never grow beyond

uclei). 

The average volume of whiskers vs. time was calculated from

ultiple measurements in each 10 μm interval of distance from

he pressurized edge (shown in Fig.4 c). The error bars were

etermined from the standard deviation of the measurements of
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Fig. 3. (a) An illustration of scheme used to calculate nuclei density. (b) Nuclei density away from pressurized edge (c) distance at which nuclei density reaches 400/mm 
2 

as a function of time. 
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multiple whiskers. Even though nuclei were observed at further

distances, whiskers were only observed to grow within a distance

of 30 μm from the pressurized edge over the period of 14 days.

On average, whiskers that are farther from the pressurized edge

started to grow at a later time and with a slower rate than those

closer to the edge. This is similar to the kinetics of nucleation

and consistent with the stress spreading away from the deformed

region with time. For distances that are further away, the stress

(and hence growth rate) takes longer to build-up and has lower

values. To correlate the nucleation and growth kinetics with the

stress, calculations of the time-dependent stress distribution using

finite element analysis (FEA) are planned for future work. 

In summary, we report quantitative measurements of whisker

nucleation and growth kinetics in real-time inside Scanning Elec-

tron microscope under a constant applied stress maintained over a

long period of time. The results suggest that both nucleation and

growth of whiskers are driven by stress and stress gradients in

the Sn layer. As time evolves, the stress spreads out into the Sn

layer which induces nucleation and growth further from the re-

gion where the pressure is applied. Interestingly, a large fraction
f the surface features that nucleate do not continue to grow into

hiskers. Because the method allows the time evolution to be ob-

erved at different distances form the applied stress, it provides

esults that can be compared directly with FEA calculations of the

tress distribution. Simulating these results with FEA will enable us

o determine the kinetic parameters that control whisker growth. 
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Fig. 4. (a) The time evolution of a typical whisker. (b) the volume of multiple whiskers in the range 0–10 μm (c) average whisker volume at different intervals of distance 

from the punch. 
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