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Whiskering refers to the formation of slender, long, metallic filaments, much 
thinner than a human hair, that grow on a metallic thin film surface.  They are readily 
observed for pure and alloyed zinc (Zn), silver (Ag), cadmium (Cd), indium (In), and tin 
Figure 1 Micrographs of typical Sn whiskers 
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(Sn) surfaces.  The longest reported whisker length is 4.5 mm long but most high-aspect 
ratio whiskers range from 1-500 ?m.  The focus of this research is upon Sn whiskers.  
Sn whiskers pose serious reliability problems for the electronics industry and are known 
to be the source of failure in a wide range of electronic devices, such as nuclear power 
facilities, heart pacemakers, commercial satellites, aviation radar, telecommunication 
equipment, and desktop computers.  The problem with whiskering has been recently 
exacerbated by the worldwide shift to lead (Pb) free electronics and the continuing 
reduction in electrical contact pitches.  A thorough understanding of the growth 
mechanism of Sn whiskers is urgently needed.  Currently, there is no universally 
accepted model that explains the broad range of observations on whiskering. 
The goals of this research are: 1) to develop a more detailed understanding of the 
physical mechanisms leading to the initiation and growth of Sn whiskers and 2) to 
outline reasonable mitigation strategies that could be followed to reduce or eliminate the 
problem of Sn whiskers.  The major contributions of this work are: 
? A reliable method for growing Sn whiskers with predictable incubation times has 
been developed and tested. 
? A surface oxide is not necessary for whisker growth. 
? Intermetallic compounds (IMC) are not necessary for whisker growth. 
? Smoother, not rougher, substrate surfaces promote whisker growth. 
? Whiskers grow under both compressive and tensile thin film stress states. 
? Whisker growth increases with externally applied compression and tension forces. 
? Sn whiskers are composed of pure Sn except for the expected thin, native Sn oxide 
on their surface. 
 vii 
? For Sn on brass, the atom feedstock for whiskers lies within the film exclusively; the 
brass substrate does not contribute to whisker production. 
? The volume of film consumed by a metallic whisker is a simple volumetric 
calculation.  
? There are likely to be multiple mechanisms of whisker growth depending on the 
substrate ? thin film system. 
? In general, the thickness of a metallic film does not have an effect on whisker growth 
qualities. 
 viii 
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CHAPTER 1 INTRODUCTION AND BACKGROUND 
 
1.1 Problems in Electronic Components 
Metallic whiskers have been anecdotally observed in electronic components for 
decades.  In the first published paper on this topic, Cobb [1] (1946) noted the presence 
of cadmium whiskers on capacitors.  Since that time, research on metallic whiskers has 
been sporadic, with particular attention being devoted to Sn whiskers.  Sn whiskers are 
important because the modern electronics industry depends on Sn for a variety of circuit 
applications where the growth of Sn whiskers may create short circuits.  In a complex 
electrical circuit, for example, a thin metallic Sn film is frequently used to solder 
components (resistors, capacitors, inductors) to printed circuit boards (PCBs).  Due to its 
ideal wetting characteristics and low capital investment, Sn is an ideal metal for board 
finishes, but it is from Sn that whiskers are most likely to grow. 
1.2 Failure Modes 
There are at least four ways a Sn whisker may cause a failure in an electronic 
system.  When a whisker grows between two electrically isolated contact points, a short 
circuit occurs.  If the current is low, the whisker will form a 1) stable short circuit, but if 
the current is high enough, Joule heating will cause the whisker to fuse and form a 2) 
transient short circuit.  This occurs when its current density is greater than 4.5 mA/cm2 
(calculated from data collected by Dunn [2]).  By contrast, if the ambient pressure is low 
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say as in a vacuum chamber or in the vacuum of space, the fused whisker can sublimate 
to the plasma state and become significantly more conductive ( > 200 amps), causing a 
catastrophic meltdown of the entire electronic system known as 3) plasma arcing.  
Finally, whiskers may break loose from a surface and become 4) debris or 
contamination in the system.  The debris becomes a problem when it falls between two 
electrical connectors, causing one of the other three failures.  It could also interfere with 
a micro electro mechanical (MEMS) type device [3]. 
1.3 Timeliness of the Issue 
The use of Pb in Sn alloys was first introduced as a Sn whisker mitigation 
technique in 1959 [4].  It is thought that the presence of Pb in the film serves to reduce 
stress to the point where Sn whiskers are eliminated.  This mitigation technique 
temporarily solved the problem of Sn whiskers, but fears that the Pb in discarded 
electronic systems will seep into human water sources have lead to global legislation 
mandating the use of ?green? or ?Pb-free? electronics.  The European Union (EU) passed 
legislation in 2006 known as "The Restriction of the Use of Certain Hazardous 
Substances in Electrical and Electronic Equipment", or the RoHS Directive [5].  This 
legislation and related market drivers are causing the electronics industry to abandon the 
best defense against Sn whiskers. 
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 A second factor that has increased the need for a better understanding of Sn 
whiskers is the electronics packaging industry, who continues to decrease the 
input/output connector pitch.  The original DIP (dual inline package) had a pitch of 100 
mils (0.1 inches, or 2500 ?m), but current QFPs (quad flat packages) and flip chip 
packages can have pitches as low as 6-8 mils (150-200 ?m).  Since Sn whiskers can 
approach 1-500?m in length, this means that Sn whiskers have to be completely 
eliminated, not just confined to a limited growth length. 
Due to the worldwide elimination of Pb and the continuing decrease in 
packaging dimensions, the area of Sn whiskers is currently being pursued vigorously.  
There have been more published papers on the subject of whiskering in the past 6 years 
than in the previous 54 [7]. 
1.4 Thin Film Deposition 
There are many ways to produce thin films with variations that can drastically 
change the characteristics of the deposited film from which whisker grow.  It is 
important to be aware of the thin film methods and interpret their results accordingly.  In 
industry, the most common way to deposit a thin film is by electroplating.  This is the 
process of using a Sn anode and the substrate as the cathode in an acidic liquid solution, 
Figure 1.1  Input output (I/O) connectors of a QFP with a pitch of 
20?m[6]. 
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commonly a sulfuric acid solution.  The length of time, applied voltage, and the specific 
acid solution control the thickness of the film and affect the stress state of the Sn.  
Impurities in the acid solution may lead to impurities in the film, which then modifies 
the stress within the matrix of the film?s atomic structure. 
Sputter deposition is a method of film deposition common in academic 
laboratory studies.  In sputter deposition, single atoms of Sn are removed (sputtered) 
from a target of solid Sn by a plasma [8] (typically Ar).  The Sn atoms leave the solid 
and adhere to an adjoining substrate.  Sputter deposition is conducted in a vacuum 
chamber with a low atmosphere of pure Ar.  The gas pressure, which determines the 
mean free path of the Sn atoms, gas purity, the degree of bias between the solid Sn 
cathode and the substrate anode, and the possible use of magnetic fields all have effects 
on the stress state and grain structure of the deposited Sn layer.   
Deposited Sn films are conveniently grouped into three categories based on their 
final appearance.  Matte Sn describes deposited Sn that is dull gray in appearance and 
has a large non-uniform grain structure.  Bright Sn reflects light better than matte Sn and 
is characterized by the smallest grain structures.  Satin Sn falls between matte and bright 
Sn in reflectance.  Board finish manufacturers prefer to have a bright Sn coating because 
it is more visually appealing, but bright Sn suffers from the highest incidence of whisker 
formation [9]. 
A related issue for thin films involves adhesion to the supporting substrate.  
Many factors contribute to film adhesion [10], including chemical and mechanical 
bonding, diffusion rates, built-in stresses, thermal stresses, surface topography, surface 
impurities, and surface preparation.   A few studies [11] have suggested that whisker 
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growth is directly correlated to adhesion, so it is important for researchers to ensure 
adequate adhesion in their studies.   
1.5  Research Objectives 
The objectives of this research were to: 
1) develop more detailed understanding of the physical mechanisms leading to the 
initiation and growth of Sn whiskers; and  
2) find ways to reduce whiskering, particularly in Pb-free electronic components. 
The experimental design to pursue these objectives led to the following set of 
investigations: 
? Determine a method to predictably grow Sn whiskers through manipulation of 
background Ar pressure during the sputter deposition process. 
? Determine the effects of surface oxides on whisker growth. 
? Determine the effects of IMC growth on whisker growth. 
? Determine the effectiveness of surface polishing as a mitigation practice. 
? Evaluate the film stress state required for whisker growth. 
? Determine the surface and bulk composition of Sn whiskers grown from Sn on 
brass. 
? Find general characteristics of whisker growth by studying other types of 
metallic whiskers (ie. Zn, Ag, Cd, and In). 
? Experimentally quantify the effects of varying amounts externally applied stress. 
? Determine the effects of film thickness on whisker growth. 
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CHAPTER 2 REVIEW OF LITERATURE 
Early research on Sn whiskers largely consisted of anecdotal observations of 
whiskering.  A complete understanding of how Sn whiskers are formed has eluded 
investigators for over fifty years; this understanding has been dubbed ?the end game.? 
[11] In order for a single, comprehensive theory to end the game, it must reconcile the 
abundance of empirical observations on whiskering that have been reported throughout 
the literature.  The observations are the listed here [12].  The end game theory must 
describe: 
1. Why Sn whiskers are made of pure Sn. 
2. Why Sn whiskers are composed of a single crystal. 
3. Why Sn whiskers are not observed immediately, but instead require 
unpredictable incubation times. 
4. Why Sn whiskers do not continue to grow indefinitely, but instead reach 
a point at which growth completely stops. 
5. How Sn is transported to the whisker. 
So far there have been no models that fully correlate these observations.  End 
game theories typically include three primary whiskering factors; namely, oxidation, 
crystallography, and extrusion.  A complete description of end game theories is beyond 
the scope of this chapter; instead, a general understanding of the important ideas will be 
presented here.   
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2.1  The Oxidation Factor 
Several research groups believe oxidation drives whisker formation [11, 13, 14].  
Proponents of oxidation-based models of whiskering argue that the growth of whiskers 
can be forestalled or eliminated by simply preventing oxygen from entering the Sn film.  
The oxygen exists as native Sn-oxide at the surface of the Sn film and the oxygen or Sn-
oxide within the grain boundaries of the Sn film.  The Sn-oxide surface layer is believed 
to seal the Sn into place and form a pressure normal to the Sn film.  A crack, hole, or 
weak spot in this oxidation layer subsequently provides a way for the Sn to escape the 
pressurized Sn layer, initiating a whisker.  
Others believe that the stress within the Sn is caused by oxygen seeping into the 
grain boundaries of the deposited Sn film.  These oxygen atoms occupy a previously 
unoccupied volume within the film pushing on the surrounding atoms to create an 
overall internal tangential compressive stress.  Formation of Sn-oxide (either SnO or 
SnO2) in the grain boundaries of the film also increases the internal compressive stress 
tangentially to the surface and is thought to serve as the driving force that pushes the 
whiskers out. 
2.2  The Crystallography Factor 
Papers from the 1950?s were captivated with the role of crystallographic 
dislocation in whiskering [11].  Some recent research supports its validity [15].  This 
factor posits that Sn atoms migrate to the whisker along crystallographic dislocations, 
although the suggested driver for the migration varies from theory to theory.  One study 
assumed atomic migration through screw dislocations in the whisker center, where each 
atom worked its way through the core of the whisker to deposit itself at the end of the 
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whisker [16].  Others have suggested that screw dislocations move each atom to the base 
of the whisker.  The Burger vector is frequently used to calculate the growth rate of the 
whisker. 
 Edge, slip, or glide dislocations are thought to cause atoms to migrate from the 
bulk or surface of the Sn to the whisker nucleation point.  A study by Smetana [11] 
examined the sliding of one grain along the boundary of two or three others, suggesting 
that the compressive stress acting parallel to the surface pushes on the columnar Sn grain 
boundaries, with slippage beginning at any grain boundary that is not perfectly vertical.  
Figure 2.1 shows that stress parallel to the surface is evenly applied in columnar tin 
grains, but at the boundaries that are not vertical, the stress is lower than in the 
surrounding areas.  As the crooked grain slips in the vertical direction, vacancies are 
formed beneath it.  The vacancies and the surrounding stress gradient drive the Sn atoms 
to the nucleation point of the whisker.  Smetana then explains why some whiskers are 
straight while others are curly, which he ascribes to imperfect crystal structure.  If a row 
Figure 2.1  Columnar grains pushing a whisker out at an imperfect grain [11]. 
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of atoms are missing, there is a kink in the whisker, while if a series of rows are missing, 
effect is magnified and a curl forms. 
It has also been suggested that strain energy density plays a role [14].  Strain 
energy density is defined in equation 2.1,  
??.21=U
                                               
(Equation 2.2.1) 
where the nine element (six of which are independent) stress and strain tensors are 
written in six dimensional vector form as, equation 2.2 and equation 2.3 respectively. 
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Stress and strain are also linked through Hooke?s law (equation 2.4),  
? = S.?                                                    (Equation 2.2.4) 
where S is the 36 element symmetric (assuming that the Sn grains exhibit elastic 
characteristics) compliance matrix.  Sn grains are orthotropic in nature and there are 9 
independent elements in the symmetric compliance matrix.  The strain energy density 
can be calculated at any grain boundary, which can be represented by 3 grain boundary 
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points assuming that ( ) ( ) ( )333222111 ,,,,,, lkhlkhlkh ?? .  The energy can be calculated 
as each grain is rotated through the 360 degrees of ?  for each 180 degrees of ? , 
expressed in spherical coordinates.  To aid in the calculations, Hoffman et al. fixed ? , 
and stepped ?  through the full rotation in 20o increments.  The results revealed that 
when the strain energy density reached a critical value, one of the grains began to be 
destroyed by neighboring grains and the pieces could possibly recrystallize into a 
uniform crystal, effectively lowering the strain energy by escaping in the form of a 
whisker. 
  
 The crystallography factor is often used to explain how the crystallographic 
orientation of the whisker growth is related to the orientation of the grains from which 
the whisker grows [17].  Lee and Lee suggested that whiskers prefer to grow at angles of 
63o and 27o to the surface and thus the kinks in the whiskers can only be at either 90o or 
Figure 2.2 A grain being destroyed and recrystallized into a whisker [15]. 
Figure 2.3  Growth orientation and kink orientation [17]. 
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27o to the growth direction.  The angles of 63o and 27o are formed by the 
recrystallization of Sn atoms along the [100] direction (63o) or the [010] direction (27 o).  
Lee and Lee determined the preferred orientation of deposited Sn by comparing XRD 
measurements of the film to those for powdered tin, which made it possible to relate the 
voltage of the electro-deposition to the preferred orientation of the grain structure.  By 
using TEM, they measured the preferred angle of whisker growth by measuring the 
projected length of whiskers at two known angles of observation and the direction of the 
whisker growth axis.  They argued that whiskers only grow when the planar orientation 
of an individual grain is different from that of the majority of the grains around it (for 
example, if the grain is (420), while the preferred direction is (220)).  They suggested 
that this difference in orientation causes an increase in the out-of-plane strain, which 
forces a crack in the oxide layer.  The crack permits a whisker to escape in order to 
relieve the internal stress in the bulk Sn.  They argued that the Sn atoms are transported 
to the crack via a Bardeen-Herring dislocation, which provides the source of Sn atoms 
for the whisker until the stress is relieved. 
2.3  The Extrusion Factor 
Extrusion advocates argue that the whisker is literally squeezed through a hole 
similar to the way toothpaste is squeezed out of a tube.  In metallurgy, this process is 
known as cold extrusion [18, 19].  Sn can be extruded in two ways?from the (IMC) 
layer and through cracks in the grain boundaries. 
For Sn films on a copper (Cu) substrate, a combination often used in the 
electronics industry, there are two possible IMC alloys: Cu3Sn, and Cu6Sn5 (Fig. 2.4).  
Cu6Sn5 forms readily at room temperature, while Cu3Sn occurs at higher temperatures.  
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During IMC formation, although there is diffusive movement of atoms in both 
directions, the diffusion rate of Cu into Sn is higher than the diffusion rate of Sn into Cu 
and it is through this inter-diffusion that the IMC layer is formed.  Proponents of this 
school of thought claim that the IMC layer causes an increase in compressive film stress 
tangential to the surface because both Cu6Sn5 and Cu3Sn occupy a larger molar volume 
than either Sn or Cu.  Since diffusion processes are slow in condensed matter, the 
process takes time, which is why the whiskers do not appear immediately.  Because the 
IMC layer does not form in a uniform manner, the stress is not spatially uniform (i.e., ? 
= ? (x, y)) and stress gradients form within the Sn.  The tin is transported by the stress 
gradients to areas where the stress is least.  At these points, the Cu6Sn5 grows nearly to 
the surface (Galyon and Palmer referred to this thick hill of Cu6Sn5 as a ?pedestal? [18]) 
and it is from these pedestals that the whiskers are extruded.  Any remaining bulk Sn or 
surface Sn oxide between the pedestal and free space is pushed aside by the growing 
whisker. 
Figure 2.4  The copper-tin phase diagram [9]. 
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It is also possible that whiskers are extruded from the Sn film through tin grain 
boundaries.  Here, the presence of surface oxide is irrelevant.  The argument is based on 
Le Chatelier's Principle, which states in this context, that when a tangential compressive 
stress is induced in the Sn film, whiskers form to relieve the stress via extrusion through 
the grain boundaries.  This idea is supported by striations that are often observed along 
the sides of whiskers, such as the one shown in Figure 2.5, indicating the shape of the 
hole or crack in the grain boundary from which it originated. 
Figure 2.5  A whisker with a striation along its length, possibly explained by 
the shape of the hole through which it was extruded 
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CHAPTER 3 EXPERIMENTAL INVESTIGATIONS 
To organize our work in this dissertation, ten key issues fundamental to the 
whiskering process were identified.  An experiment was then devised to explore each 
issue.  The issues and experiments are fully described in the following sections. 
3.1  Reproducibility of Sn Whisker Incubation 
The development of Sn whiskers can be conveniently described in three distinct 
phases.  During the initial incubation phase no whiskers are visible.  After the whiskers 
begin to appear, growth is observed for a time, after which an equilibrium point appears 
to be reached once the whiskers have reached their maximum growth.  Little is known 
about the timeline of whisker development, however.  There is no agreement among 
researchers about the length or cause of the incubation period; the length, cause, or 
growth rate during the growth phase; the establishment of the equilibrium point; or even 
if growth ends at all. 
Most reports of whiskers are anecdotal, with few details on the time that elapses 
before whiskers are observed.  Few groups have been able to reproducibly grow 
whiskers with consistent incubation times.  Reported incubation periods vary from a few 
hours [19], to one year [13], to as long as multiple years [20].  Only in a special Sn-Mn 
alloy not used by industry has reproducible whisker formation been observed [19]. 
A major goal of this section of our work was to find a whisker production 
method with a reproducible incubation time using films composed of pure Sn.  
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Achieving this goal was a necessary prerequisite for the remaining objectives of this 
study.  The process allows whiskers to be reproducibly grown in 90-110 days.   
The process is detailed here.  A metallic substrate (brass, Cu, Ag, Zn, Al, and Ni 
were all found to be satisfactory) is first degreased, washed (soap and water), and rinsed 
with acetone.  The substrate is then placed in a cylindrical magnetron sputtering system 
~ 12cm directly above a 99.999% pure Sn sputter target (Kurt J. Lesker?).  The 
chamber is pumped down to < 10-6 torr using a turbo molecular pump.  At this point the 
turbo molecular pump is partially restricted and a measured flow of Ar is introduced and 
a potential difference is applied to produce a DC diode plasma. The Ar flow is then 
slowly reduced while the discharge voltage is adjusted to maintain the plasma until the 
background Ar pressure in the system is ~ 2 mtorr.  The substrate is then introduced to 
the bombarding Sn atoms and the film deposited.  Once the desired thickness of Sn has 
been deposited, the sample is removed from the chamber and allowed to incubate in an 
undisturbed location at standard temperature and pressure for 90-110 days. 
Representative samples of the whiskers produced are shown in Table 3.1 below.  This 
process was applied to all the whisker growths reported in this thesis. 
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Whisker(s) Conditions of production Incubation time 
 
Brass substrate, ~3000? of 
Sn deposited at 2 mTorr 
background Ar Pressure 
110 days 
 
Brass substrate, ~3000? of 
Sn deposited at 10 mTorr 
background Ar Pressure 
110 days 
 
Brass substrate, ~3000? of 
Sn deposited at 2 mTorr 
background Ar Pressure 
110 days 
 
Brass substrate, ~5000? of 
Sn deposited at 2 mTorr 
background Ar Pressure 
110 days 
 
Zinc substrate, ~5800? of Sn 
deposited at 2 mTorr 
background Ar Pressure 
110 days 
 
Silver substrate, ~5800? of 
Sn deposited at 2 mTorr 
background Ar Pressure 
98 days 
 Table 3.1 Micrographs of whiskers grown using our reproducible process. 
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3.2   Role of Surface Oxide 
Sn forms two oxides, SnO2 and SnO, and many researchers [17, 13] have 
postulated that whiskering and oxidation are directly related.  The suggested mechanism 
is that the surface oxide, or oxygen seeping into the grain boundaries, causes a 
compressive (normal and tangential respectively) stress which drives whisker growth.  
This is inferred from the fact that oxides have molar volumes which are greater than 
those of either Sn or Cu (SnO2 = 21.84 cm3,  SnO = 20.89 cm3, Sn = 16.29 cm3, and 
Cu = 7.11 cm3). 
The surface oxide theory was tested as follows.  Using the sample preparation 
method described in the previous section, a 1? square brass sample with ~3000 ? of Sn 
Figure 3.1  Pictorial representation of native oxide removal by an Ar+ 
ion beam and the resulting whiskers. 
Key Result:  A method for reproducibly growing Sn whiskers with predictable 
incubation times has been developed and tested. 
o This technique has been used throughout these studies. 
o The incubation time is 90-110 days. 
o To our knowledge, there have been no previous reports of a 
reproducible method of whisker production from pure Sn films. 
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was produced and placed immediately in an Auger electron spectroscopy (AES) system 
and pumped to a background pressure of 10-9 Torr.  Subsequently, an oval section of the 
surface was cleaned with an Ar+ ion beam to remove any native O2, SnO, or SnO2 that 
may have formed on the surface during the transfer time from the sputtering system to 
the AES system.  Auger analysis verified that no oxygen was present on the cleaned Sn 
film area, although it was present on the surrounding un-cleaned area.  The samples 
were left to incubate in the Auger chamber at 10-9 Torr for 110 days, after which the 
samples were examined in an SEM.  Whiskering was found on both the cleaned surface 
and the un-cleaned surface (Fig. 3.2).  Repeating this experiment produced the same 
results, which are in agreement with findings reported by Moon et al. [20] for a Sn-Cu 
alloy film. 
This result clearly shows that surface oxides are not necessary for whisker 
growth and that the normal stress caused by surface oxides cannot be the primary 
Figure 3.2 Micrographs of whiskers on cleaned (left) and un-cleaned (right) sections 
of the sample. 
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driving force for whisker growth.  Since oxygen seepage into the grain boundaries was 
minimized but not eliminated, oxidation within the grain boundaries may still be a 
contributor to whisker growth through tangential stress.  Barsoum et al. [21] used finite 
element analysis (FEA) to show that Sn oxide formation at grain boundaries was capable 
of providing sufficient tangential stress to drive whisker growth.  Further experiments 
are necessary to verify this work. 
 
 
 
 
3.3 Role of Compressive Stress from Intermetallic Compound Growth  
It has been suggested [17, 18, 23] that the IMC layers which form between the 
film and the substrate are the primary source of the internal stress in the thin film and 
thus the cause of whisker growth.  The experiments reported here were designed to test 
this theory. 
 The Al-Sn phase diagram in Fig. 3.3 shows that there is no Al-Sn IMC that forms 
in this binary system at equilibrium.  Since no IMC is formed, clearly IMC growth 
cannot contribute to any compressive or tensile stresses that may be exhibited in the thin 
film. 
Key Result:  A surface oxide is not necessary for whisker growth. 
o This result does not support the hypothesis set forth by Tu. [13]. 
o This result supports the findings of Moon et al. [20]. 
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We produced a 1 cm square Al sample with ~5800 ? of Sn.  After 96 days of 
incubation, substantial whisker growth was found.  In fact, measurements revealed a 
whisker density of 154 whiskers per square centimeter, with an average length of 13 ?m. 
These results show that IMC growth is not necessary for whisker development.  
Parenthetically, an interesting ?bubble? of Sn was found upon examining the sample, 
Figure 3.3 Al-Sn phase diagram, with no IMC indicated. 
Figure 3.4  Bubble in the Sn film on an Al substrate.   
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indicating weak adhesion between the Sn and Al (and hence no IMC layer) and direct 
evidence of a compressive stress state in the Sn film. 
 
 
 
 
 
 
3.4 Role of Surface Smoothness  
Galyon and Palmer [18] argue that non-uniform or rough IMC growth causes an 
increase in tangential compressive stress within the thin film (Fig. 3.5).  This implies 
that a rough surface leads to greater compressive stress and the formation of more 
whiskers. 
In order to investigate this theory, we fabricated three types of substrate surfaces.  
Key Result:  IMC growth is not necessary for whisker growth. 
o Thousands of whiskers were grown in a Sn-Al thin film system that 
can have no IMC. 
o This result does not support the hypothesis set forth by Galyon et al. 
[18]. 
Figure 3.5  How a rough IMC produces a compressive stress parallel to the 
surface [from 18]. 
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A 1-cm square brass (Goodfellow) substrate with three surface roughness conditions was 
used: as received, mechanically polished, and electrochemically polished.  The as 
received samples served as the rough (control) samples.  To attain a mechanically 
polished surface, samples were potted in a resin-catalyst solution to provide a convenient 
way to handle the sample while polishing.  The samples were then mounted in a 
modified Buhler polishing attachment and ground using SiC paper, progressing from 
320 grit through 1200 grit, and then using a 3 ?m diamond suspension on a woven nylon 
polishing pad.  Finally, the samples were polished using a gritless polishing compound 
and a polishing pad.  The electrochemically polished samples were connected to the 
anode end of a DC low voltage source and lowered into a sulfuric acid solution.  Since 
charge tends to accumulate at sharp points, the metal ionizes best at the corners and thus 
leaves the metal surface from the roughest points, thus smoothing the surface.   
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Once the roughness conditions were prepared, the roughness of each was 
carefully analyzed using an Atomic Force Microscope (AFM).  To obtain a roughness 
measurement the thickness of the sample is recorded at each measuring point and the 
results compiled into a histogram whose standard deviation is, by definition, the 
roughness. Table 3.2 shows the extremes of possible surface roughness, their 
characteristics and a sample histogram for each.  Table 3.3 shows a 3-D computer 
generated picture of the three roughness conditions, and the associated histogram for 
each surface. 
Figure 3.6 Electrochemical etching showing how sharp points are smoothed. 
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Extreme 
Measure
ment 
Characteristics Sample Histogram 
Perfectly 
Smooth 
? All 
measurements 
are exactly the 
same 
thickness at 
every point 
? Resulting 
histogram is 
a delta 
function 
? Not realistic 
for this work 
Roughness = 0 nm/100 ?m2 
Perfectly 
Rough 
? Nearly every 
point has a 
different 
thickness 
measurement 
? Resulting 
histogram has 
contributions 
at all 
thicknesses 
? Not realistic 
for this work. 
Roughness = 7200 nm/100 ?m2 
Ideally 
Smooth 
? Each 
measurement 
is similar to 
the maximum 
or minimum 
thickness 
? Resulting 
histogram is 
a Gaussian 
function Roughness = 600 nm/100 ?m2 
 
Table 3.2  Extremes of roughness measurements, their characteristics, and the 
resulting histograms. 
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Surface 
Condition 
(Roughness) 3-D Image and Histogram 
Electrochemically 
polished  
 
(2.62 nm/100 
?m2)  
  
Mechanically 
Polished 
 
(6.42 nm/100 
?m2) 
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As Received 
 
(33.87 nm/100 
?m2) 
  
 
Table 3.3  Surface conditions used, surface roughness, and the associated histogram 
from AFM analysis. 
 
Once Sn is deposited on the brass surfaces, IMC begin to develop.  It is 
reasonable to suppose that the resulting IMC would be roughest on the as received 
(roughest) samples, leading to the greatest stress gradients and hence, based on Galyon 
and Palmer?s hypothesis [18], the most Sn whiskers.  A 6000? layer of Sn was sputter ? 
deposited on each sample and the samples incubated under ambient conditions for 114 
days.  The results are shown in Table 3.4.   
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Surface Condition Whisker 
Population Density 
(cm-2) 
Average Length 
(?m) 
Longest 
Whisker(s) (?m) 
Electrochemically 
Polished  
2265 15-20 80 (of which there 
were 5) 
Mechanically 
Polished 
598 8 100, 60, 60 
As Received 55 5 14 
 
Table 3.4  The impact of surface roughness on whisker growth. 
 
The results of this experiment are opposite to Galyon and Palmer?s supposition.  
Repeating the experiment twice with brass substrates and a variety of other substrates 
(Al, Ni, Cu, and Zn) showed similar results.  More details are provided in Section 3.10.  
The results support the experimental findings of Takeuchi et al. [23]. 
Key Result:  Smoother substrate surface finishes promote whisker growth; 
polishing the substrate is not an effective whisker mitigation technique, although 
making the substrate rougher can be effective. 
o Whisker growth (both in population density and average length) are 
enhanced by smoother substrates. 
o This work complements and provides evidence to support results 
reported by Takeuchi et al. [23]. 
o This result does not support the hypothesis set forth by Galyon et 
al.[18]. 
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3.5 Role of the Film Stress State   
In most models, whisker growth is attributed to compressive stress within the 
thin film, where growth serves as the stress relief mechanism.  Whisker growth is 
assumed to stop when the stress within the film has been sufficiently lowered [18, 19].  
In this section the role of compressive stress in the formation of Sn whiskers is 
examined.  Three samples on brass substrates were prepared using the method described 
in Section 3.1, except that the background Ar pressure was altered.  Thornton and 
Hoffman [24] showed that the internal stress in a sputter deposited film can be 
controlled by the background Ar pressure.  When the background Ar pressure is low 
there are fewer particles (Ar atoms) between the sputter target (cathode) and the 
substrate (anode).  The sputtered atoms thus travel further without colliding into other 
atoms in the system (i.e., they have a longer mean free path) and therefore have more 
kinetic energy when they arrive at the substrate surface.  The resulting impulse that is 
experienced by the developing film at the surface is then greater:  
impulse ??P = 2mT ,                              (Equation 3.4.1) 
where T is the kinetic energy of sputtered atom just before impact with the sample 
surface, ?P is change in momentum of sputtered atom during the impact with the 
surface, and m is mass of sputtered atom.  Consequently, as each new Sn atom bombards 
the film?s surface, the film?s crystalline structure becomes tighter and compressive stress 
results.  As the Ar pressure increases, the resulting impulse is reduced because more 
kinetic energy is lost to collisions with Ar molecules along the way (which lowers T in 
equation 3.4.1), and the film?s internal stress becomes more tensile.  Thornton and 
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Hoffman found experimentally that the Ar pressure at which the stress state was neutral 
(threshold pressure) was roughly linearly proportional to the square root of the atomic 
mass of the sputtered element (threshold pressure m? , as is impulse shown in 
equation 3.4.1), likening this process to the peening process used by metallurgists.  
Figure 3.7 shows Thornton and Hoffman?s results [24], with the addition of the atomic 
mass of Sn to allow the threshold pressure of Sn to be inferred.  Their results indicate a 
threshold pressure for Sn of between 7 and 9 mTorr for Sn, so the Ar pressure at which 
most of the samples for these studies (2 mTorr) have been deposited is well into the 
compressive stress range.  It is important to note that this chart cannot be used to obtain 
a quantitative value for internal stress; there are as yet no reports in the literature of these 
Figure 3.7  Thornton and Hoffman?s chart, modified to show Sn?s threshold 
pressure [24]. 
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internal stress values for Sn, however a method for quantifying this information has been 
identified and carried out in Section 5.2. 
In our work, the background Ar pressure was varied in order to change the 
intrinsic stress state of the Sn film.  Samples were deposited at 2 mTorr (compressive 
stress state), 7 mTorr (neutral stress state) and 10 mTorr (tensile stress state).  As shown 
in Figures 3.8-3.9, after 110 days, both the 2 mTorr and 9 mTorr samples produced 
numerous whiskers, while the 7 mTorr sample produced no whiskers.  This study 
indicates that either compressive or tensile stress states form whiskers and an effective 
whisker mitigation technique results when thin films with no intrinsic stress are used.   
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Figure 3.8  Micrographs of three Sn 
films before incubation, deposited at 2,7, 
and 9 mTorr, respectively. 
 Figure 3.9  Micrographs showing the 
whiskers that grew on the samples in 
Figure 3.8. 
 
Key Result: Whiskers grow when either compressive or tensile stress exists in the 
Sn film. 
o This contradicts the many authors who hypothesized that it is 
exclusively compressive stress which drives whisker growth. 
2 
mTorr 
7 
mTorr 
10 
mTorr 
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3.6 Composition of the Whisker Surface 
The presumption that Sn whiskers are composed of Sn (only) has been derived in 
part from X-ray techniques [25].  Since the spot size of a conventional X-ray system is 
substantially larger than a typical Sn whisker, however, conclusions on whisker material 
properties are based on area-averages over a large portion of the substrate surface 
covered with whiskers.  Micro-focus X-ray techniques have permitted stress and 
crystalline orientation for single grains, but has only recently been applied to Sn 
whiskering [26].  A further important question incapable of investigation with 
diffraction methods is whether the Sn whisker has any unexpected concentrations of 
surface or bulk elements (such as oxygen), long thought to be a key element in models 
of whisker growth. 
Thus, there has been a lack of direct materials information on the composition of 
Sn whiskers.  In 1980, Fujiwara and Kawanaka [27] et al. reported finding Zn in Sn 
whiskers grown from Sn films which had been electrodeposited on brass substrates.  The 
question of whether Zn or Cu is found on or within Sn whiskers grown from brass is 
important because it would help elucidate the growth mechanism of Sn whiskers.  In 
particular, the amount of Zn or Cu pulled up into the whisker from the brass substrate 
would indicate the relative contribution of the substrate in the whiskering process.   
Brass substrates (1 cm2 x 0.125 mm thick) (60Cu/40Zn by weight) were placed 
in a cylindrical magnetron sputtering system operating with a 99.999% pure Sn sputter 
target and we deposited a 6000 ? Sn film on the brass.  The sample was then removed 
from the chamber and allowed to incubate in an undisturbed location at ambient room 
conditions for 114 days.  Our specimens deposited at 2 mTorr were well into the 
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compressive regime (based on the information presented in section 3.5).  After the 
incubation period, the specimens were introduced into a high-resolution Physical 
Electronics PHI 680 field emission scanning Auger nanoprobe for surface analysis.  For 
the purposes of this work, we selected several high-aspect ratio (0.5 ?m diameter, 10 ?m 
long) Sn whiskers for study.  Fixed-beam AES was used to measure the surface 
composition at the base, middle and tip of various whiskers.  AES sputter profiling 
subsequently generated a depth profile into the whisker.  By using this combination of 
surface and depth analysis, we have been able to determine the composition of Sn 
whiskers at depths of 250, 500, and 1000 ? into the whisker. 
The clean surface and bulk composition of the whiskers were found to be entirely 
Sn with an Auger signature identical to the adjoining deposited Sn thin film.  Points 1 
and 2 on Figure 3.10 show a high-resolution SEM photo of representative AES analysis 
positions at the base of a whisker and on the underlying deposited Sn film.  Only the 
elements Sn, O, and C are observed (Figure 3.11) on the surfaces before sputter 
cleaning.  O and C are expected on surfaces exposed to atmospheric conditions before 
sputter cleaning; in fact, the Auger signature is what is expected from a surface of pure 
Sn after introduction into a vacuum system (native Sn oxide and C).  The middle and 
leading tip of the whisker (points 3 and 4 in Figure 3.10) also showed only Sn, O, and C 
in the Auger spectra (Figure 3.12).  Next, the native Sn oxide was removed by sputtering 
~ 200 ? into the whisker surface (Figure 3.13).  With further depth profiling, the Auger 
spectra continued to yield Sn only and no Zn or Cu was found.  The measurements were 
taken at depths calculated (based on known sputter rates) to be 250 ?, 500 ? (Figure 
3.13), and 1000 ? (Figure 3.14) into the whisker shaft.  The results show that Sn 
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whiskers grown on brass from thin sputtered Sn films are pure Sn and contain no 
evidence of the substrate elements (Zn and Cu), either on their surface or in the whisker 
bulk. 
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Figure 3.10  High resolution micrographs showing the whisker base (1), film (2), whisker 
middle (3), and whisker tip (4) analyzed using AES. 
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Figure 3.11  Auger spectra of the surfaces of the Sn film and the 
whisker base. 
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Figure 3.12  Auger spectra of the surfaces of a central 
portion of the whisker and its tip. 
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Figure 3.13  Auger spectra at point #3 after 250? and 500? of the 
whisker had been removed using an Ar+ ion beam. 
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3.7 Feedstock Origin of Sn Atoms 
The findings in the previous section are significant because this means that Sn 
whiskers must get their supply of Sn atoms exclusively from the Sn film; the substrate 
does not contribute to the composition of the whisker.  Simple volumetric calculations 
enable us to calculate how much of the film will be depleted in order to grow a whisker 
of a given length (Table 3.5). 
The calculations imply that there must be a significant migration of Sn atoms 
from the Sn film to the whisker.  The fact that long Sn whiskers are composed of pure 
Figure 3.14  Auger Spectra at point #3 after 1000? of the whisker had been 
removed. 
Key Result:  Sn whiskers are composed of pure Sn, both on their surface and in 
their bulk. 
o This is contrary to the findings of Fujiwara and Kawanaka [27] who 
found that Cu and Zn were found on the whiskers.. 
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Sn and grow from such thin layers of Sn shows extensive Sn migration is occurring 
during whisker growth.  The migration path could be along the surface, through the 
IMC, or via grain boundaries within the bulk.  Table 3.5 shows that this migration could 
be expected to yield Sn-deficient regions around Sn whiskers, at least in optimum cases.  
During our investigations of Sn whiskers on brass, however, we rarely observe 
depressions around whiskers.  The scarcity of these observations may indicate that 1) the 
area of Sn depletion draws from a significantly larger but shallower area of the film than 
assumed in Table 3.5 (and therefore unobservable); or 2) there are multiple mechanisms 
of whisker growth; or 3) the grain structure and thickness of the Sn film does not lend 
itself to easy observation of the expected Sn depletion.  Figure 3.15 shows one whisker 
with a significant depletion around it. 
 
Whisker Length 
(?m) 
Whisker 
Volume (?m3) 
Area of 0.6 ?m Sn 
Thin Film Needed 
to Synthesize 
Whisker (?m2) 
Radius of Circular 
Area Around 
Whisker Base 
Needed for Whisker 
Synthesis (?m) 
1 0.20 0.33 0.32 
10 2.0 3.3 1.0 
100 20 33 3.2 
1000 200 330 10 
10000 2000 3300 32 
Whisker radius (?m) 0.25   
Film Thickness (?m) 0.6   
Assumption: Density of Sn whisker is the same as that of the surrounding Sn film 
 
  
 
Table 3.5  Area of Sn film necessary for whisker growth. 
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 As Sn whiskers are formed of a single crystal [7] (and thus dense Sn), while the 
film is composed of multiple grains, it seems likely that the first option offers a more 
credible mechanism.  If the Sn atoms travel over very large distances, the driving force 
for this migration must be very strong, which raises the question: what path do the Sn 
atoms follow?  There are four possible avenues, namely along the surface, through the 
bulk material, along the grain boundaries, or along the IMC/ interface.  Clearly more 
research is needed in this area. 
 
3.8 Whisker Growth From Metallic Films Other Than Sn 
To shed further light onto the fundamental causes behind the growth of metallic 
whiskers, other types of whiskers likely to exemplify interesting characteristics were 
Figure 3.15  High resolution micrograph showing a small area of depletion for a large 
whisker. (Photograph courtesy of Mr. Peter Bush, SUNY.) 
 Key Result:  For Sn on brass, the feedstock for Sn whiskers lies within the Sn film 
exclusively; the brass substrate does not contribute to whisker production. 
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examined.  Sixteen 1cm square brass samples were prepared, 8 of which were 
electrochemically polished, and 8 in the as received state.  Four sputter targets, Ag, In, 
Cd, and Zn (metals which have been reported to be whisker prone), were used to build 
the thin films.  The matrix of this experiment is summarized in Table 3.6 below. 
Sample 
Number 
Substrate 
Composition 
Substrate Surface 
Condition 
Film 
Composition 
Film 
Thickness 
(?) 
1 Brass As Received Zinc 6000 
2 Brass As Received Zinc 1500 
3 Brass Electrochemically Polished Zinc 6000 
4 Brass Electrochemically Polished Zinc 1500 
5 Brass As Received Cadmium 6000 
6 Brass As Received Cadmium 1500 
7 Brass Electrochemically Polished Cadmium 6000 
8 Brass Electrochemically Polished Cadmium 1500 
9 Brass As Received Silver 6000 
10 Brass As Received Silver 1500 
11 Brass Electrochemically Polished Silver 6000 
12 Brass Electrochemically Polished Silver 1500 
13 Brass As Received Indium 6000 
14 Brass As Received Indium 1500 
15 Brass Electrochemically Polished Indium 6000 
16 Brass Electrochemically Polished Indium 1500 
 
Table 3.6  Experimental matrix for metallic whiskers other than Sn. 
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After 85 days the samples were examined and 2 small whiskers were found, one 
on the 6000? Zn film and the other on the 1500? Zn film (Fig. 3.16), both on 
electrochemically polished substrates.  These samples were then allowed to further 
incubate for a total of 220 days. 
After 220 days of incubation each type of film yielded a wide variety of 
whiskers.  These findings are discussed in turn below. 
3.8.1  Zinc Metallic Films 
No whiskers were found on the samples which were not polished, but the 
polished (smoother) samples had high populations of whiskers.  This is in agreement 
with the results obtained for the Sn on brass samples reported in Section 3.4, where 
whisker growth increased as the substrate smoothness increased.  Two types of whiskers 
(spherical and linear) were observed, both appearing on the sample with 6000? of Zn, 
while only the spherical whiskers appeared on the sample with 1500? of Zn.  This may 
Figure 3.16  Zn whisker found on the sample with 1500? of Zn after 
85 days. 
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suggest two different growth mechanisms.  One mechanism (the one which produces 
linear whiskers) requires 6000 ? of film, while the mechanism which produces spherical 
whiskers works with either film thickness.  It seems likely that both mechanisms exist in 
the other types of films, but only with Zn do they produce different types of whiskers. 
To better grasp the types of Zn whiskers two tables have been provided.  Table 
3.7 qualitatively describes Zn whiskers through exemplary micrographs of all samples 
with Zn films.  Table 3.8 quantitatively describes Zn whiskers by listing the population 
density and average length of Zn whiskers on each sample.
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Sample 
Description Exemplary Micrographs Notes 
6000? of Zn on 
?as received? 
(non-polished 
brass) 
 
no whiskers were 
found 
1500? of Zn on 
?as received? 
(non-polished 
brass) 
 
no whiskers were 
found 
6000? of Zn on 
polished brass 
Substrate 
Two kinds of whiskers 
were observed, 
?spheres? and ?lines?.  
Average sphere 
diameter = 2.3 ?m; 
average line length = 
2.4 ?m.  Both types of 
whiskers appeared in 
large numbers. The 
spheres appeared at all 
locations on the 
sample, especially 
along lines of substrate 
defects.  There were 4 
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times as many lines as 
spheres. 
1500? of Zn on 
polished brass 
 
 
Only spheres were 
found.  These spheres 
appeared in much 
greater numbers (6 
times) than on the 
6000? film. 
 
Table 3.7  Micrographs of surfaces with Zn film. 
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Surface Thickness (?) Description 
Population 
Density 
(cm-2) 
Average 
Length 
(?m) 
As Received 6000 No Whiskers 0  
As Received 1500 No Whiskers 0  
Polished 6000 Spheres 47007 2.3 (Diameter) 
  Lines 226144 2.4 
  Total 273150  
Polished 1500 Spheres only 277783 1.6 Diameter 
 
Table 3.8  Data for whiskers found on Zn film samples. 
 
3.8.2   Cadmium Metallic Films 
The samples with a metallic film of Cd also produced two types of whiskers: 
nub-like whiskers and cauliflower-type whiskers.  The cauliflower-type whiskers only 
formed when 1500? of Cd was deposited to the as-received sample and no other types 
of whisker occurred on this sample.  The other three samples all had nub-like whiskers.  
The nub-like whiskers that formed with 6000? of Cd on polished brass tended to be 
slightly longer than the other nubs, appearing more similar to the high aspect ratio 
whiskers commonly observed Sn. 
The different whisker growth patterns again may indicate different growth 
mechanisms, with possibly as many as three different mechanisms being in operation.  
One mechanism occurs in the samples with 1500? of Cd on a rough substrate 
(cauliflower-like whiskers); another in samples with 6000? of Cd on a polished 
substrate (longer nub-whiskers); and the third in samples with 6000? on a rough 
substrate or 1500? on a polished substrate (normal nub-like whiskers). 
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To better understand the types of Cd whiskers two tables have been provided.  
Table 3.9 qualitatively describes Cd whiskers through exemplary micrographs of all 
samples with Cd films.  Table 3.10 quantitatively describes Cd whiskers by listing the 
population density and average length of Cd whiskers on each sample. 
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Sample 
Description Exemplary Micrographs Notes 
6000? of Cd on 
?as received? 
(non-polished) 
brass 
 
Many small nub like 
whiskers were found 
1500? of Cd on 
?as received? 
(non-polished) 
brass 
Many small 
cauliflower like 
whiskers were found. 
 
The surface appeared 
to be bubbling with 
bumps ready to let a 
whisker grow through, 
indicating a sub-
surface transport 
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6000? of Cd on 
polished brass 
Substrate 
 
Many small whiskers 
grew from this surface. 
 
There were also many 
spots on the surface of 
smaller grain structure. 
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1500? of Cd on 
polished brass 
 
Many nub like 
whiskers appeared.  
They formed in random 
order and in lines 
which coincided with 
defects on the surface 
of the substrate. 
 
Table 3.9  Micrographs of surfaces with Cd film. 
 
It is interesting to note that the surface of the sample with 1500? of Cd and a 
rough substrate is littered with tiny bumps that appear ready to burst, possibly indicating 
that this substrate will produce many more cauliflower whiskers if allowed further 
incubation time.  These tiny eruptions appear to indicate that the whiskers are coming 
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from below the surface; since there is little bulk material in this very thin film (1500?) 
the atoms may be transporting through the IMC interface. 
As with Sn and Zn, the Cd samples also produced more whiskers on the polished 
surfaces than on the non-polished surfaces.  This indicates that the whisker-forming 
mechanism is more effective when the substrate is polished. 
 
Surface Thickness (?) Description 
Population 
Density 
(cm-2) 
Average 
Length 
(?m) 
As 
Received 6000 nub 34590 
~1-2 
Diameter 
As 
Received 1500 cauliflower 253659 
~1-2 
Diameter 
Polished 6000 longer nub 90466 ~1-4 
Polished 1500 nub 382262 ~1-2 
 
Table 3.10  Data for whiskers on Cd film samples. 
 
3.8.3   Silver Metallic Films 
Only a single type of whisker formed on the Ag film samples.  Sputtered Ag 
forms a fine and uniform grain structure that reveals the roughness and imperfections of 
the underlying substrate and, unlike the other metallic films tested, more Ag whiskers 
are formed when a rougher substrate is used.  Interestingly, the same is true when Sn 
films are deposited on Ag substrates (Section 3.10).  Another notable feature is that 
microscopic dents in the film were observed around many of the whiskers, particularly 
in the sample with 1500? of Ag on a polished substrate, which may be delineating the 
area from which the feedstock of the whisker is drawn; thicker films or rougher 
substrates in the other samples appear to mask this trait.  This is an important 
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observation because it reveals that bulk material is visibly depleted by the whisker 
formation process. 
ERDAS Imagine software was used to examine one of the whiskers on the 
sample with 1500? of Ag on a polished substrate, record the area of the whisker and 
estimate its height, and measure and label the area of the dent surrounding its base. A 
calculation similar to the one used in Table 3.5 was performed to predict the area of the 
circle that would be depleted if the density of the whisker and the film were the same.  
The radius of the actual dent (Figure 3.17) was only slightly larger than the area of the 
predicted hole (Table 3.11). 
 
 
 
Figure 3.17  The Ag whisker which was 
measured using ERDAS Imagine software.  
The radius of the dent was measured at 
1.4?m 
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Estimated 
Whisker Length 
(?m) 
Whisker Volume 
(?m3) 
Area of Needed 
Film (?m2) 
Radius of Potential 
Hole (?m) 
2 0.82 5.45 1.32 
Measured Whisker 
Area (?m2) 0.41    
Film Thickness 
(?m) 0.15     
Table 3.11  The calculated radius and area of film which would be needed to 
grow the whisker in Figure 3.17. 
 
Sample 
Description Exemplary Micrographs Notes 
6000? of Ag on 
?as received? 
(non-polished) 
brass 
 
Many small nub like 
whiskers were found 
1500? of Ag on 
?as received? 
(non-polished) 
brass 
Many small nub like 
whiskers were found. 
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6000? of Ag on 
polished brass 
Substrate 
 
Many nub like 
whiskers were found. 
 
 
1500? of Ag on 
polished brass 
Many nub like 
whiskers appeared. 
 
There also appeared to 
be a ?dent? around most 
of the whiskers 
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Table 3.12 Micrographs of surfaces with Ag film. 
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Surface Thickness (?) Description 
Population 
Density 
(cm-2) 
Average 
Length 
(?m) 
As 
Received 6000 nub 3168276 0.5 
As 
received 1500 nub 2380397 0.5 
Polished 6000 nub 118847 1-2 
Polished 1500 nub 179157 1-2 
 
Table 3.13  Data for whiskers on Ag film samples. 
  
3.8.4 Indium Metallic Films 
Indium metallic films produced whiskers that most closely resembled those of 
Sn, with clear striations along the length of the whiskers as frequently observed for 
many Sn whiskers.  Unlike Sn whiskers, however, those formed by In also had striations 
in the azimuthal direction, giving the whisker the appearance of an extended mariners 
telescope.  The film itself had an unusually large (0.5 ? 1 ?m) grain structure.  The as 
received (rough) substrates did not grow any whiskers, but the polished substrates did; 
the 1500? film produced significantly more whiskers than the 6000? film.  As with Zn, 
Cd, and Sn; In films also had longer whiskers with higher population densities on the 
smoother substrates (Ag films and Ag substrates seem to be the exception to this rule).  
Tables 3.14 and 3.15 show the qualitative and quantitative data from In whiskers. 
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Sample 
Description Exemplary Micrographs Notes 
6000? of In on 
?As received? 
(non-polished 
brass) 
 
No whiskers were 
found. 
 
A large grain structure 
was observed. 
1500? of In on 
?As received? 
(non-polished 
brass) 
 
No whiskers were 
found. 
6000? of In on 
polished brass 
Substrate 
 
One whisker was 
found. 
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1500? of In on 
polished brass 
 
Several ?traditional? 
whiskers appeared. 
 
Table 3.14  Micrographs of surfaces with In film. 
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Surface Thickness (?) Description 
Population 
Density 
(cm-2) 
Average 
Length 
(?m) 
As 
received 6000 No Whiskers 0 N/A 
As 
received 1500 No Whiskers 0 N/A 
Polished 6000 stubby 8 7.0 
Polished 1500 whiskers 50 7.3 
 
Table 3.15  Data for whiskers on In film samples. 
 
 
 
 
 
 
 
 
 
3.9   Influence of Known Extrinsic Stresses 
It has long been observed that whiskers tend to form near surface defects [22].  
The assumption is that surface defects cause additional stress in the film, and thus the 
whiskers tend to develop there.  However no research has been done to quantify the 
additional stress required to accelerate the growth of the whiskers.  In an attempt to 
address this issue, two fixtures were designed (computer aided models with precise 
dimensions and construction details are shown in Appendix 4) and built to impose 
varying levels of stress in the thin film of the samples at well known increments.  In 
? Key Result:  There are probably multiple mechanisms of whisker growth 
depending on the substrate ? thin film system. 
? Key Result:  The film volume consumed by the growth of a single whisker can 
be estimated by a simple volumetric comparison. 
o This was confirmed by measurement of a Ag film 
o The Ag film had an extremely fine and uniform grain structure, 
clearly revealing changes beneath the surface and showing the area 
affected by the growth of individual whiskers. 
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order to apply an evenly distributed tangential stress throughout the thin film, samples 
were forced to conform to a curve, as shown in Figures 3.18 and 3.19. 
 
 
 
 
Figure 3.18  Direction of external moment required to create a uniform 
tangentially compressive stress state in a thin film. 
Figure 3.19  Direction of external moment required to create a uniform 
tangentially tensile stress state in a thin film. 
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The exact stress value for the known radii of curvature, in the thin film can be 
calculated from fundamental mechanics (derivation provided in Appendix 1).  The 
calculation depends on the film thickness and Young?s modulus of both the film and the 
substrate.  The two fixtures designed and manufactured for this study (Figure 3.20), one 
of which was concave and the other convex, had curvatures with diameters of 5?, 3?, 2?, 
and 1? (? 19 mils, see Appendix 4 for details), yielding stresses of ?43, ?71, ?107, ?214 
MPa (on brass samples) respectively. 
A series of 8 brass and 8 Al substrates with 6000? of Sn and 8 Al substrates with 
1500? of Sn (each 1 x 5 cm) were fabricated and prepared for sputter deposition as 
described in section 3.1.  The samples were mounted in the fixtures and incubated for 85 
days under stress, with one of each type of sample at each radius of curvature.  After 85 
days, only one whisker was found at the very edge of one of the samples where there 
was a bulge in the Sn due to edge effects and the applied uniform tangential stress was 
probably ineffective (Figure 3.21).  Incubation continued for a total of ~220 days, after 
which time many whiskers were found.   
Figure 3.20  Fixtures used to create a uniform tangential compressive (left) 
and tensile (right) stress state in a thin film. 
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During production of the external stress fixtures, cutting oil had to be used when 
the threaded holes were hand tapped.  Although careful attempts were made to remove 
the oil residue using compressed air, acetone and Kim-wipes?, an extremely thin film 
of oil was observed on these samples that seeped from the threaded holes onto the 
sample surfaces.  It is possible that this thin layer of oil slowed the whisker incubation 
time to the observed 220 days, which suggests that systematic use of an oil layer on a 
thin film may be a useful whisker mitigation tool.  After the 220 day incubation period, 
many whiskers were found.  The results for samples with brass substrates, samples with 
Al substrates and 1500? of Sn, and samples with Al substrates and 6000? of Sn are 
discussed in turn below. 
3.9.1  6000 ? of Tin on Brass Substrates 
The figures in this section show a series of micrographs of representative 
whiskers on each of the 8 brass samples.  The micrographs are in order from most 
compressive (-) to most tensile (+) stress.   
 
Figure 3.21  Whisker found after 85 days.  Notice the bulge of Sn that formed on 
the very edge of the sample; stresses at an edge are very different from those in the 
bulk sample. 
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Figure 3.22  Surface of sample (middle) incubated at -215 MPa, with whiskers from 
side and surface (right and left). The longest whisker (right) was 41?m long. 
Magnification ~490x. 
Figure 3.23  Surface of sample (left) incubated at -107 MPa (magnification 
~490x), with close-up of whisker (right). 
Figure 3.24  Surface of sample (left) incubated at -71 MPa (magnification ~490x), 
with close-up of whisker (right). 
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Figure 3.26  Close-ups of whiskers on sample incubated at 43 MPa. 
Figure 3.27  Micrographs of grooves on samples stored under tensile stress.  These 
apparent ?stretch marks? were common on these samples; the micrograph on the 
right shows a whisker found on a sample incubated at 71 MPa. 
Figure 3.25  Close-up of whisker on sample incubated at -43 MPa. 
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 Figure 3.28  Surface of sample (upper left) incubated at 107 MPa (magnification ~490x).  Remaining micrographs show whiskers on this surface. 
Figure 3.29  Surface of sample (left) incubated at 213 MPa (magnification ~490x) 
showing vertical ?stretch marks, and horizontal relief marks, with close-up of 
whisker (right). 
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 The results of the experiment described in Section 3.5 indicated that whisker 
growth increases as stress in either direction (compressive or tensile) increases.  If 
whisker growth is assessed in terms of whisker length, these results confirm this 
prediction; however, if whisker growth is assessed in terms of population density these 
results neither confirm nor contradict it.  These two conclusions are shown in Table 3.16 
and Figure 3.30. 
Externally 
Applied 
Stress 
Population 
Density 
Average 
Length 
-215 26.5 17.7 
-107.2 2.4 19.3 
-71 5.5 6.5 
-42.7 16.7 7.4 
42.7 16.7 3.5 
71.3 2.4 1.0 
106.8 97.9 5.9 
213.3 26.5 10.1 
Table 3.16  Externally applied stress 
on brass substrates: raw data. 
 
  
 Figure 3.30  Whisker population density (left) and average whisker length (right) as a function of stress.  Data presented is for 6000? of Sn on brass. 
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Another interesting observation is shown in Figure 3.31, where there is a slight 
normal stress (imposed by the clamp) as well as the tangential stress (imposed by the 
curvature).  These micrographs reveal an extraordinarily high whisker population 
density; in this area (approximately 0.19 mm2) the population density is more than 3500 
times greater than in the rest of the sample.  It is unclear if this population explosion is 
due exclusively to the normal compressive stress of the clamp or the complete stress 
state, which encompases the normal compressive stress of the clamp, the tangential 
tensile stress from the curvature, and all the intrinsic stresses.  This issue is discussed in 
more detail in Section 5.2.  Clearly further study is needed in this area. 
 
3.9.2   1500 ? of Tin on Aluminum Substrates 
Figures 3.32 ? 3.39 show micrographs of the whiskers found on the samples on 
Al substrates, in order of most compressive (-) to most tensile (+) stress. 
Figure 3.31  Surface of sample incubated at 107 MPa (magnification ~490x ) close 
to the source of compressive normal stress exerted by the clamp.  This area was 
excluded from the data set due to the abnormally high number of whiskers, and its 
close proximity to the fixture clamp. 
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 Figure 3.32  Micrographs of whiskers incubated at -432.8 MPa.  Notice the dust 
particle at the tip of the 104 ?m whisker (top left); there are also 3 smaller 
whiskers on the surface.  The micrograph on the top right shows a 79 ?m whisker 
and a smaller whisker.  The bottom micrograph is enlarged to show a 151 and a 38 
?m whisker, the 151 ?m whisker has vibration nodes caused by the rastering 
electron beam from the microscope. 
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Figure 3.33  Collage of micrographs showing the longest whisker (543 ?m) which 
was found on the sample incubated at -215.3 MPa.  The whisker (magnified image 
of base shown in inset; location on sample indicated by arrow) was one of many 
long whiskers on the sample.   
Figure 3.34  Long whiskers on sample incubated at -142.5 MPa. 
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Figure 3.35  Typical whiskers found on sample incubated at -85.5 MPa. 
Figure 3.36  Typical whiskers found on sample incubated at 85.5 MPa. 
Figure 3.37  Typical whiskers found on sample incubated at 142.6 MPa. 
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The results are summarized in the table and figures below.  The graphs portray a 
very similar picture to that for samples with the brass substrate, although the scale is 
very different.  In both population density and average length, the Al substrate with 
1500? of Sn proved to be more productive.  This observation is contrary to expectations 
as Al and Sn have no IMC, as discussed earlier in Section 3.3. 
Figure 3.38  Short (left) and long (right) whiskers on sample incubated at 213.3 
MPa. 
Figure 3.39  Micrographs of whiskers from samples incubated at 425.1 MPa.  The 
top micrographs show striations along the edges and small pieces of debris, 
presumably picked up from the surface as the whisker grew through it.  The top 
right micrograph is a magnification of the base of the whisker shown in the top left 
micrograph. 
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Externally 
Applied 
Stress (MPa) 
Population 
Density 
(cm-1) 
Average 
Length 
(?m) 
-432.8 389.4 32.8 
-215.3 6085.3 39.1 
-142.5 809.1 36.4 
-85.5 4207.1 13.2 
85.5 358.3 8.8 
142.6 1085.1 9.5 
213.3 161.8 17.2 
425.1 6287.3 8.9 
Table 3.17  Population density and average 
whisker length at each stress level. 
 
 
 
3.9.3  6000 ? of Tin on Aluminum Substrates 
The series of micrographs below show the whiskers observed on samples with a 
coating of 6000? of Sn on Al substrates.  They are given in order of most compressive 
(-) to most tensile (+) stress. 
Figure 3.40  Population density (left) and average whisker length (right) as a 
function of stress for samples with 1500? of Sn on Al. 
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Figure 3.41  Typical whiskers on sample incubated at -432 MPa. 
Figure 3.42  Typical whiskers on sample incubated at -215 MPa. 
Figure 3.43 Typical whiskers on sample incubated at -142 MPa. 
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Figure 3.44 Typical whiskers on sample incubated at -85.4 MPa. 
Figure 3.45  Typical whisker on sample incubated at 85.4 MPa. 
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Figure 3.46  Typical whiskers on sample incubated at 143 MPa. 
Figure 3.47  Typical whiskers on sample incubated at 213 MPa. 
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Figure 3.48  Detailed micrographs of typical whiskers on sample incubated at 424.6 
MPa.  The orientation and shape of the sample allowed excellent resolution, so extra 
micrographs are provided in the next figure for additional detail. 
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The results are summarized in Table 3.18 and Figure 3.50 below.  The graphs 
portray a very similar picture to those found in the previous two sections.  Again, both 
the whisker population density and average length were greater than for the comparable 
brass samples. 
Figure 3.49  Additional micrographs of sample in previous figure. 
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Externally 
Applied 
Stress (MPa) 
Population 
Density 
(cm-1) 
Average 
Length 
(?m) 
-432.4 1206.6 14.7 
-215.1 2294.8 46.4 
-142.3 363.8 34.3 
-85.4 669.1 15.0 
85.4 114.4 13.6 
142.5 1423.3 14.1 
213.1 1045.0 11.8 
424.6 3169.4 16.6 
Table 3.18  Population density and average 
whisker length at each stress level. 
 
 
  
 
 
 
In all three sets of samples, both population density and average length generally 
increased as either compressive or tensile stress increased.  This supports the findings 
presented in Section 3.5 where whisker growth was observed in samples with an 
intrinsic compressive stress state or an intrinsic tensile stress state.  Although general 
trends may be observed from this data, however, the exact nature of the relationship 
Figure 3.50  Whisker population density (left) and average whisker length (right) 
as a function of stress for samples with 6000? of Sn on Al. 
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between stress and whisker growth is not clear; a more comprehensive study is needed 
to quantify this apparent relationship.  Furthermore the data presented thus far in this 
section only relates the externally applied stress to whisker growth and does not 
correlate the total stress state (the 9 element stress tensor, which also needs to take into 
account all intrinsic stresses) and whisker growth.  As a first attempt to find this stress 
state, a method for finding this total stress state is proposed in Appendix 3, and the data 
used to find the particular intrinsic stress states of each sample, as well as the resulting 
total stress states is presented in Section 5.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
? Key Result: Whisker growth qualities appear to increase with externally 
applied compression and tension. 
o This finding is outlined here, although a larger sample matrix is 
necessary to strengthen this statement. 
? Key Result:  A method for differentiating types of stress sources has been 
proposed and used. 
o This method is fully described in Appendix 3, and is applied in 
section 5.2. 
o This method should be adopted in all future studies in order to fully 
understand the relationship between stress within the thin film and the 
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3.10  Influence of Film Thickness 
The thickness of the thin film has an effect on the length, number, and type of 
whiskers formed.  This conclusion can be drawn from the findings reported in Section 
3.7 (where it is shown that a whisker obtains all of its material from the film) and 
Section 3.8 (where different whisker qualities are clearly observed with different film 
thicknesses).  This supposition was tested in several of the studies reported in this 
section, where film thicknesses of 1500? and 6000? were deposited on a range of 
samples which were otherwise the same.  Since most of this data was presented in 
previous data sets, this section focuses on the results in which the only variable was a 
difference in film thickness.  The results shown below in Tables 3.22-3.24 fail to show 
any overriding effect due to film thickness on population density or average length of 
whiskers (Sn or otherwise). The results for different substrates are combined in Table 
3.22. 
Stress 
1500? Film 
Population 
Density (cm-2) 
6000? Film 
Population 
Density (cm-2) 
1500? Film 
Average 
Length (?m) 
6000? Film 
Average 
Length (?m) 
-433 389.4 1206.6 32.8 14.7 
-215 6085.3 2294.8 39.1 46.4 
-143 809.1 363.8 36.4 34.3 
-86 4207.1 669.1 13.2 15.0 
86 358.3 114.4 8.8 13.6 
143 1085.1 1423.3 9.5 14.1 
213 161.8 1045.0 17.2 11.8 
425 6287.3 3169.4 8.9 16.6 
Table 3.22  Population density and average whisker length from the study 
in Section 3.9.  The highlighted cells are the larger values.  This data 
shows no conclusive trend. 
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Conditions 
1500? 
Film 
Population 
Density 
 (cm-2) 
5800? 
Film 
Population 
Density  
(cm-2) 
1500? 
Film 
Average 
Length 
(?m) 
5800? 
Film 
Average 
Length 
(?m) 
Al, rough 76.0 154.0 12.0 13.0 
Al, Smooth 109.0 144.0 4.0 5.0 
Ni, Rough 0.0 4.0 N/A 4.0 
Ni, Smooth 248.0 85.0 5.0 5.0 
Cu, rough 11.0 51.0 6.0 8.0 
Cu, 
Smooth 1204.0 119.0 4.0 6.0 
Ag, Rough 1.51E+06 2.60E+05 1.0 3.0 
Ag, 
Smooth 5.10E+05 1.96E+06 3.0 1.0 
Zn, Rough 0.0 1410.0 N/A 7.0 
Zn, 
Smooth 373.0 116.0 6.0 3.0 
Table 3.23  Population density and average whisker length from 
the study in Section 3.3.  The highlighted cells are the larger 
values.  This data shows no conclusive trend. 
 
Conditions 
1500? Film 
Population 
Density 
 (cm-2) 
6000? Film 
Population 
Density  
(cm-2) 
1500? Film 
Average 
Length 
(?m) 
6000? Film 
Average 
Length (?m) 
Zn, 
Smooth 2.78E+05 2.73E+05 1.6 2.3 
Cd, Rough 2.54E+05 3.46E+04 1.5 1.5 
Cd, 
Smooth 3.82E+05 9.05E+04 1.5 1.5 
Ag, Rough 2.38E+06 3.17E+06 0.5 0.5 
Ag, 
Smooth 1.79E+05 1.19E+05 1.5 1.5 
In, Smooth 50 8 7.3 7.0 
Table 3.24  Population density and average whisker length from the study 
in Section 3.8.  The highlighted cells are the larger values.  This data 
shows no conclusive trend. 
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? Key Result: While the thickness of the metallic film has an effect on the types 
and quantities of whiskers grown, it currently is not a predictable effect. 
o The data analysis shows that although thicker films do not always 
yield longer whiskers or larger population densities, different types of 
whiskers (different in appearance, and incubation time) can be 
produced by altering the thickness of the film  
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CHAPTER 4 CONCLUSIONS 
The work reported in this dissertation represents a substantial contribution to our 
understanding of the formation of metallic whiskers.  These significant and original 
contributions can be summarized as follows: 
? A method for reproducibly growing Sn whiskers with predictable incubation 
times has been developed and tested. 
o This technique is fully described in Section 3.1, and was used throughout.  
The incubation time is 90-110 days. 
o There have been no previous reports (that we are aware of) of a 
reproducible method of whisker production from a pure Sn film. 
? Surface oxide is not necessary for whisker growth. 
o The results supporting this finding are described in Section 3.2. 
o This result does not support the hypothesis set forth by Tu [13]. 
o This result supports the findings of Moon et al. [20]. 
? IMC growth is not necessary for whisker growth. 
o This conclusion is based on observations of thousands of whiskers grown 
when a Sn film is placed on an Al substrate (where no IMC is present) in 
the studies described in Sections 3.3, 3.4, 3.9, and 3.10. 
o This result does not support the hypothesis set forth by Galyon et al. [18]. 
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? Smoother substrate surface finishes promote whisker growth; polishing the 
substrate is not an effective whisker mitigation technique, although making the 
substrate rougher can be effective. 
o In all cases (except when Ag is in either the substrate or the film), 
whisker growth qualities (both in population density and average length) 
are enhanced by smoother substrates (Sections 3.4, 3.8, and 3.10). 
o This result is contrary to certain practices in industry. 
o This work complements and provides more evidence to support results 
reported by Takeuchi et al. [23]. 
? Whiskers grow from both compressive and tensile stress states. 
o This conclusion is based on the results reported in Sections 3.5 and 3.9. 
o This contradicts the many authors who hypothesized that it is exclusively 
compressive stress which drives the whisker growth. 
? Sn whiskers are composed of pure Sn, both on their surface and in their bulk. 
o This is contrary to the findings of Fujiwara and Kawanaka [27]. 
o This validates the indirect investigations of other researchers. 
? For Sn on brass, the feedstock of metallic whiskers lies within the film 
exclusively; the brass substrate does not contribute to whisker production. 
o The feedstock of Sn whiskers comes from the thin film exclusively.  This 
does not imply that the substrate has no effect on the qualities of whisker 
growth, as the substrate does have an effect, but simply that the substrate 
does not contribute any atoms to the whisker (Sections 3.6, 3.7 and 3.8). 
o This finding narrows the range of possible whisker growth mechanisms. 
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? There are probably multiple mechanisms of whisker growth depending of the 
substrate ? thin film system. 
o The findings reported in Section 3. 8 revealed multiple types of whiskers 
growing from both Cd and Zn films.  These types of whiskers could only 
be produced by different growth mechanisms. 
o There has been no known publications of this finding 
? The film volume consumed by the growth of a single whisker can be estimated by 
a simple volumetric comparison. 
o This was confirmed by measurement of an Ag film reported in Section 
3.8.  The Ag film had an extremely fine and uniform grain structure, 
clearly revealing changes beneath the surface and showing the area 
affected by the growth of individual whiskers. 
? Whisker growth qualities appear to increase with externally applied compression 
and tension. 
o This finding is outlined in Section 3.9, although a larger sample matrix is 
necessary to strengthen this statement. 
? While the thickness of the metallic film does have an effect on the types and 
quantities of whiskers grown, it currently is not a predictable effect. 
o This finding is presented in Sections 3.8, 3.9, and 3.10.  The data analysis 
shows that although thicker films do not always yield longer whiskers or 
larger population densities, different types of whiskers (different in 
appearance, and incubation time) can be produced by altering the 
thickness of the film  
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? As a first attempt, a method for differentiating types of stress sources has been 
proposed and used. 
o This method is fully described in Appendix 3, and is applied in Section 
5.2. 
o This method should be adopted in all future studies in order to fully 
understand the relationship between stress within the thin film and the 
whiskers that grow from that film. 
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CHAPTER 5 SUGGESTIONS FOR AND DEVELOPMENT OF 
FUTURE WORK 
5.1  IMC Development in a Thin Film-Substrate System 
Many Sn whisker end game hypotheses rely on the formation and time-
dependent growth of IMC layers [18].  Several focused ion beam (FIB) studies have 
shown the fully developed IMC layer, but none have yet examined how this layer forms 
and grows over time for sputtered films in the context of whisker growth. 
Studies of the solder-substrate system, which forms a much thicker IMC layer 
than a sputtered substrate-thin film system, have the potential to address this lack.  The 
thin nature of substrate-thin film IMC layers has prevented such studies in the past, but a 
more complete understanding of the IMC layer would aid those working on the 
formation of Sn whiskers. 
 
 Figure 5.1 The IMC layer developed in a solder-substrate system. 
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5.2  Intrinsic Stresses in a Thin Film-Substrate System 
There are at least seven possible sources of stress in a substrate ? thin film 
system several of these sources have been labeled individually as the underlying cause 
behind Sn whisker growth [15, 18, 20, 22, 24].  The work presented in this section show 
that these sources work together to create an overall stress state, which may a driving 
force underlying the growth Sn whiskers.  The seven sources are as follows: 1) atomic 
peening, 2) coefficient of thermal expansion (CTE) mismatches between the substrate 
and the film, 3) microstructure stabilization, 4) surface oxidation, 5) grain boundaries 
oxidation, 6) non-uniform IMC development, and 7) externally applied forces or 
moments.  Factors 1, 3, 4, 5, and 6 are difficult to specify analytically and must be 
experimentally measured.  The first six factors together add to yield a net stress referred 
to as ?intrinsic stress.?  Figures 5.2 and 5.3 show the two ways these stresses effect the 
film-substrate system. 
 
 
 
Figure 5.2  Effect of an intrinsic compressive stress on a thin film-
substrate system.  Notice the curvature is opposite to that of a 
compressive state caused by an external curve shown in Figure 3.18. 
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There have been few studies that have addressed the intrinsic stress state in 
deposited thin films.  One of those studies briefly mentioned that the state of stress 
changes with time [17].  In a preliminary study we also found this to be true.  If whisker 
growth depends on stress within the Sn film, the nature of the stress needs to be 
understood.  An understanding of stress as a function of time is an integral piece to a 
complete understanding of Sn whisker growth.  Moreover, the exact stress state imposed 
by background Ar pressure during sputtering should be quantified.   
Our preliminary study used brass and Al samples with dimensions 1cm x 10cm.  
Then a precision slow-speed diamond saw was used to cut a 0.4 mm slit in the middle 
that went 9 cm along the length of the sample.  A cover was made to shield one half of 
the sample, and a thin metallic film was deposited on the other.  Figure 5.4 gives the 
dimensions of the samples.  The dimensions were chosen to ensure two things.  First, the 
large aspect ratio of the individual leaves ensures bifurcation along the length of the leaf.  
Secondly, the un-coated half of the leaf provides a reference point from which to 
Figure 5.3  Effect of an intrinsic tensile stress on a thin film-substrate 
system.  Notice the curvature is opposite to that of a tensile state caused 
by an external curve shown in figure 3.19. 
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measure the amount of displacement caused by the curling coated leaf.  A fixture was 
designed and constructed to mount 8 such samples in such a way as to negate the effects 
of gravity on the curling of the samples.  Figure 5.5 shows the fixture and sputtered 
samples. 
 
 
 
Figure 5.4  Dimensions of samples used to measure intrinsic stresses in a 
deposited film.  
Figure 5.5  Fixture used to mount samples.  Eight samples are loaded, 
and some of the curvatures can clearly be seen. 
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After a thin film was applied to one leaf of each sample, the displacement 
between the coated leaf and its uncoated counterpart was measured at regular time 
intervals over a period of 3,000 hours.  Using the equations and methods described more 
fully in Appendices 1 through 3, the total stress state in the thin films can be 
experimentally determined.  The 8 sample combinations are listed in Table 5.1, and the 
results of this preliminary study are listed in Tables 5.2-5.9 below. 
Film 
Film 
Thickness 
(?m) Substrate 
Substrate 
Thickness 
(mm) 
Ag 0.6 Brass 0.125 
Zn 0.6 Brass 0.125 
Cd 0.6 Brass 0.125 
In 0.6 Brass 0.125 
Sn 0.6 Brass 0.125 
Sn 0.15 Brass 0.125 
Sn 0.6 Aluminum 0.25 
Sn 0.15 Aluminum 0.25 
Table 5.1  Sample matrix used for preliminary 
study. 
This preliminary data clearly shows the wealth of data that can be gleaned from 
this relatively simple bent beam experiment.  The use of this method to find the stress 
state of a thin film as the Ar pressure is changed would be a nice complement to the 
experiment listed in Section 3.5, and to any further study.  It should be mentioned that 
the bent beam method has inaccuracies associated with it, also several approximations 
have been made (outlined in section 5.3).  This method needs further revision (as 
indicated by the high stress and strain values), and is intended to be used as a starting 
point for future study. 
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Using Equation A3.3.2, the stress from the CTE mismatch is calculated to be        
-6.03 MPa.  The final stress and strain states within the film of the brass substrate ? Ag 
film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
5.37100
02.4430
005.371
?  
mAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
64.400
054.50
0064.4
?  
Table 5.2  Stress change over time in a brass substrate ? Ag film system  The final stress 
and strain states are also listed. 
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Using Equation A3.3.1, the stress from the CTE mismatch is calculated to be        
-41.49 MPa.  The final stress and strain states within the film of the brass substrate ? Zn 
film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
41.5100
006.690
0041.51
?  
??
?
?
?
?
?
?
?
?
?
?
?
?
?
=
47600
06400
00476
Ag  
Table 5.3  Stress change over time in a brass substrate ? Zn film system  The final stress 
and strain states are also listed. 
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Using Equation A3.3.1, the stress from the CTE mismatch is calculated to be        
-8.90 MPa.  The final stress and strain states within the film of the brass substrate ? Cd 
film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
?
?
=
34.2500
009.500
0034.25
?  
??
?
?
?
?
?
?
?
?
?
?
?
?
?
=
50700
010000
00507
Ag  
Table 5.4  Stress change over time in a brass substrate ? Cd film system  The final stress 
and strain states are also listed. 
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Using Equation A3.3.2, the stress from the CTE mismatch is calculated to be        
-2.46 MPa.  The final stress and strain states within the film of the brass substrate ? In 
film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
=
121500
011670
001215
?  
mAg
?
?
?
?
?
?
?
?
?
?
=
4.11000
01.1060
004.110
?  
Table 5.5  Stress change over time in a brass substrate ? In film system  The final stress 
and strain states are also listed. 
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Using Equation A3.3.2, the stress from the CTE mismatch is calculated to be        
-4.19 MPa.  The final stress and strain states within the film of the brass substrate ? Sn 
(6000?)  film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
69.8200
09.1100
0069.82
?  
mAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
97.100
064.20
0097.1
?  
Table 5.6  Stress change over time in a brass substrate ? Sn (6000?)  film system  The 
final stress and strain states are also listed.  This work verifies Thornton et al.?s [24] 
findings. 
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Using Equation A3.3.2, the stress from the CTE mismatch is calculated to be        
-4.19 MPa.  The final stress and strain states within the film of the brass substrate ? Sn 
(1500?) film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
249200
023570
002492
?  
mAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
3.5900
01.560
003.59
?  
Table 5.7  Stress change over time in a brass substrate ? Sn (1500?) film system  The 
final stress and strain states are also listed.  This work verifies Thornton et al.?s [24] 
findings. 
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Using Equation A3.3.1, the stress from the CTE mismatch is calculated to be        
-0.62 MPa.  The final stress and strain states within the film of the Al substrate ? Sn 
(6000?) film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
0.55900
07.3120
000.559
?  
mAg
?
?
?
?
?
?
?
?
?
?
?
?
?
=
3.1300
045.70
003.13
?  
Table 5.8  Stress change over time in a Al substrate ? Sn (6000?) film system  The final 
stress and strain states are also listed.  This work verifies Thornton et al.?s [24] findings. 
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Using Equation A3.3.1, the stress from the CTE mismatch is calculated to be        
-0.62 MPa.  The final stress and strain states within the film of the Al substrate ? Sn 
(1500?) film system are:  
MPaAg
?
?
?
?
?
?
?
?
?
?
?
?
=
9.79100
08.8930
009.791
?  
mAg
?
?
?
?
?
?
?
?
?
?
?
?
=
9.1800
03.210
009.18
?  
Table 5.9  Stress change over time in a Al substrate ? Sn (1500?) film system  The final 
stress and strain states are also listed.  This work verifies Thornton et al.?s [24] findings. 
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As a first attempt to quantify the total stress state in a thin film producing Sn 
whiskers, the data shown in tables 5.6, 5.8, and 5.9 coupled with the methods shown in 
Appendices 1-3 has been used to calculate the total stress state inside the film of the 
samples used in section 3.9 (where an external stress state has been applied).  These 
stress states are presented in tables 5.10 - 5.12.  The conjectured results show that the 
stress state is very different from the externally applied stress.  In the two Al cases, the 
extrinsic stress is not even the dominant factor, as the intrinsic stress is over 150% more 
than the externally applied stress.  Indeed, the ?xx component never switched to the 
tensile state in either of the sets with Al substrates.  The tables also show that even 
though the shear strain is small, it plays a significant role in the final stress state of the 
film.  For instance, in the case of 1500? of Sn on Al forced to conform to a 1? 
compressive curve, the intrinsic ?xx component is -791.9 MPa and the externally applied 
?xx is -432.4 MPa, yet the total ?xx is -1936 MPa (which does not equal -791.9 + -432.2).  
These components cannot be simply added because the shear strain ?xy (imposed by the 
curvature) is coupled to ?xx via the compliance matrix.  This implies that 4 new plots, 
one for each of the non-zero stress components, are necessary for each set of data.  
However this new data only shifts and scales the x-axis, thus rendering 24 plots that look 
extremely similar to the plots already presented; for completeness the plots are provided 
in Appendix 5. 
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Total Stress 
State (MPa) 
Population 
Density 
(cm-1) 
Average 
Length 
(?m) 
?
?
?
?
?
?
?
?
?
?
?
?
?
51800
0539509
0509670
 26.5 17.7 
?
?
?
?
?
?
?
?
?
?
?
?
?
42000
0441254
0254496
 2.4 19.3 
?
?
?
?
?
?
?
?
?
?
?
?
?
38700
0408169
0169438
 5.5 6.5 
?
?
?
?
?
?
?
?
?
?
?
?
?
36100
0382101
0101391
 16.7 7.4 
?
?
?
?
?
?
?
?
?
?
?
??
??
28300
0304101
0101253
 16.7 3.5 
?
?
?
?
?
?
?
?
?
?
?
??
??
25700
0278169
0169207
 2.4 1.0 
?
?
?
?
?
?
?
?
?
?
?
??
??
22500
0246253
0253149
 97.9 5.9 
?
?
?
?
?
?
?
?
?
?
?
??
?
12700
0149504
050423
 26.5 10.1 
Table 5.10  Whisker data for final stress states for 
6000? of Sn on Brass. 
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Total Stress State 
(MPa) 
Population 
Density 
(cm-1) 
Average 
Length 
(?m) 
?
?
?
?
?
?
?
?
?
?
?
?
?
215900
019770010.0
00010.02465
 
389.4 32.8 
?
?
?
?
?
?
?
?
?
?
?
?
?
196100
017790005.0
00005.02113
 
6085.3 39.1 
?
?
?
?
?
?
?
?
?
?
?
?
?
189500
017140003.0
00003.01997
 
809.1 36.4 
?
?
?
?
?
?
?
?
?
?
?
?
?
184300
016610002.0
00002.01904
 
4207.1 13.2 
?
?
?
?
?
?
?
?
?
?
?
??
??
168700
015050002.0
00002.01626
 
358.3 8.8 
?
?
?
?
?
?
?
?
?
?
?
??
??
163500
014540003.0
00003.01534
 
1085.1 9.5 
?
?
?
?
?
?
?
?
?
?
?
??
??
157000
013890005.0
00005.01419
 
161.8 17.2 
?
?
?
?
?
?
?
?
?
?
?
??
??
137800
011970010.0
00010.01078
 
6287.3 8.9 
Table 5.11  Whisker data for final stress states for 6000? of Sn 
on Al. 
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Externally Applied 
Stress (MPa) 
Population 
Density 
(cm-1) 
Average 
Length 
(?m) 
?
?
?
?
?
?
?
?
?
?
?
?
?
162900
03900003.0
00003.01936
 
1206.6 14.7 
?
?
?
?
?
?
?
?
?
?
?
?
?
143100
01910001.0
00001.01584
 
2294.8 46.4 
?
?
?
?
?
?
?
?
?
?
?
?
?
136500
01260001.0
00001.01467
 
363.8 34.3 
?
?
?
?
?
?
?
?
?
?
?
?
?
131300
04.730001.0
00001.01374
 
669.1 15.0 
?
?
?
?
?
?
?
?
?
?
?
?
115700
09.820001.0
00001.01096
 
114.4 13.6 
?
?
?
?
?
?
?
?
?
?
?
?
??
110500
01350001.0
00001.01004
 
1423.3 14.1 
?
?
?
?
?
?
?
?
?
?
?
?
??
104000
01990001.0
00001.0889
 
1045.0 11.8 
?
?
?
?
?
?
?
?
?
?
?
?
??
84800
03920003.0
00003.0547
 
3169.4 16.6 
Table 5.12  Whisker data for final stress states for 1500? of 
Sn on Al. 
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5.3  A Multi-Media Time Elapsed Comparison of Whisker Growth, Intrinsic 
Stresses, and IMC Development 
IMC growth is thought to be a function of time; it should therefore be possible to 
collect a sequence of SEM/ optical micrographs documenting this growth that can then 
be used to construct a time-elapsed movie of the formation of the IMC layer.  Similarly, 
if stress is a function of time, then a high resolution camera can be used to record 
changes in the curvature of a bent beam experiment over time and the images used for a 
time-elapsed movie.  The growth of a Sn whisker takes place over lengthy periods of 
time, so a movie showing the incubation, initiation and growth could be made using the 
same approach.  Finally, a split-screen time-elapsed movie showing the simultaneous 
progress of these three key factors would clearly show any potential links that might 
affect the growth of a Sn whisker.  Such a multi-media production offers a convenient 
way to view Sn whisker formation.  Furthermore, such a tool would clearly show 
whether or not Sn whiskers actually relieve stress by monitoring the whiskers' growth 
and simultaneously witnessing the stress relieved, if any. 
5.4  Do Alloyed Whiskers Exist? 
There have been rumors in the research community that multi-element whiskers 
have been found, although no formal reports have yet been published in refereed 
journals.  If such a whisker were found to be possible, this would cause new insight in 
the field and necessitate the rethinking of many of the existing theories of whisker 
formation.  Using a eutectic combination of Sn and Pb in a sputter target, our group is in 
the process of attempting to grow a Sn-Pb whisker, using the new reliable whisker 
growth method developed for this study (Section 3.1). 
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5.5  Development of a Working Model of Whisker Incubation, Initiation, and 
Growth 
Once all of these areas have been fully explored for Sn whiskers, it should be 
possible to develop a model that explains why and how a Sn (or any elemental) whisker 
develops.  This end game theory must be firmly grounded both theoretically and 
experimentally, and must be able to account for the observations reported in Chapter 3. 
5.6  Confirmation of Model Validity Using a Finite Element Method 
Once a Sn whisker model has been established, a finite element model should be 
used to confirm its validity.  Such a model may also be able to explain any similarities or 
discrepancies between the model and the movie described in Section 5.3. 
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APPENDIX 1 DERIVATION OF STRESS IN A THIN FILM 
 
A1.1 Introduction 
Stoney [28] did some of the earliest work in finding stress in a thin film-substrate 
system.  Stoney?s equation: 2
2 )(
3
4
Lt
xhthE
?
??+=?  (E is the Young?s modulus of the 
substrate, h, t, L, and ?x are identified in Figure A1.1) uses several approximations 
which provide an elegant equation suitable for hand calculations (Stoney?s paper was 
published in 1909, well before computers were available to aid in the multiple tedious 
calculations required to analyze an experimental data set).  A less elegant, but more 
exact equation is derived in this chapter of the appendix.  The equations derived in the 
Figure A1.1 Shows an exaggerated bend in a substrate ? thin film system and the 
measurements needed to find the stress in the film. 
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sections below provide a more accurate solution especially in the extreme regimes that 
are set forth by the experiments discussed in this dissertation.  Figures A1.2 - A1.3 show 
how the two equations compare in Stoney?s regime and in the regime of the work 
presented in this paper.   
Figure A1.2  Difference between ?exact? stress (derived in this appendix) and Stoney?s 
approximated stress in the film in the regime of Stoney?s data where the maximum 
percent difference is 15% (left), while the maximum difference is 34% in the regime of 
the work presented here (right). 
 
Figure A1.3  Difference between the ?exact? stress and Stoney?s approximated stress in 
the substrate in the regime of Stoney?s data, where the maximum percent difference is 
13% (left), while it is 62% in the regime of the work presented here (right). 
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The purpose of Appendices 1-3 is to derive from first principles a ?first attempt? 
to find the total stress state of the film which produces the whiskers, and furthermore to 
relate that stress state to the various sources of stress which have been indicted as the 
culprits behind Sn whiskers by various researchers [15, 18, 20, 22, 24]. 
A1.2 Derivation of Intrinsic Stresses 
The equations necessary to find the stress in a thin film adhered to a metallic 
substrate can be derived from basic mechanics of materials.  Starting with a straight 
beam, one can identify an infinitesimally small distance ds which is displaced from the 
neutral axis a distance y. 
 
 
That system can then be forced to conform to a curve (caused either by uniform 
internal stresses, external moments, or external shear forces), and the length of ds will 
change to ds?.  If ? (radius of curvature of the neutral axis) is known, then the strain in ds 
(which is parallel to the length of the sample) can be found: 
From the definition of strain:  
ds
dsds
s
ss
s
?=
?
???
???
''
0
lim? .   
Since                 ?? dds ?= ,  
Figure A1.4  Thin film-substrate system that has not undergone bending. 
Neutral Axis Substrate
Thin Film
ds 
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and      ??? ???????? yd ddyddyds ?=? ?????=???= )('  . 
??
y?=
     
(Equation A1.2.1) 
The neutral axis (the line where no strain is experienced during bending) is known to be 
the horizontal centroidal axis ( )y  for a cross section of the width:  
?
? ??
da
day
y  . 
For a bi-metallic system: 
)(2
)1())((22)(
22
htn
nhthtnht
htn
htnhtn
AAn
AyAyn
A
Ayy
sf
ssff
i
i
system +?
??++?+=
+?
+?+??
=+? +== ??
Which can also be written as:  
)(2
2 22
htn
htnhtny
system +?
+?+???= ;   (Equation A1.2.2) 
Figure A1.5  Thin film-substrate system that has undergone bending. 
Substrate
Thin Film
Neutral Axis
ds? 
d? 
?
y
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where the transformation factor 
s
f
E
En ?  with E as the Young?s Modulus of the film or 
substrate, and the cross section of the width (w) is shown in Figure A1.6. 
We can now use Hooke?s Law to find the stress at any location along y.  This is 
the stress necessary to bend the system, so we will have to use the Young?s modulus of 
the system:  
?? ?= systemE  
 ?? yEsystem ??= ;    (Equation A1.2.3)  
where the Young?s modulus of the system is approximated via a weighted average: 
ht
hEtEE sf
system +
?+?= .   (Equation A1.2.4) 
It should be noted that equation A1.2.3 applies when neither the substrate nor the 
film have undergone expansion due to any intrinsic stress (or stresses).  If there is an 
intrinsic stress in the film, then it will undergo expansion (or contraction).  This 
Figure A1.6  Cross section of a substrate ? thin film system, viewed along the width.  
The film thickness t, substrate thickness h, film centroid fy , and substrate centroid 
sy  are all shown. 
Substrate 
Film 
s
f
y
y  
 115 
expansion will be limited by the substrate, and thus a classic statically indeterminate 
problem is created.  Since the exact nature of the stress is not known, an alternate 
solution must be used to find the stress.  Combining equation A1.2.3 with the famous 
Flexure Formula 
I
My?=? , 
one easily finds the Moment Curvature Relationship  
systemsystem IE
M
?=?
1 . 
Careful observation of equation A1.2.3 clearly shows gradient stress within the substrate 
? thin film system (ie. varies with y) as shown in figure A1.7.    
Figure A1.7  Stress gradients and equivalent forces associated with a 
substrate-thin film system that has undergone bending 
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The distributed stress gradient in the film can be expressed as a single equivalent force.  
However since the precise stress gradient is not known, the location where that 
equivalent force acts is unknown.  Stoney and others have approximated this location to 
be at the centroid of the film, here we will make the same approximation.  By Newton?s 
3rd law, the substrate has an equal and opposite force, however the location of this 
equivalent force is well known to be one third of the way to the centroid of the system.  
We can now define the moment which causes the system to bend:  
'yFM ??= ;     (Equation A1.2.5) 
where F is the equivalent force between the stressed film and substrate and 'y?  is 
defined in Figure A1.7 to be  
systemy
thy
3
1
2' ???
??
?
? +?? . 
This can be re-written in terms of the known quantities: 
( ) ( )
( )tEhE
thhEthtEy
fs
sf
?+?
+??++???=?
6
3522' .     (Equation A1.2.6) 
The bending moment of inertia of the system ( systemI ) can easily be found by 
using the parallel axis theorem and traditional methods:  
? ?+?=
i
ii
ii
system dyA
hbI 23
12 . 
This can again be re-written in terms of the desired quantities: 
 ( )( )( )tEhEE wtthhthEEtEhEI
fss
sffs
system ?+?
?+?+????+?+?=
12
2322 224242 .  (Equation A1.2.7) 
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Now the curvature of the neutral axis (?) must be written in terms of measurable 
quantities, namely t, h., and R which are defined in Figure A1.8 below. 
),,( nhtyR ?=?                              (Equation A1.2.8) 
We can approximate R (the quick derivation is in Appendix A2) to be  
)(2
2
hx
LR
+?? ; 
where ?x is the displacement due to bending identified in figure A3.1.  Finally it must 
be noted that whatever intrinsic stress in the thin film is causing the system to bend is a 
bi-axial stress, in other words it is causing the system to bend in both planar directions.  
The stress along the width of the sample will have a Poisson effect on the length of the 
sample, thus there is an effective Young?s Modulus:  
( ) ( ) ( ) '11 EEE
x
x
xzyxx ??=??=+?=? ??
???????? . 
Figure A1.8  Substrate - thin film system with R and ? labeled. 
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This effective Young?s Modulus is regularly used as a correction factor for substrate ? 
thin film systems [29].  With this knowledge an effective Young?s Modulus of the 
system can be approximated as: 
( )systemsystemsystem
EE
??= 1
' ;                          (Equation A1.2.9) 
where  
ht
ht sf
system +
?+?= ??? . 
Combining equations A1.2.4 ? A1.2.9, and the Moment Curvature Relationship, 
one can solve for the equivalent force.  Since stress is force per area, the average stress 
in the film can be re-written in terms of the known and measurable quantities: 
film
systemsystem
film A
IE
A
F
?
?==
??
'
 
Which yields: 
 ? = 
( ) ( )[ ] ( ){ }
( ) ( )[ ] ( )[ ] ( )( )[ ]{ }
( ) ( )[ ] ????
?
??
???
?+??
??++?+??+?+?++??
?+?+?+???+?+??+?
11
23522
2322
22
2242422
sf
fssfs
fsfsfs
ht
LxhthtELxhhhEthhEthtEtE
xhtthhthEEtEhEtEhE
??  
(Equation A1.2.10) 
At this point, this first attempt derivation must become less general and move to 
the two specific cases in which R is measured differently depending on the direction of 
curvature, and measurement capabilities.  These two specific cases are outlined in the 
following tables. 
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Intrinsic Tensile Stress in the Thin Film Forcing a Concave Curve on the System 
R is measured to the outside edge of the curve, so equation A1.2.8: 
yR ?=?  
is used.  Using equations A1.2.4 ? A1.2.9, and the Moment Curvature Relationship will 
yield equation A1.2.10: ? = 
( ) ( )[ ] ( ){ }
( ) ( )[ ] ( )[ ] ( )( )[ ]{ }
( ) ( )[ ] ????
?
??
???
?+??
??++?+??+?+?++??
?+?+?+???+?+??+?
11
23522
2322
22
2242422
sf
fssfs
fsfsfs
ht
LxhthtELxhhhEthhEthtEtE
xhtthhthEEtEhEtEhE
??
. 
 
 
Table A1.1.  Equations describing the effect of internal tensile stress(es) in a thin film 
force the system to conform to a concave curve. 
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Intrinsic Compressive Stress in the Thin Film Forcing Convex Curve on the System 
 
 In these cases R was measured from the outside of the curve which gives: 
yhtR ++?= )(? .                              (Equation A1.2.11) 
Using equations A1.2.4 ? A1.2.9, and the Moment Curvature Relationship will yield:  
? = 
( ) ( )[ ] ( ){ }
( ) ( )[ ] ( )[ ] ( )( )[ ]{ }
( ) ( )[ ] ????
?
??
???
?+??
?++??+?+??+?++??
?+?+?+???+?+??+?
11
23522
2322
22
2242422
sf
sfsfs
fsfsfs
ht
xhthLhExhttELthhEthtEtE
xhtthhthEEtEhEtEhE
??
. 
(Equation A1.2.12) 
 
 
Table A1.2  Equations describing the effect of internal compressive stress(es) in the thin 
film that force the system to conform to a convex curve. 
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A1.3  Derivation of Externally Imposed Stresses 
For the cases when a substrate ? thin film system is forced by an external source 
to conform to a curve, the equations to find the stress in the film become much simpler, 
due to the fact that the problem is not statically indeterminate.  Therefore one can begin 
with equation A1.2.1:  
??
y?= . 
To find the stress one must notice two things: 1) the stress is along the length of the 
sample only, so the effective Young?s Modulus is not needed, and 2) we are only 
looking for the stress in the film, so we simply apply Hooke?s Law to A1.2.1 and obtain: 
??
yE f ??= .                                 (Equation A1.3.1) 
The distance from the neutral axis (y, which is shown in Figure A1.8) must now be 
written in terms of known and measurable quantities: 
xyhy +?= ,                                (Equation A1.3.2) 
where x is any additional distance into the film beyond substrate ? thin film interface.  
Like the intrinsic stresses, ? is closely tied to the value of R (the radius of curvature at 
the outside of the curve beam), but in this case R is well known. 
Upon inspection one can easily verify that equation A1.3.1 can be found from the 
Flexure Formula 
I
My?=?  
and the Moment Curvature Relationship 
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systemsystem IE
M
?=?
1 . 
By similar inspection, the shear stress (?) can be found: 
wL
QEsystem
??
?=
??                                 (Equation A1.3.3) 
 by comparing The Shear Formula: 
wI
QV
?
?=? , 
the Moment Curvature Relationship, and by noting that: 
L
M
dx
dMV ==  
if M is uniform along the length of the sample.  In equation A1.3.3, Q is the first 
moment of the area (A?) above y (as defined in figure A1.3.1)  
? ??
'A
dAyQ . 
For the case of finding the shear stress at the interface between the substrate and the film 
becomes  
''
filmfilm AyQ ?= . 
When this is put into terms of known and measurable quantities, it can be written as: 
( ) ??
?
?
???
? ???
??
?
??
? +?= wt
E
EtyhQ
s
f
system 2 . 
Q is shown in figure A1.9.
 123 
 
As with the intrinsic stress, we must now break this down into compressive stress 
and tensile stress to actually obtain the equations of stress.  These equations of known 
and measurable quantities are shown in the following two tables.  It should be noted that 
R is measured directly from the curve around which the samples were forced to 
conform, so R is not approximated nor is it a function of ?x as it was in the intrinsic 
stress cases (see Appendix 4 for precise values of R). 
Figure A1.9  Dimensions needed to determine Q of the film at the interface between 
the film and the substrate. 
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External Source Forcing a Compressive Stress in the Thin Film 
R is measured to the outside edge, this yields: 
yR ?=? .                                     (Equation: A1.3.5) 
This combined with equations A1.3.1, A1.3.2, A1.2.2, and A1.2.4 yields: 
 ( ))2()22( )2()2( hRhEhtRtE xhhExttEE
sf
sff
??+???
+????=? .              (Equation A1.3.6) 
Also combining A1.2.2, A1.2.4, A1.3.4, and A1.3.5 yields: 
( )
( ) ( )[ ]thRtEhRhEL
tEhEthE
fs
fsf
????+????
?+????=
222? .         (Equation A1.3.7) 
 
 
 
Table A1.3 Equations describing the normal and shear stress that arise when an external 
source is used to force a compressive stress state in the thin film. 
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External Source Forcing a Tensile Stress in the Thin Film 
In these cases, R is measured based on the inside curve, yielding: 
yR +=? .                                        (Equation A1.3.8) 
Using this and equations A1.3.1, A1.3.2, A1.2.2, A1.2.4 the definition of n, and the fact 
that this stress must be in the tensile stress state will yield: 
( )
)2()22(
)2()2(
hRhEthRtE
xhhEtxtEE
sf
sff
+?+++?
+?+??=? .                 (Equation A1.3.9) 
Also combining A1.2.2, A1.2.4, A1.3.4, and A1.3.8 yields: 
( )
( ) ( )[ ]tRhtERhhEL
tEhEthE
fs
fsf
+???+????
?+????=
222? .          (Equation A1.3.10) 
 
 
 
Table A1.4  Equations describing the effect of an external moment applied to force a 
tensile stress state in the thin film. 
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APPENDIX 2 DERIVATION AND JUSTIFICATION OF THE 
RADIUS OF CURVATURE FROM A MEASURED 
DISPLACEMENT 
 
Since R is well known in the extrinsic stress study (Section 3.9), this derivation 
is only necessary for the intrinsic stress study described in Section 5.2.  When one leaf is 
Figure A2.1 Measurement of ?x relative to each leaf of the samples. 
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stressed, it will conform to a curve and its tip will be displaced from the un-stressed leaf 
a distance ?x. 
From this displacement, the radius of curvature R can be calculated.  Starting 
with the arc length formula,  
R
LRL =?= ?? , 
where L is the length (or arc length) of a leaf.  Also, basic trigonometry says: 
R
hxRCos )()( +??=? ; 
where h is the thickness of the substrate.  Combining these two equations yields: 
R
hxR
R
LCos )( +??=?
?
??
?
? .                         (Equation A2.1) 
Directly solving equation A2.1 for R as a function of L and ?x is not algebraically 
possible.  The solution to this equation must be solved numerically using computer 
software (Mathematica was used for table A2.1) or one can assume that R >> L and a 
small angle approximation (valid when o20?<? ) can be made (ie. 21)(
2?
? ??Cos , 
which are the first two terms from Taylor?s expansion of Cos(?)). 
If the small angle approximation is made, then R can be solved for: 
?++????++????+???
??????
? 2)(2)(1)(21
2
22
2
2
2
LhxRRR
R
L
R
hxR
R
hxRR
L
 
)(2
2
hx
LR
+?? .                                       (Equation A2.1) 
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To show the validity of this approximation, it needs to be shown that R is indeed much 
greater than L.  Table A2.1 shows the validity of this approximation for the two extreme 
(smallest and largest) measured values of ?x. 
 
?x 
(m) 
h  
(m) 
L 
(m) 
Low end 
Numerical 
Solution 
of R (m) 
High End 
Numerical 
Solution 
of R (m) 
Approximate 
solution of R 
(m) 
Ratio of 
S to R 
(? in 
radians) 
Percent 
Error 
(%) 
2.032 
x10-5 
1.25 
x10-4 
0.09 27.87 27.87 27.87 3.229 
x10-3 
6.882 
x10-4  
1.201 
x10-2 
1.25 
x10-4 
0.09 0.3316 0.3316 0.3336 2.700 
x10-1 
6.162 
x10-1 
Table A2.1  Extreme measured values of ?x.  This table shows that the small angle 
approximation is valid for this experiment, as the largest angle is 0.27 radians (or 15o).  
This is reasonable as the worst percentage error is 0.6% (i.e. ?2 mm).  Notice that ?x was 
measured to ?0.0025mm (?0.0001 inches), so all the values in this chart have 4 significant 
figures. 
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APPENDIX 3 A DISCUSSION ON THE ORIGINS OF FILM STRESS  
A3.1 Introduction 
The stress discussed so far in Appendices 1 and 2 apply to bent beam systems.  
Appendix 3 will attempt to distinguish (as much as possible) the seven different types of 
stress sources as mentioned throughout this paper and by various Sn whisker authors.  
The only necessary information for this distinction is a plot of stress vs. time.  The plots 
in this paper were obtained via bent beam analysis, however there are other more 
accurate methods to obtain such plots.  The goal of this appendix is to: 1) show that 
intrinsic stresses play a very significant and complicated role in the internal stress state 
of a thin film, 2) show that the entire stress state (not just one of the 9 components) 
needs to be considered when discussing whisker motivation, and 3) to shed some light 
on the results of section 3.9.  It should also be noted that the discussion of this appendix 
makes several approximations, and only yields ?ball-park? solutions. 
It is possible for any combination of the seven stress sources to be influencing 
the total stress state at any point in time.  Furthermore some of the stress sources are 
functions of time, and thus have a varying effect on the total stress state of the film.  
Some of the stresses act differently than others (i.e. some are normal to the surface, 
some are tangential to the surface, and some are shear stresses).  If the stress of interest 
can be safely approximated as uniform, then a direct summation with stresses from other 
uniform sources is possible.   
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Seven potential sources of stress in the substrate ? thin film systems are as 
follows: 1) atomic peening, 2) differences coefficient of thermal expansion (CTE) 
mismatch between the substrate and the film, 3) microstructure stabilization, 4) 
oxidation on the surface, 5) oxidation within the grain boundaries, 6) non-uniform IMC 
development, and finally 7) any externally applied forces or moments.  Before detailed 
descriptions of these stresses can be made, it is necessary to first define the elements of 
our stress state.  Here we will use the standard Cartesian notation of stress:  
?
?
?
?
?
?
?
?
?
?
=
zzzyzx
yzyyyx
xzxyxx
???
???
???
? , 
where x is in the lengthwise direction of the sample, y is in the direction which is normal 
to the surface of the film, and z parallel to the width of the film (as shown in figure 
A3.1). 
 
Because of shear strain coupling to normal stresses within the compliance 
matrix, it is best to discuss the strains (as opposed to discussing the stresses) whenever 
Figure A3.1  Definition of Cartesian Coordinate system used for samples in this 
study. 
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shears are involved (such as in the case of externally applied forces).  Then Hooke?s law 
can be applied to find the total stress state. 
A3.2  Atomic Peening 
The first stress introduced to a sample in a sputtering process is due to atomic 
peening.  Atomic peening may also occur in electroplating; indeed this may be the 
primary factor influencing Lee and Lee?s [17] study of stress as a function of voltage.  
Although stress from atomic peening in sputtering has been experimentally observed to 
be roughly proportional to the square root of the film?s atomic mass [24], there is 
currently no analytical method for determining this stress.  The value of this stress can 
only be found by experimentally measuring the initial stress state of a system and 
subtracting out the stress caused by the CTE mismatch.  Due to crystallographic 
symmetry, the stress from atomic peening is approximated to cause equal stresses in the 
normal and both tangential directions, ie.: 
?
?
?
?
?
?
?
?
?
?
=
exp
exp
exp
00
00
00
?
?
?
? Peening ;                           (Equation A3.2.1) 
where ?exp? stands for ?experimentally determined.? 
A3.3  Coefficient of Thermal Expansion Mismatch 
Stresses caused by differences in the CTE between the substrate and the film can 
be calculated if the following assumptions are made: 1) perfect adhesion is made 
between the film and the substrate, and 2) the film does not crack to relieve the stress.  
We will assume both of these assumptions in order to find a solution, however they may 
not be safe assumptions.  Once these assumptions are made, stress determination 
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becomes an elementary statically indeterminate problem.  It can be solved upon making 
the following two observations: 1) the force of the film on the substrate is equal to the 
force of the substrate on the film  
sf FF =  
(which is Newton?s 3rd law), and 2) the total change in length (?) of the film (caused by 
both Fs and ?T) is equal to the total change in length of the substrate.  This can be 
written in equation form as:  
( ) ( ) ( ) ( )
fs FsTsFfTf
???? m?? =? ; 
where the top signs are chosen if the substrate has the greater coefficient of thermal 
expansion  
fs ?? > . 
The expansion due to change in temperature can be found by: 
TLT ???=? ?? , 
where L is the original length and ? is the coefficient of thermal expansion.  The 
expansion due to the approximately axial force is: 
EA
LF
F ?
?=? ; 
where F is the applied force, A is the cross sectional area and E is the Young?s Modulus.  
All of these equations can be combined to find the stress in the film due to the CTE 
mismatch: 
??? ????=?? ?????
s
f
s
f
s
f Ewh
LFTL
Ewt
LFTL m??
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( )
sf
sffs
fs EhEt
TLEEthFFF
?+?
???????=== ??m
 
Since  
( )
sf
sffs
f EhEt
TEEh
wt
F
A
F
?+?
?????=
?=??
???? m ; 
for simplicity this equation can be broken into two equations:  
for the cases when fs ?? >  ;  
( )
sf
fsfs
f EhEt
TEEh
?+?
?????= ??? ,                           (equation A3.3.1) 
and for the cases when sf ?? >  ; 
( )
sf
sffs
f EhEt
TEEh
?+?
?????= ??? .                           (equation A3.3.2) 
Thermal expansion occurs in all three dimensions, but is only resisted by the substrate in 
the x and z directions, thus equations A3.3.1 and A3.3.2 apply to the xx?  and zz?  
components only.  These equations can be written in terms of strain by simply dividing 
out the Young?s Modulus of the film.  Although there is expansion in the y direction and 
thus there is a yy?  component (found by:  
Tfyy ??=?? ), 
it is free expansion, so there is no resulting stress.  At this point the stress state of a 
substrate ? thin film system due to CTE mismatch can be written as: 
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( )
( )
( )
??
?
?
?
?
?
?
??
?
?
?
?
?
?
?+?
?????
?+?
?????
=
sf
sffs
sf
sffs
CTEf
EhEt
TEEh
EhEt
TEEh
??
??
?
m
m
00
000
00
 
(Equation A3.3.3) 
One should observe that the effects of CTE mismatch occur as soon as the 
temperature changes.  For the purposes of this study, we have assumed that the CTE and 
Young?s Modulus do not change over time as Chiang et al.'s [30] study may indicate.  
To gain a better understanding of how stress interacts with whiskers, a full 
understanding of the time dependence of the CTE mismatch must be acquired, however 
that concept is beyond the scope of this study. 
A3.4  Microstructure Stabilization 
Little is known about microstructure stabilization [39], although it is commonly 
accepted that basic material data such as creep, Young?s Modulus and even the overall 
appearance of the microstructure are affected by the phenomena.  This effect occurs as 
the atoms within the recently sputtered film move to vacant locations in the atomic 
lattice to lower the potential energy of the film.  The results of this stabilization are 
dramatic, but occur over a relatively short time period after sputtering.  Again there is no 
analytical method for determining these stresses: they must be measured experimentally 
and are assumed (for simplicity) to be crystallographically symmetrical.  The stress state 
due to microstructure stabilization is: 
?
?
?
?
?
?
?
?
?
?
=
exp
exp
exp
00
00
00
?
?
?
? ionstabilizat .                       (Equation A3.4.1) 
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A3.5  Surface Oxidation 
As oxygen from our planet?s atmosphere interacts with the film, an oxidation 
layer builds on the surface of the film.  Little is known about the magnitude of the 
resulting stress (if one exists at all).  To our knowledge, there is no analytical method to 
determine this stress, and the bent beam method cannot measure its effects.  It will not 
be considered in this study. 
A3.6  Oxidation Within the Grain Boundaries 
Isometric expansion of the film that results due to oxygen seeping into the grain 
boundaries and forming an oxide within the film is a stress which has been investigated 
by Barsoum et al.[21].  In that study they approximated an analytical method for 
determining this stress at the atomic level, and used this method to run a finite element 
analysis (FEA) of such a stress.  Despite this excellent work, there is no analytical 
method for determining this stress on a macroscopic level; thus, it must be determined 
experimentally.  This stress state is time dependent as the oxidized atoms develop slowly 
over a long time period.  This stress state can only act bi-axially, and is outlined by 
 
?
?
?
?
?
?
?
?
?
?
=
exp
exp
00
000
00
?
?
? Oxydation .                             (Equation A3.6.1) 
A3.7  Intermetallic Development 
Galyon and Palmer [18] hypothesized that non-uniform development of the IMC 
layer creates a tangential stress in the film which in turn forces the whisker growth.  It 
should be noted that IMC growth is non-uniform in all three directions (x, y, and z), thus 
there will be local yy? components (neglected by Galyon and Palmer).  It is the view of 
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this author that the yy?  cannot be neglected in the study of whisker development.  
However, this component (which is not crystallographically symmetric) cannot be 
accounted for either analytically or by the bent beam experimental method, thus by 
necessity it will be neglected in this study as well.  Although uneven IMC development 
happens on a local level and creates local stress gradients, the bent beam method can be 
used to find the average bi-axial stress caused IMC growth. 
 
?
?
?
?
?
?
?
?
?
?
=
exp
exp
00
000
00
?
?
? IMC .                                  (Equation A3.7.1) 
A3.8  Externally Applied Stress 
Stresses can be externally applied in a myriad of ways.  These stresses can 
usually be measured via strain gauges or some known force, or in some cases can be 
determined analytically.  The stress state from these sources can effect any of the 9 
components.   
?
?
?
?
?
?
?
?
?
?
=
365
624
541
mmm
mmm
mmm
IMC
???
???
???
? ,                                  (Equation A3.8.1) 
where the subscript m stands for measured, and the superscript indicates the 6 
independent elements. 
A3.9  Intrinsic Stress State  
All of the sources of stress described in sections A3.2-A3.7 are collectively 
known as ?intrinsic stress?.  It is this intrinsic stress which can be measured with the bent 
beam method described in Section 5.2.  The bent beam method measures the xx?  
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component of intrinsic stress exclusively.  Once the xx?  component is known, one can 
extrapolate to the other components based on knowledge of the source stress.  To 
distinguish how much each source contributes to the total stress state, a careful analysis 
of the stress as a function of time must be undertaken.  To illustrate this process we will 
now consider the case where 1500? of Sn have been deposited onto a 0.25 mm thick 
strip of Al.  The basic material data for all the materials used in this paper are listed in 
Table A3.1, the data needed for this example are highlighted.  A plot of the xx?  stress as 
a function of time which was measured by our bent beam method for the case of 1500? 
of Sn on Al is shown in figure A3.2. 
 
Material 
Young's 
modulus 
(Gpa) 
Poisson's 
Ratio 
CTE 
(?) 
(parts/million?oC) 
Sputter 
Temperature 
(oC) 
Sn 42 0.36 23.0 58 
Ag 80 0.37 18.9 75 
Cu 124 0.34 16.9 
Not 
Sputtered 
In 11 0.45 32.1 40 
Zn 108 0.25 30.2 ~60 
Cd 50 0.3 30.8 38 
Brass 103 0.34 20.3 
Not 
Sputtered 
Al 70 0.35 23.4 
Not 
Sputtered 
Table A3.1 Characteristics of materials used in this study.  Sn and Al are 
highlighted because they are used in the example 
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If there were no intrinsic stresses, then the stress as a function of time would be 
on top of the horizontal dashed line in the middle of the plot.  The first point indicates 
the xx?  component of stress measured in the first 30 minutes.  This point is nonzero due 
to atomic peening and CTE mismatch.  The substrate warmed to a temperature of 58oC 
during the sputtering process, and room temperature is 21 oC.  Using equation A3.3.1 
(because fs ?? > ), the stress due to CTE mismatch is calculated to be -0.62 MPa.  The 
initial stress point is observed to be 541.83 MPa, thus the stress due to atomic peening 
(at 2 mTorr Ar pressure) when 1500? of Sn are deposited must be 542.45 MPa;                  
CTEinitialPeeninginitialCTEPeening ?????? ?=?=+ . 
Figure A3.2  The xx?  component of intrinsic stress as a function of time in 1500? 
of Sn on an aluminum substrate. 
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This result is contrary to the prediction of Thornton and Hoffman[26], although that study 
was probably looking at the final stress state rather than isolating the effects of atomic 
peening, as in this analysis.  If one only considers the final stress state (as Thornton and 
Hoffman probably did), our results concur with theirs. 
The effects of microstructure stabilization can be noted by the red line in Figure 
A3.2.  The equation for this line fully describes the effects of microstructure 
stabilization.  In this case the effects of microstructure stabilization continue the trend of 
atomic peening, and make the stress state more tensile.  The equation for line in this case 
is  
MPathrMPaionstabilizat 83.54166.14 +?=? . 
It should be noted that it is impossible to separate the effects of atomic peening and 
microstructure stabilization, thus the equation for ionstabilizat?  reflects its starting point 
which is set by the previously imposed stresses (atomic peening and CTE mismatch). 
The effects of oxidation in the grain boundaries can be noted by the blue portion 
of the curve.  Although oxidation begins as soon as the sample is exposed to the 
atmosphere, this factor does not dominate the stress state immediately.  In this case, it is 
the effects of oxidation that bring the xx?  component of stress into the compressive 
regime.  The equation for this curve is: 
0007.087.52317308.525238 t
hr
MPaMPa
Oxidation ??=? . 
The effects of IMC growth on the xx?  stress state in this case are zero because Al and 
Sn have no IMC.  This shows that the blue curve is entirely due to oxidation.  Again, 
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attention needs to be drawn to the fact that effects of oxidation cannot be separated from 
previously imposed stresses (those of CTE mismatch, atomic peening, and 
microstructure stabilization), thus the equation for Oxidation?  reflects its starting point. 
Now that this information has been gathered, we can now extrapolate the entire 
stress state of the film.  First we note that there are no shear stresses in this example, so 
all the components can be added straight away due to the lack of shear coupling in the 
compliance matrix.  Then we note that atomic peening and microstructure stabilization 
happen in all three normal components ( xx? , yy? , and zz? ).  CTE mismatch occurs via 
equation A3.3.1 in the xx?  and zz?  components while the third component is zero.  
Lastly the effects of oxidation in within the grain boundaries effect only the xx?  and zz?  
components.  Thus the final stress state can be stated as 
?
?
?
?
?
?
?
?
?
?
=
Intrinsic
OxidationBefore
Intrinsic
?
?
?
?
00
00
00
_ ; 
 where Intrinsic?  is found by evaluating the Oxidation?   equation when t = 3000 hrs, and 
OxidationBefore _?  is simply the stress state of the system before the oxidation became the 
dominant factor (the 2nd point on the plot for this case).  In numbers, the final stress state 
for this example is:  
MPa
?
?
?
?
?
?
?
?
?
?
?
?
=
89.79100
082.8930
0089.791
? . 
In the cases where an external shear stress is applied (such as section 3.9), the 
final stress cannot be found through basic addition, because xx? , yy? , and zz? are 
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coupled by the shear strains through the compliance matrix.  Thus, it is also necessary to 
find the intrinsic strain state: 
MPaGPaE
f
Intrinsic ??
?
?
?
?
?
?
?
?
?
?
==
89.79100
082.8930
0089.791
42
1?? . 
m?
?
?
?
?
?
?
?
?
?
?
?
?
=
9.1800
03.210
009.18
 
Once the strain state is found, the externally applied strain state can be added directly 
and converted to look like a six dimensional vector 
( ) ( )ExternalIntrinsicExternalIntrinsic ???? +?+ , 
then the final stress state can be found through the generalized Hooke?s Law 
( )ExternalIntrinsicFinal S ??? += ; 
where S  is the 6x6 compliance matrix. 
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APPENDIX 4 EXTERNAL STRESS FIXTURE DESCRIPTION, 
DIMENSIONS, AND DIAGRAMS 
In order to produce a uniform tangential (?xx) stress throughout a given substrate, 
two fixtures were manufactured for this study.  These two fixtures had to accomplish 
three main goals; 1) have multiple constant and well known curvatures, 2) enable easy 
sample removal and replacement (for intermediate examinations), and 3) inflict minimal 
sample damage (particularly to the film).  These fixtures were designed to have diameter 
curvatures of -1?, -2?, -3?, -5?, 5?, 3?, 2?, and 1?, and to hold 3 1 cm x 5.08 cm samples 
at each curvature.  The samples were designed to be held in place by aluminum clamps.  
These clamps apply no normal stress to the films of the compressive samples, and only 
apply a normal stress to the very edges of the tensile samples. 
The concentric curves of the compressive fixture were milled from a solid piece 
of 6061 Al 3? x 3.25? x 6?.  The solid piece was mounted on a mill, and each of the 
successive steps were milled into place and the 1? hole was milled.  Then the fixture was 
mounted on a precision turn table fixed to the mill table such that the 1? hole was 
centered precisely in the center of the turn table.  The y-axis of the mill was adjusted so 
that as the turn table was rotated, the 1? mill bit acted as a bore, and each of the 
successive curves were bored in this manner.  Finally the holes for the clamps were 
drilled and hand-tapped.  
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The concentric curves of the tensile fixture were all made from a single 
cylindrical piece of 6061 Al (5.25? x 7?).  This cylinder was mounted on a lathe and 
each of the steps were cut to size.  Finally a 1? hole was bored into the bottom of the 
fixture so that it could be mounted on the precision turn table which was fixed on the 
mill.  As with the compressive fixture, this fixture was mounted concentrically with the 
turn table.  Once it was mounted on the mill, the holes for the clamps were drilled by 
rotating the precision turn table to the calculated angle (to a precision of ?5 arc-seconds) 
which ensured arc lengths of 2? (5.08 cm) precisely. 
Figure A4.1  Computer aided drawing of the fixture used to impose external 
compressive stress. 
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These two fixtures are geometrically pleasing as they are exact volumetric 
negatives of each other.  This artistic element is embodied in the fact that the tensile 
fixture fits precisely inside of compressive fixture with no extra space.  This feature is 
not only artistically pleasing, but also serves the practical function of minimizing storage 
space when not in use.  The post production measured dimensions are shown in Figures 
A4.3 and A4.4 below. 
Figure A4.2  Computer aided drawing of fixture used to impose external tensile 
stress. 
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APPENDIX 5 PLOTS OF TOTAL STRESS STATE VS QUALITIES 
OF WHISKER GROWTH WHEN EXTERNAL STRESS IS VARIED 
  
A5.1 6000? of Tin on a 0.125 mm Brass Substrate 
 
 
 
 
 
 
Figure A5.1  Whisker growth as a function of the xx?  component of total stress. 
Figure A5.2  Whisker growth as a function of the yy?  component of total stress. 
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Figure A5.3  Whisker growth as a function of the zz?  component of total stress. 
 
Figure A5.4  Whisker growth as a function of the xy?  component of total stress. 
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A5.2 6000? of Tin on a 0.25 mm Aluminum Substrate 
 
 
 
 
 
 
 
 
 
Figure A5.5  Whisker growth as a function of the xx?  component of total stress. 
 
Figure A5.6  Whisker growth as a function of the yy?  component of total stress. 
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Figure A5.7  Whisker growth as a function of the zz?  component of total stress. 
 
Figure A5.8  Whisker growth as a function of the xy?  component of total stress. 
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A5.3 1500? of Tin on a 0.25 mm Aluminum Substrate 
 
  
 
 
 
 
  
 
 
Figure A5.9  Whisker growth as a function of the xx?  component of total stress. 
 
Figure A5.10  Whisker growth as a function of the yy?  component of total stress. 
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Figure A5.11  Whisker growth as a function of the zz?  component of total stress. 
 
Figure A5.12  Whisker growth as a function of the xy?  component of total stress. 
 

