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Abstract

Whisker formation in metallic coatings has been studied extensively over the past few decades. A wide consensus exists
for stress as a driving force behind whisker growth. However, many of the details are not understood, and other theories
have been proposed that challenge stress-based explanations. In this paper, we quantify the kinetics of stress-driven whisker
growth by demonstrating that the whisker growth can be turned on and off by application and removal of mechanical load.
We observed that (i) whiskers formed during the loading stage grow linearly with time, (ii) they stop growing soon after the
load was removed, and (iii) they resume growth when the load was reapplied. The experimental results are explained using
finite element analysis (FEA) of stress evolution due to applied load and average growth rate predictions. The results have
implications for applications in which the coatings experience stresses, for example, due to fasteners or thermal cycling.
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Introduction

Whisker growth in metallic coatings continues to pose a risk
in electronic components.'? Sn-based systems, in particular,
have been vastly studied over several decades to understand
the mechanisms behind whisker growth, and yet a concrete
understanding of this complex phenomenon and hence engi-
neering solutions to prevent its growth remains elusive.>™
The problem due to whisker growth has re-emerged after a
ban on Pb in the processing of electronic components back
in 2006.° More recently, studies have shown whisker growth
from Pb-free micro-solder arrays,’ other metals and alloys
such as MAX phases.® Therefore, there is renewed interest
in understanding the driving forces behind whisker growth.
A plethora of experimental®™!” and numerical'®! evidence
now exists suggesting that compressive stress in Sn films
drives the nucleation and growth of Sn whiskers. However,
recent theories®?>>* based on other driving forces such
as electrostatic force or oxidation challenge stress-based
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interpretation, and hence a fundamental driving force for Sn
whisker growth is still under debate. This is mostly because
quantitative studies directly relating whisker nucleation and
growth to stress as a driving force have remained challeng-
ing to perform.

Compressive stress in Sn can originate from multiple
sources including residual stress induced during the film
deposition,?> formation of the intermetallic compound
(IMC) CugSns in Sn-Cu systems,”!>*3! thermal expansion
mismatch between Sn film and substrate,'**273% oxidation
reactions in Sn alloys,?***~*> and mechanical loading of the
Sn film surface.**=% In the case of Cu/Sn systems, which are
of general interest, IMC growth and mechanical loading can
provide a sustained driving force enabling whisker growth
over a long period. Other sources of stress, such as residual
stress from deposition, thermal expansion, and stress due to
oxidation are not sustained over prolonged periods and the
stress decays rapidly due to relaxation via creep deforma-
tion, thereby reducing the driving force available for whisker
growth. Moreover, due to multiple processes contributing
to stress generation as well as relaxation, the stress in Sn
changes rapidly with time and hence requires real-time
monitoring.

Several studies have been performed to quantify the
whisker growth kinetics in relation to the stress state in Sn
and Sn-based systems. 7> 33-56 However, in most of the
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previous studies, either the introduced stress could not be
externally controlled, as in the case of IMC formation,”’ or
the stress in the film could not be maintained for prolonged
periods, such as in thermal studies where Sn films were
heated to induce compressive stress,”>>” limiting the scope
of some of these experiments to just a few hours during
which whisker kinetics could be monitored.” Other studies
have been carried out to grow whiskers under the application
of a mechanical load. However, either the applied load was
not isolated from the IMC-induced stress®! or the studies
relied on the removal of the applied load for direct observa-
tion of whiskers,**° making it difficult to directly relate the
driving force and whisker growth kinetics.

We recently developed an experimental methodology that
allowed us to circumvent some of these issues and monitor
whisker nucleation and growth in real time.*” A miniatur-
ized clamping fixture was designed to apply a controlled
mechanical load on a small area on the Sn surface using a
flat punch indenter. The applied load can be maintained for
extended periods and can be monitored using a force sensor
integrated with the fixture. The applied mechanical load can
also be removed and reapplied at any time. Furthermore, due
to its small size, the fixture can be mounted inside a scanning
electron microscope (SEM) chamber to periodically moni-
tor the film surface for whisker growth. More details of the
fixture and procedure adopted for measuring the kinetics of
whisker growth in Sn thin films can be found in our previous
work.*” In that work,*’ we studied the growth kinetics of the
whiskers under a constant load. It was observed that many
whiskers stopped prematurely after an initial period of linear
growth, while a few of them continued to grow as long as
the applied load was maintained. To ensure that the applied
load drives the whisker growth and that premature stop-
ping of whisker growth was related to other microstructural
aspects such as grain structure and orientation at the whisker
root, we perform experiments with a loading and unloading
cycle. In the present work, we examine the role of stress in
Sn whisker growth during a mechanical loading—unloading
cycle. The results highlight a crucial link between stress and
whisker growth and may resolve the much-debated role of
compressive stress in whisker growth.

Experimental Procedure

Sn-coated samples were prepared on 1 mm thick glass sub-
strates. The glass surface was first cleaned and was sub-
sequently coated with a 40 nm Ti adhesion layer followed
by a 40 nm Cu layer by evaporation. This thickness of Cu
was selected to significantly limit the formation of IMC at
the Sn/Cu interface. Sn film of 2.5 um thickness was then
electrodeposited using a stannous sulfate electrolytic solu-
tion.%° The deposition was conducted at a constant current
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density of 10 mA/cm? and a temperature of 40°C. The stress
resulting from deposition and IMC formation can affect the
measurements of kinetics of whisker growth. Therefore,
residual stress arising from the electrodeposition process and
subsequent stress evolution due to the limited IMC forma-
tion was monitored using substrate curvature measurements
of samples deposited on thinner (150 pm) Si substrate (with
40 nm Ti and Cu seed layers) under identical deposition
conditions. The measurements showed that residual stress
in the Sn layer immediately after deposition was tensile and
saturated at a lower magnitude of tensile stress due to sub-
sequent IMC formation within 24 h after deposition. The
IMC growth was quickly exhausted as the 40 nm Cu seed
layer was completely depleted to form CugSns, making IMC-
induced stress generation mechanism inoperational. The
residual stress in the Sn layer after IMC growth had stopped
was measured by selectively stripping off the Sn layer and
measuring the curvature change. The average biaxial stress
in the Sn layer was 8 + 2 MPa. Therefore, a small amount of
tensile stress existed in the films before external mechani-
cal loading which was unknown in our previous study.*’
No whiskers were observed on the sample surface before
mechanical loading therefore, this pre-existing stress was
insufficient to drive any whisker growth.

The actual samples (Sn/Glass substrate) were aged in
ambient conditions for 48 h before mechanical loading so
that IMC-induced stress did not interfere with the measure-
ments of whisker growth under mechanical loading. A stain-
less-steel buffer piece was glued on the sample surface using
superglue to ensure uniform loading on an otherwise rough
surface of electrodeposited Sn. The sample was mounted on
the loading fixture, and a small area of the film surface ~3
mm?, as shown in Fig. 1, was subjected to a loading, unload-
ing and reloading sequence. During the first loading stage,
the film was subjected to a fixed load which was held con-
stant for 48 h. The load was then removed completely, and
the sample was kept unloaded for the next 24 h. Follow-
ing this interruption in loading, the sample was reloaded
back to the same load as in the initial loading stage. The
applied load was measured using a force sensor (load range:
0-444.82 N) integrated with the loading assembly. The sen-
sor was calibrated using standard weights and measuring the
resistance change before the experiments. The mechanically
applied load on the Sn surface (A =3 mm?) was equivalent
to 28 MPa of pressure as shown schematically in Fig. 1,
i.e., at x=0, o(x) = X = -28 MPa. Here, X is the uniform
pressure under the punch and the negative sign indicates the
applied pressure was compressive. Due to creep relaxation
and grain boundary diffusion, a uniform hydrostatic stress
state o(xx) = o(yy) = 6(zz) =— Z exists in the film under the
pressurized region.

The film surface, up to 80 um from the region where the
load was applied, was monitored for whisker nucleation and
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Fig.1 (a) Schematic illustration of loading assembly used in the
experiments. A constant load (P) equivalent to a pressure of £ = P/A
is maintained on the Sn surface, where A is the pressurized area. A
uniform hydrostatic stress state exists in the film under the pressur-
ized region. Because of the diffusion of Sn atoms via grain bounda-

growth using an SEM at regular time intervals throughout
the sequence of load application. The sample was stored
in ambient conditions between the imaging sessions. Mul-
tiple whiskers were monitored over the Sn surface in real
time during the SEM observations. To determine the actual
lengths of whiskers from 2D projections such as SEM
images, we adopt the following procedure. First, the whisker
is imaged at a fixed tilt anglef. The whisker is imaged again
after a 90° rotation about the sample normal. This changes
the coordinates of whisker from (x/,y]) to (x},y,) in a pro-
jection plane with basis vectors (x’, ). The coordinates of a
whisker in its projection plane can be easily extracted from
the SEM images. The coordinates of the whisker in the pro-
jection plane can be related to its true coordinates in the
sample reference frame using a coordinate transformation
with a appropriate transformation matrix. This allows a cor-
rection to be made for the length of the whiskers estimated
from the 2D images. A similar approach was used in pre-
vious studies.”®! An additional advantage of the real-time
observation of whisker growth is that it allows us to deter-
mine the incremental increase in the length of a whisker and
observe whiskers as they kink. This allows us to determine
the true lengths of whiskers even if they are kinked. The
whisker volume was estimated assuming a cylindrical shape.

Results and Discussion

The real-time whisker nucleation and growth observations
made during the loading phase were consistent with the
results reported in our previous work.*’ Nucleation den-
sity was higher closer to the edge of the pressurized region,

Distance (x)

ries from the compressive region under the punch to the surround-
ing region, the stress o(x) spreads out in the surrounding region, i.e.,
adjacent to a pressurized area. The stress o(x) and whisker density in
the adjacent area evolves with time as shown in (b). Note that at x=0,
o(x) = Z, =-28 MPa.

where the compressive stress was higher. Over time, nuclea-
tion spread to larger distances from the edge as the compres-
sive stress built up in the surrounding region as illustrated in
Fig. 1b. The results of nucleation kinetics are not reported
here; details can be found in previous works.*’**> During
aging under the applied load, a significant fraction of the
total nucleated features grew into regular filament-type
whiskers (with constant diameter) along with a few hillocks
(which had continuous growth at the base). The whisker
and hillocks continued to grow until 48 h, at which time the
applied load was removed. The unloading resulted in a loss
of driving force, and hence all whiskers and hillocks stopped
their growth after unloading and remained inactive for the
period of interruption until the film was reloaded. Several
whiskers were imaged just before unloading and imme-
diately after unloading. The length of whiskers remained
unchanged, indicating that they stop their growth on a very
short time scale. Figure 2 shows representative time-lapse
SEM images of one such whisker and hillock during a load-
ing sequence, showing a pause in the growth over 24 h (from
t=48 h to t="72 h) when the load was removed, followed by
a resumption in growth when the load was reapplied. The
measurement of whisker volume, as shown in Fig. 2b, indi-
cates that the volume of an individual whisker increased lin-
early with time, i.e., with a constant growth rate. The growth
rate dropped to zero upon unloading. Upon reloading, the
whisker growth resumed but the growth rates were different
by a factor of 2-3 depending on the distance of the whisk-
ers from the edge. The experiments demonstrate that the
whisker growth can be stopped and resumed by controlling
the applied load and therefore is fundamentally linked with

@ Springer



776

P. Jagtap et al.

200 F
o [
=
© L
g 0T 24h
0 .
° unloading
z P
$ 1[]0 - : |
o H H
n ' . -
g - b .0
L | 1 L
50 + P
- ] |“
- ‘d‘ 1 1
0 0y
0 50

PN T [N T T S T YT T T S I T T T N S T S 1
100 150 200 250 300

Time (h)

Fig.2 (a) A whisker and (b) hillock growth sequence captured at a
different time (f) after mechanical loading. The sample remained
unloaded between =48 h to t=72 h, following which it was reloaded

the compressive stress in the film created by the applied
load.

It should be noted that only whiskers with a constant
cross-sectional area (i.e., whiskers with constant diameter)
were used to calculate the average volume. The growth of
hillocks with continuous expansion at the base (see Fig. 2b)
was also observed. It was difficult to determine the volume
of such irregularly shaped features. The growth kinetics of
a total of 26 whiskers spread over an 80 um distance from
the edge was monitored using SEM imaging. The majority
of these whiskers grew in the region within the first 30 um
from the pressurized edge.

The film surface under observation was segmented into
multiple 10 pm bands at increasing distances from the pres-
surized edge in the same way as described in our previous
work.*” The volume measurements of individual whiskers
lying within these bands were used to calculate the aver-
age growth rate of whiskers at different distances from the
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to the same applied load. (c) The volume of a whisker shown in (a) is
estimated from SEM images with time.

edge. The average volume of whiskers with time is plotted in
Fig. 3a. The average growth rates of the whiskers varied with
their position from the pressurized edge. In general, whisk-
ers closer to the edge grew at a faster rate than the whiskers
further away. This is consistent with the previously reported
findings in*’ and supported by the analysis of stress which
decays with distance from the edge.®

The linear growth rates of whiskers before unloading and
after reloading suggest that the underlying mechanism of
growth remains unaffected by the load interruption. Since
the focus of the present study was to look at growth kinetics
of whiskers before, during, and after the load interruption,
only the whiskers that began to grow in the first loading
phase were used for calculating the average volume shown
in Fig. 3a. It is important to point out that new whiskers also
formed once the sample was reloaded after a 24 h interrup-
tion. A total of 12 new whiskers (spread over 80 um distance
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Fig.3 (a) Experimentally measured average whisker growth rates at different distances from the region where the load was applied; (b) FEA
predictions of the average whisker growth rates. The vertical arrows in (a) indicate the period for which the applied load was removed for 24 h.

from the pressurized edge) were observed after the reloading
atr=72h.

While the applied stress on the area under the punch (6., =
oy, = 0,, = —X) remained constant, the stress field in the
surrounding region (¢,,=0,,= —c(x, 1)) continuously evolve
with time, as shown schematically in Fig. 1b. To relate the
experimentally measured rate of growth to its driving force
(i.e., compressive stress field —o(x, f) in the surrounding), a
finite element analysis (FEA) was performed. The details
of the FEA model have been described previously,® so it
is only briefly summarized here. The FEA model consid-
ers an isotropic Sn layer attached to a much thicker rigid
glass substrate. Therefore, applied strain is accommodated
by elastic, plastic, and diffusive processes in the Sn layer.
The total in-plane strain must always be zero, since the lat-
eral displacements are not allowed by a rigid substrate. This
gives a condition

. +e,+e,=0 1)

By substituting individual contributions to the strain rates
from elastic, plastic, and diffusive processes, we get Eq. 2.
Here, €, is the in-plane elastic strain rate related to stress
rate using a biaxial modulus. Since the experiments were
performed at constant ambient temperature, and whisker
growth does lead to shrinkage in the out-of-plane direction,
the biaxial modulus of Sn remains constant. The average
stress can be obtained by solving the following differential
equation®?

2) 2
1 do 1<QD>da+ép(G)=o @

Mdr 3\ kT ) ox®

The plastic strain rate €, was defined using the power-law
creep equation given by

(B

where , Sij is the deviatoric component of the stress tensor, o,
is the von Mises stress, ¢, is the nominal yield stress, Q... is
the activation energy of the creep, and m is the stress expo-
nent. The creep parameters were determined by modeling
the above equation on the experimentally measured stress
relaxation of the thermally strained Sn coatings used in the
study having identical grain size and thickness, and similar
loading rate. The details of modeling stress relaxation in Sn
can be found in Shin and Chason.®® The values of activation
energy of creep and creep stress exponent obtained from
curve fitting were in good agreement with the ones reported
previously in the literature. The diffusion in beta-Sn is quite
complicated, and it depends on the microstructure, amount
of impurities, texture, stress, etc. Since we do not have
experimental Sn diffusivity data for Sn coatings used in our
work, we used values of D, and Q,, reported in the litera-
ture. The model considers the average stress at length scales
much larger than the spacing between the whiskers, and it
also considers a critical/threshold stress for whisker growth
(o,,;) at the whisker root to predict the growth rates. If the
average stress o(x, t) >o..,;,, diffusion of Sn atoms towards the
whisker root can occur, and growth rates can be predicted.®?

To model the experimental results, the model was modi-
fied to turn on and turn off the applied load and analyze
the evolution of the stress field in the region, adjacent to
where the load was applied. The kinetic parameters used in
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Fig.4 The FEA predictions of stress evolution at different dis-
tances from the pressurized edge during loading (=0 h), unloading
(t=48 h), and reloading (=72 h) sequence.

the model including the activation energy for creep, power-
law creep exponent, grain boundary diffusivity, and critical
stress for whisker growth can be found in Jain et al.%?

Figure 4 shows the evolution of compressive stress with
time at several distances from the edge of the pressurized
region. The distance, shown in the legend, corresponds to
the center of the bands where whisker growth was moni-
tored in the measurements. At t=48 h, when the applied
load is removed, the compressive stress decreases rapidly
(i.e., becomes more tensile) and quickly falls below the
threshold stress magnitude required to sustain whisker
growth (~—15 MPa, which was determined through ther-
mally induced stress measurements>). This explains the
prompt stop in the growth of whiskers observed in Fig. 2. At
t="72 h, when the load is reapplied, the compressive stress
increases rapidly and quickly reaches a steady state. This
sustained elevated state of stress provides a continuous driv-
ing force that enables the whiskers to grow further.

It is important to note that the stress recovery after reload-
ing was faster than the stress relaxation after unloading. The
FEA model allows us to evaluate the contribution to the
stress from individual processes considered in the model.
It was observed that stress (o(x, ) after loading was domi-
nated by diffusion of Sn atoms via grain boundaries. Inter-
estingly, the stress after unloading decayed faster near the
pressurized edge compared to far away from it. This can be
attributed to power-law creep, where a higher stress level
near a pressurized edge leads to faster stress relaxation. The
time scales for stress relaxation upon unloading and recovery
after reloading are very short, consistent with the experi-
mental observations.
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Table | The comparison of whisker growth rates captured through
experiments and modeling shown graphically in Fig. 3

Average growth rate

Distance (x) 0-10 um 1020 um  20-30 um

Experiment (before inter-
rupt)

Experiment (after interrupt)

FEA (before and after inter-
rupt)

32um3/h 1.48pm3/h 0.46 pm3 /h

114 pm3/h 0.98 um’/h  0.85 umd /A
1.3um3/h 099 uym3/h  0.76 pm?/h

The whisker volume estimations were used to understand
the kinetics of growth instead of whisker length because the
rate at which length increases depends on the diameter of a
whisker. Additionally, the rate of change of volume can be
directly related to the driving force (i.e., stress) using the
following relation

av

=-V.DV
o o @

The average volume estimations from FEA (see Fig. 3b)
agree reasonably well with the experimentally measured
whisker volumes. The average growth rates at different dis-
tances from the pressurized edge obtained by a linear fit to
the data are tabulated in Table I.

The experimentally measured growth rates, before
unloading, were higher than the FEA predictions near the
pressurized edge. Interestingly, after reloading, the growth
rates measured from experiments and predicted by FEA
were more consistent. The average growth rate after reload-
ing decreased because a few whiskers suddenly stopped
after a period of linear growth while the rest of them grew
continuously until the load was maintained. The disagree-
ment between FEA and experiments at least initially may be
because the FEA considers a fixed number density of whisk-
ers to estimate average volume. The situation in experiments
is more complex. For example, several new whiskers were
formed after reloading, while a few old whiskers suddenly
stopped growing. The average volume measurements shown
in Fig. 3a do not include newly formed whiskers and irregu-
lar features like hillocks. Nevertheless, trends in FEA predic-
tions and experimental measurements are promising.

The study highlights that the mass transport of Sn atoms
towards the whisker root is essential to sustain its growth.
The applied pressure on the Sn surface sets up a compres-
sive stress field in the vicinity of the area where the load was
applied. The average compressive stress increases with time
as Sn atoms diffuse away from the area under the load. Once
a threshold stress value is reached whisker growth can occur.
Alternative whisker growth theories based on other driving
forces such as electrostatic force, 2% surface oxidation and
corrosion,>*%®7 and compositional gradients®>*%® were also
proposed in other works. But experimental measurements of
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the kinetics of whisker growth by controlling the proposed
driving forces are not available. Although the stress-driven
diffusion mechanism for whisker growth is widely accepted,
conclusive evidence such as manipulating whisker growth
by controlling the applied stress is extremely rare* due to
the difficulty in performing such experiments. The inter-
rupted load experiments and its FEA modeling clearly show
that the compressive stress in Sn is the necessary driving
force for whisker growth. Additionally, it also highlights the
extremely short time scales over which stress can relax and
recover in Sn owing to its low melting point and fast atomic
diffusion.

Conclusion

To understand the response of whisker growth to stress, we
have controlled and/or characterized the compressive stress
in the Sn layer due to multiple sources: (i) applied load,
(i1) Cu-Sn IMC growth (by limiting IMC formation using
very thin Cu underlayer), (iii) residual stress coming from
electrodeposition (by optimizing deposition parameters
and quantifying the residual stress), and (iv) thermal stress
due to thermal expansion mismatch between Sn film and
the glass substrate (by avoiding large temperature changes
during storage). This allowed a direct correlation between
the compressive stress and the measured whisker growth
rates. The applied load can be maintained for a long period
to sustain long-term whisker growth or can be turned off to
interrupt the whisker growth. The FEA was used to model
the compressive stress around whiskers as well as for predic-
tions of the average whisker growth rates. The FEA results
highlight that the stress generation and relaxation due to the
mechanical loading and unloading were mainly governed by
grain-boundary diffusion of Sn atoms and power-law creep
processes which are sufficiently rapid to cause the rise and
drop in the stress on a sufficiently small time scale. Once the
stress drops below a threshold stress value, whisker growth
stops completely, and it resumes as the elevated state of
stress is re-established. The rapid evolution of stress shown
by the modeling also highlights how stress induced in coat-
ings used in applications, for instance by fasteners, can be
an important source of whisker formation.
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