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Caminante, son tus huellas
el camino y nada nids;
caminante, no hay camino,
se hace camino al andar.
Al andar se hace el camino,
v al volver la vista atris

se ve la senda gne nunca

se ha de volver a pisar.
Caminante no hay camino

sino estelas en la mar.

Antonio Machado, from "Proverbios y cantares" (XXIX) in Campos de Castilla. 1912

Wanderer, your footsteps are
the road, and nothing more;
wanderer, there is no road,

the road is made by walking.
By walking one makes the road,
and upon glancing behind

one sees the path

that never will be trod again.
Wanderer, there is no road

Only wakes upon the sea.

(Translated by Betty Jean Craige in Selected Poems of Antonio Machado, Louisiana State University Press, 1979)

Voyageur, les traces de tes pas

sont le chemin, c’est tout;

il n’y a pas de chemin,

le chemin se fait en marchant.

Le chemin se fait en marchant,

et quand on tourne les yeux en artriere
on voit le sentier que jamais

on ne doit a nouveau fouler
Voyageur, il n’est pas de chemin

Rien que sillages sur la mer.

(Traduction de Sylvie Léger et Bernard Sesé in Champs de Castille et antres poémes, Gallimard, 1981)
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Abstract

Whiskers, conductive metallic filaments that grow from metallic surfaces, are a very important
issue for reliability of electronic components. Through recent years, there has been a renewed
industrial interest on whisker growth, mainly due to the miniaturization of electronic devices and
the environmental regulations forbidding the use of lead.

While most of the research has been focused on tin whiskers, there is still little reference to
zinc whiskers. Electroplated zinc coatings are actually used as anticorrosive protection for low
alloy steels in diverse industries such as automotive, aerospace or energy, as well as for support
structures or raised-floor tiles in computer data centers. In order to mitigate, prevent and predict
the failures caused by the zinc whiskers, the mechanisms of growth must be understood.

By accelerated storage tests and Scanning Electron Microscopy (SEM) observation, kinetics of
growth of zinc whiskers was studied on low alloy chromed electroplated carbon steel.
Quantitative characterization of both whisker and hillocks (density, volume and growth rate) was
related with the parameters temperature, electroplating electrolyte, presence of chrome, steel
substrate thickness, zinc coating thickness and residual stress, in order to understand the
mechanisms of growth.

Additionally, both microstructure and crystallography of zinc coating, whisker roots and actual
whiskers were studied by Electron Backscatter Diffraction (EBSD), Transmission Electron
Microscopy (TEM), Energy-dispersive X-ray spectroscopy (EDX) and local grain orientation
with ASTAR setup, using Focused Ion Beam (FIB) for samples preparation. Recrystallization as
well as dislocations were observed in both whiskers and hillocks; no intermetallic compounds
were seen in neither electroplated nor whiskers.

It is found that compressive residual stress relaxation and whiskers growth are two different
but strongly interconnected phenomena both thermally activated, an each of them follows a
different mechanism; apparent activation energies of the two phenomena are calculated, and
grain boundary diffusion is established as the main diffusion mechanism for whiskers growth.

Whiskers growth kinetics, both analytical and phenomenological is proposed. Good
estimation of whiskers growth and whiskers growth rate at temperatures close to operation
conditions is obtained when compared with experimental data.

Keywords: zinc whiskers, whiskers growth, whisker growth kinetics, recrystallization film Zn,
residual stress, Zn electroplated thin film microstructure
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Resumé

Les whiskers, filaments métalliques qui poussent sur des surfaces métalliques, sont un
probléme trés important pour la fiabilité des composants électroniques. Depuis ces dernicres
années, il y a eu un regain d’intéréts industriels dans le domaine de la croissance des whiskers,
principalement en raison de la miniaturisation des dispositifs électroniques et des réglementations
environnementales interdisant 'utilisation du plomb.

Alors que la plupart des recherches concernent les whiskers d'étain, il y a encore peu de
travaux sur les whiskers de zinc. Les revétements d’électrodéposés de zinc sont utilisés comme
protection anticorrosion pour les aciers faiblement alliés dans diverses industries, comme
l'automobile, I'aéronautique ou 1'énergie, ainsi que dans les structures de soutien ou les planchers
faux plafonds dans les centres de données informatiques. Afin d'atténuer, de prévenir et de
prédire les défaillances causées par les whiskers de zinc, les mécanismes de sa croissance doivent
étre compris.

Grace a des tests de stockage accéléré et a des observations par microscopie électronique a
balayage (MEB), la cinétique de croissance des whiskers de zinc a été étudiée sur des toles d'acier
au carbone faiblement allié, galvanisé et chromé. Afin de comprendre les mécanismes de la
croissance des whiskers de zinc, la caractérisation quantitative ainsi que les excroissances (densité,
volume et vitesse de croissance) ont été reliées aux parametres suivants: la température, le bain
pour I’électrodéposition du zinc, la chromatation, I’épaisseur du substrat d’acier, I’épaisseur du
revétement de zinc ainsi que la contrainte résiduelle.

En outre, la microstructure et la cristallographie du revétement de zinc, des racines des
whiskers ainsi que des whiskers elles-mémes ont été étudiées par diffraction des électrons
rétrodiffusés (EBSD), microscopie électronique a transmission (MET), microanalyse par rayon X
(EDX) et le dispositif ASTAR pour l'orientation locale des grains; la préparation des échantillons
a été réalisée a l'aide d’un faisceau d'ions focalisés (FIB). La recristallisation ainsi que les
dislocations dans les whiskers et les excroissances ont été observés; aucun composé
intermétallique n’a été observé que ce soit dans les échantillons issus de différents bains
électrolytes ou encore dans les films / whiskers.

Il a été montré que la relaxation de contrainte de compression résiduelle et la croissance des
whiskers sont deux phénomeénes différents mais fortement reliés et thermiquement activés.
Chacun d'entre eux suit un mécanisme différent; les énergies d'activation appatrentes des deux
phénomenes ont été établies, et la diffusion aux joints de grains est proposée comme le principal
mécanisme de diffusion pour la croissance des whiskers.

Des cinétiques de la croissance des whiskers, a la fois analytique et phénoménologique sont
proposées. Une bonne estimation de la croissance des whiskers et de leur vitesse de croissance a
des températures proches des conditions de fonctionnement est obtenue par comparaison avec
les données expérimentales.

Mots-clés: whiskers de zinc, croissance des whiskers, cinétique de croissance de whiskers ,

recristallisation film Zn, contrainte résiduelle, microstructure de film électrodéposé de Zn
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Resumen

Whiskers, filamentos metalicos que crecen en superficies metalicas, son un problema muy
importante para la fiabilidad de componentes electrénicos. Durante los ultimos afios, ha habido
un renovado interés industrial en el crecimiento de whiskers, debido principalmente a la
miniaturizacion de dispositivos electronicos y a las regulaciones ambientales que prohiben la
utilizaciéon de plomo.

LLa mayoria de las investigaciones se concentran en los whiskers de estafio y hay todavia pocos
trabajos sobre los whiskers de zinc. Los recubrimientos de zinc electrodepositado son utilizados
como protecciéon anticorrosion para los aceros de baja aleacién en diversas industrias, como
automotriz, aeronautica o energética, asi como en la estructuras de soporte o tejas de techos
falsos en los centros de datos informaticos. Para atenuar, prevenir y predecir las fallas causadas
por los whiskers de zinc, los mecanismos de crecimiento deben ser comprendidos.

Gracias a experimentos de almacenamiento de muestras y a observaciones por microscopia
electronica de barrido (SEM), la cinética de crecimiento de whiskers de zinc ha sido estudiada en
aceros de baja aleacion recubiertos de zinc y cromados. Para comprender los mecanismos de
crecimiento de whiskers de zinc, la caracterizacion cuantitativa de whiskers y de protuberancias
(densidad, volumen y velocidad de crecimiento) fue relacionada con los parimetros siguientes:
temperatura, electrolito usado en la electrodeposicion de zinc, cromado, espesor del substrato de
acero, espesor del recubrimiento de zinc al igual que el estrés residual.

Adicionalmente, microestructura y cristalografia del recubrimiento de zinc, de raices de
whiskers asi como de los propios whiskers fueron estudiadas por medio de la difraccion de
electrones por retrodispersion (EBSD), microscopia electrénica de transmisiéon (TEM),
microanalisis por rayos X (EDX) y el dispositivo ASTAR para la orientacion local de granos; la
preparaciéon de muestras fue realizada con la ayuda de un haz de iones localizados (FIB). La
recristalizaciéon asi como las dislocaciones en whiskers y protuberancias fueron observadas;
ningun compuesto intermetalico ha sido observado en los recubrimientos ni en los whiskers.

Se determiné que la relajacion del estrés residual de compresion y el crecimiento de whiskers
son dos fenémenos diferentes pero fuertemente interconectados y térmicamente activados. Cada
uno de ellos sigue un mecanismo diferente; las energfas de activacion aparentes de los dos
fenémenos han sido establecidas, y la difusiéon por bordes de grano es propuesta como el
principal mecanismo de difusién para el crecimiento de whiskers.

Cinéticas de crecimiento de whiskers, a la vez analiticas y fenomenoldgicas son propuestas.
Una buena estimacion del crecimiento de whiskers y su velocidad de crecimiento a temperaturas
cercanas a las condiciones de operacién es obtenida por comparacion con los datos

experimentales.

Palabras clave: whiskers de zinc, crecimiento de whiskers, cinética de crecimiento de whiskers,

recristalizacion film Zn, estrés residual, microestructura de film electrodepositado de Zn
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Preface

This doctoral dissertation begins with an introduction to the industrial and scientific problem
concerning the growth of zinc whisker, including the general objective of this research.

In the first chapter, the state of art is addressed, including not only information about zinc
whiskers but also about tin whiskers. An historical background of the metallurgy of whiskers is
presented, as well as a general introduction to whiskers where their morphology, composition
and characteristics are described; the chapter continues with the discussion of the influence of
different parameters in the whiskers growth and the mechanisms of growth.

Taken in account the information developed in the state of the research, the last part of this
first chapter describes the goals and outline of this research, where the specific scientific goals of
this thesis are formulated, as well as the strategies to achieve them.

The second chapter describes the investigated material, both materials from industrial site and
materials specifically processed. The experimental methods employed in this research and their
fundamentals are described as well as the samples preparation. Finally, the preliminary
characterization of the material (as received) is addressed, as well as the description of the storage
experiments.

The third chapter details the results obtained during this thesis. Morphology observations are
described, including some key definitions and phenomenological concepts, followed by the study
of the microstructure and crystallographic structure of the zinc coatings and whiskers by Electron
microscopy. The storage of samples under controlled conditions is also described as well as the
studied growth kinetics of whiskers.

The discussion of results in the fourth chapter will interpret and evaluate the findings of this
thesis: the influence of temperature on material growth and on stress relaxation during samples,
as well as the kinetic aspects of mass diffusion during the whiskers growth.

Finally, the last chapter will present the different conclusions of this research thesis and it will
propose as well some perspectives that could lead to deepen the understanding of the
phenomenon of growth of zinc whiskers.

xiii



xiv



Table of contents

Introduction: industrial and scientific Problem ... 1
Chapter 1. State of research of zinc whiskers growth ........ccoccceuvviiiiviniiiiniicinccrcceaes 3
1.1 Historical background..........cccciiiiiiiiiiiiiiii s 4
1.2 Introduction to the WhiSKers.......ccocoiiuiiiiiiiiiiiiiiiiccre s 6
1.2.1 MOIPholOZY ...t 6
1.2.2  Dimensions and growth KINEtiCS......ccvuviiuiiriniiiiiriniieiniieicriiceieisceeneseisenenecseeens 7
1.2.3  DepOSION PIOCESSES ...uiuiiiiiiiiiiiiitiiiieiiisi et 8
1.2.4  Microstructure of the whiskers and zinc cOAtING........ccvvieeevririiciriniiciiriciens 9
1.3 Influencing parameters in the whiskers growth .......cccccoccvviiiiiiiiciiii, 14
1.3.1  Intrinsic parameters of the material........ccovieuriniieirininiciniriicerccecceeees 14
1.3.2  Environmental Parameters........oooviiiiiiiiiiiiiniiicsesssssnesssssssesssssnns 23
1.3.3  Summary of influencing ParameEters.......cvveerririieeurinieeieerieereeeeeseseseneseseeeeees 25
1.4 Whiskers growth mechaniSms ..o 26
1.4.1  Dislocation mechanisms proposing growth from the tip of the whisker............. 26
1.4.2  Dislocation mechanisms proposing growth from the base of the whisker.......... 26
1.43  Recrystallization Mechanisms .......ccccvviiiiiiiiiiiines 31
1.4.4  Summary of discussed MechanisSms .......ccccoveiuevriniicirniniciceece s 37
1.5  Summary of state of research of zinc whiskers and objectives........cccovevviiiriiiiinnnn. 38
Chapter 2. Materials and experimental Methods........covveeuricierrniccinniiereeeseeeeeees 39
2.1 Investigated MAaterial ......cccoviiiiiiiiiiiiiiiiiicc s 40
2.1.1  Samples from industrial site (ZrOUP L) ..cvveeiriviiciiniiciiiccrcereceeeeaes 40
2.1.2 Materials specifically processed (roup II) .....ccccoovviiiiviiiiiiniiiiciicinns 41
2.2 Experimental MEthOdS. ..ottt sseaens 43
221 Samples PLEPAratiON... ..o 43
222 TeNSIE tEStuuuiuiiiiiiiiiiiiiicicicic e 44
2.23  Determination of the apparent grain size of steel.......cccooviiiiiiviniiiiniiiinnnns 45
2.2.4  ElectfOn MICIOSCOPY oottt ettt seaes 45
2.25  Chemical charaCteriZation ........ccuiiviiiiiiiniiiiiiiiiiieiicece e 55
2.2.6  Texture MEASUIEMENL ...c.cuviririiiiisisiiiecieieieieiee ettt ettt sttt senes 56
2.2.7  Residual Stress MEASUIEMENT ....vucviuiviecriietiiessiciicsesess s 56
2.3 Characterization of samples a8 £eCEIVEd.....cvuirerririrerririiieierrieeiereete e eeeeseneeae 60

XV



Table of contents

2.3.1  Mechanical characterization of steel..........cccoeviiiviiiiiiiiiniiici e, 60
2.3.2  Determination of the apparent grain size of steel.......cccovuirvieiiivnicinininiciians 60
2.3.3  Electroplates thickness MeasuremMent .......ccccecueueueueurieiririnieinisisisisisiseiseeseceeeseeenes 62
2.3.4  Chemical composition of electrOPlates.........ccoiiuriviieriiniieiiiiiieiirieeieeeneneaes 03
2.3.5  Texture of steel and electroplates ..., 67
2.3.0  ReSIAUAL SLIESS ...uviuiuiiiiiiiiiciciciet s 71
2.3.7  SEM observation of electroplated samples as received........ccovvvveiviiiniiiniicninnnnn. 76
2.4 Storage Of SAMPLES.....ccuiuiiiiiiiiiiciice e 82
2.4.1  Storage and observation CONItIONS .......couiueviiiiiiciiiiiiini e, 82
242 Quantitative analysis of whiskers and related features........ccooevevvernnercncnccccncnes 86
2.5 Summary of materials and experimental methods.........cccccoevvviiiiiiiniiicnes 91
Chapter 3. Effect of aging trEAtMENLS ...c.cuvvieeueiriieeieiriiieieiriieieneiiseseseessseses s ssesesessssesens 93
3.1 Morphology ObSEIvVAtiONS......cccuiviiiiiiiiiiiciii s 94
311 Definition Of tEIMS .vicuiiiecieiiicieerceee et 94
3.1.2  Whiskers charaCteriStiCs ........cooviiiiiiiiiiiiiiiciiic s 96
3.2 SEM observation of stored SAMPIES .......ccceuviiecieiriieiiiriieiiiriieeesiceiersieeese e 102
3.2.1  Storage of specifically processed samples (group II) in environmental chambers
102

3.2.2  SEM storage of specifically processed samples (group ID).......cccovvieviviicnnnnnnes 104
3.2.3  Summary of influencing parameters on zinc growth ... 108
3.3 Kinetics of Growth. ... 109
3.3.1  Kinetics of samples from industrial site (Zroup I)......ccccovivvviiiiniiiiiiiiinnns 109
3.3.2  Kinetics of specifically processed samples (group II)......cccovieivniicvninienennenes 115
3.3.3  Summary of kinetics of growth and its influencing parameters.........cccceveuruenes 134
3.4 ReSIAUAL SEIESS ouvuiiiiiiiiiiii s 136

3.4.1 Residual stress of samples from industrial site (group I) in environmental
chambers 136

3.4.2  Residual stress of specifically processed samples (group II)........ccccovivvviiiiniinns 137
3.5  Microstructure of zinc coating and Whiskers......c.oveevvniciiinicininicirceeceenes 142
3.5.1  EBSD ObSEIVAtION ...cccvuiiiiiiiiiiiiiiiiii s 142
3.5.2  TEM ODSEIVALON ...vviiuiiiiiiiiiiiiiiiis it sessans 151
3.5.3 TEM/ASTAR ODSCIVAION cttvteteeteeeteeeeeeeeeeeeeeeeeeeeeeseeeeeeneeseeseessesseeseeseessesseeneeneenns 154
3.6 Chemical analysis of zinc coating and WhiSKers..........ccooueeiviiiiiinieininiciiiceinns 158
3.6.1  First specimen (hillock) analysis.........ccccciiiiiiiiiiiiiniiicccees 158



Table of contents

3.6.2  Second specimen (whisker) analysis ..o 163

3.7 Summary of effect Of agING LrEAMENLS ....vuvvuieiiiiieieiriiieieirceece e 167
Chapter 4. Discussion Of FESUILS ......ccccuieuiuiiiiiiiiiiiin et 168
4.1 Stress relaXation ....cciiciiciiiiiiiii s 169
4.1.1  Material growth and stress relaxation..........ccoeceuriiiiiniiiinnnns 169
4.1.2  Apparent activation energy of stress-relaxation.........ccoeeeeueuviiereininieienninienennines 171
4.1.3  Stress relaxation COCTIICIENT ..t 173

4.2 Matefial GrOWtN ...c.coiviiiiiiiiiciic s 176
421  Apparent activation energy of material growth ..o 176
422 Growth rate eStmMAation .......cciviiiiininiiiiiic e 178

4.3 Kinetic aspects of mass diffusion.......cccccceviiiiniiiiiii e 181
4.4 Whiskers growth MOdel........ccoviiiiiiniiiiiiiiciiicccee s 186
4.41  Analytical MOdELS .....coviiiiiiiiiiii e 186
4.42  Phenomenological MOEL........ccccovuiiiiininiiiiininiciiiriicecceee e enena 193

4.5 MICTOSTIUCTULC ....vuiiiiiiiiitit ettt bbbt eb b 202
4.6 Summary of diSCUSSION Of FESULLS....vviuviiieiieiiiiieiriceee s 204
Conclusions and PEISPECIVES .......cuciiuiiiiiiriiiiiiiiiitiiiciiiices s sssns 206
RELEICICES .ttt 210
Appendix 1: Texture of steel and electroplates ..o, 216
Appendix 2: SEM observation of stored SAmMPILES.......c.cuveuevreiecueuriicierriieierieeeeeeeseneeenne. 219
Appendix 3: Kinetics of growth of samples stored in SEM........cccccceviviiiiviniinniiiinnn. 223
Appendix 4: Kinetics of growth of single whiskers from samples stored in SEM ................... 228
Appendix 5: StrESS TEIAXATOMN ...vviieiiiieciciriceee et 236
Appendix 6: Influence of temperature on material Growth .........ccocoveuviviiiiiiviniiiiicii, 240
Appendix 7: Whiskers and hillocks density.......ccovicueurnieiemiiiciniceeeeeeeeeeeeneeeennne 243
Appendix 8: Summary of whiskers and hillocks growth.........cccccovviiiiiiiiiiii, 245

xvil



xviii



List of acronyms

ACOM
ASTAR
BF
CTE
DF
DRX
EBSD
EDX
FEG
FIB
HR-GDMS
IMC
JEDEC
JMAK
RoHS

NASA
SEM

STEM
TEM

Automated Crystal Orientation Mapping

TEM orientation imaging

Bright Field

Coefficient of Thermal Expansion

Dark Field

Dynamic recrystallization

Electron Backscattered Diffraction
Energy-dispersive X-ray spectroscopy

Field Emission Gun

Focused Ion Beam

High Resolution Glow Discharge Mass Spectrometry
Intermetallic compounds

Joint Electron Device Engineering Council
Johnson-Mehl-Avrami-Kolmogorov (equation)
Reduction of Hazardous Substances

National Aeronautics and Space Administration

Scanning Electron Microscopy
Scanning Transmission Electron Microscopy

Transmission Electron Microscopy

XX



XX



List of variables

ANEEAN
0

Qw

ISEETRN

KW

.

g W

ES

Total hillocks surface in mm?” surface

Pre-exponential factor for stress relaxation

Pre-exponential factor for total growth (whiskers and hillocks combined)
whiskers growth

Pre-exponential factor for whiskers growth

JMAK equation constant

Pre-exponential coefficient for mass diffusion

Average grains diameter

Whiskers average diameter

Whisker diameter

Apparent activation energy of the stress relaxation during material growth
Apparent activation energy of total growth (whiskers and hillocks
combined)

Apparent activation energy of whiskers growth

Whisker length

Whiskers growth rate for grain boundary diffusion

Whiskers growth rate for dislocation pipes diffusion

Whiskers growth rate for lattice diffusion

Residual stress relaxation coefficient

Total whiskers length in mm? surface

Equation constant for calculating B

JMAK equation exponent

Average JMAK equation exponent (independent of temperature)
Equation constant for calculating whiskers growth at saturation
Activation energy for mass diffusion

Universal gas constant

Whisker radius (4, = 2K}))

Equation constant for calculating B

Time

Temperature

Hillocks volume
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V' Whisker volume

Z Equation constant for calculating whiskers growth at saturation
o Grain border thickness
Ac Relaxed residual stress
Py Hillocks density
P Whiskers density
o Compressive residual stress (negative values for tensile stress)
T time constant for nucleation
w time constant for stress relaxation
£ Total growth (in volume) in mm”® surface (Q= Q, + ;)
Qy Hillocks growth (in volume) in mm?® surface
Q. Whiskers growth (in volume) in mm?® surface
v, Atomic volume
List of subscripts for a variable X
X, X at time zero (before storage)
X, X at growth saturation
X' Rate of X
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Introduction

Industrial and scientific problem

Zinc electroplating coating is commonly used to protect low alloy steels from oxidation. These
steels are widely used in packaging of electrical devices in diverse industries such as automotive,
aeronautic or energy, as well as for support structures or raised floor tiles in computer data

centers [1].

Since the 1940’s, when short circuits were reported in military electrical components caused by
cadmium whiskers [2], spontaneous growth of whiskers has been a very important issue for
reliability of electrical components; because of their high conductivity they can carry tens of
milliamperes before melting [1], bridging the gaps between short distances in the electrical
components. Cases of failures due to whiskers have been reported in pacemakers, satellites, data

rooms, etc. [3]

Intermittent shorts circuits can occur if available current is above tens of milliamperes, and
permanent shorts circuits if it is below. Metal vapor arcs can be initiated in vacuum when voltage
is above dozens of volts and current above tens of amperes, such arcs are capable of sustaining
hundreds of amperes.

Tin whiskers became the most studied whiskers during the 40’s and 50’s of last century; the
mitigation of the problem by using a eutectic alloy tin-lead instead of pure tin, reported by
Arnold [4] entailed a remarkable decrease of interest on the whiskers growth issue. By the end of
the 90’s, the miniaturization of electronic devices reduced the distance between the electrical
components and decreased the used electrical current. These two effects brought a considerable
increase in the reported failures related to whiskers, and therefore the interest on whiskers growth
was renewed [1]. This renewal was reinforced at the beginning of the current century with the
environmental regulations, mainly the European Union directive of Reduction of Hazardous
Substances (RoHS), effective in July 2006 [5] [6], restricting the use of lead; the eutectic alloy tin-
lead as mitigation solution for tin whisker growth became then inapplicable.



Introduction: Industrial and scientific problem

While most of the research and information on whiskers growth is focused on tin whiskers,
there is not so much reference concerning zinc whiskers. In order to attenuate, prevent and
mitigate the growth of zinc whiskers in the electrical devices, it is imperative to understand both
the zinc whiskers growth phenomenon and its physical mechanism, and to identify the
influencing parameters; these objectives are addressed in this doctoral dissertation.

Figure 0-1 shows an armor plate where whiskers up to some millimeters were observed on the

zinc electroplated steel plates.

Figure 0-1 Whiskers in an armor plate (the match stick is used to represent the scale [7]



Chapter 1

State of research of zinc whiskers growth

This first chapter addresses the historical background of the whiskers growth in general,
followed by a description of the general characteristics of zinc whiskers. The influence of various
intrinsic and environmental parameters in the whiskers growth phenomenon is discussed as well
as the different mechanisms proposed in the literature for the whiskers growth. Finally, taken in
account the information developed in the state of the research, the last part of this first chapter
describes the goals and outline of this doctoral research, where the specific scientific goals of this

thesis are formulated, as well as the strategies to achieve them.

e Historical background

e Introduction to the whiskers

e Influencing parameters in the whiskers growth
e Whiskers growth mechanisms

e Summary of state of research of zinc whiskers and objectives



Chapter 1: Historical background

1.1 HISTORICAL BACKGROUND

Metallurgic whiskers have been known for long time. Ercker, a German mining inspector,
published in 1574 in Prague a treatise on ores and assaying «Beschreibung allerfiirnemisten
Mineralischen Ertgt, und Bergwercksarten...» where he reported phenomena occurring during the
smelting and fire assay processes [8] and described procedures for artificial growth of hair silver
from silver matte occurring during the smelting and fire assay processes, one of the first examples

of whiskers growth (Figure 1-1).

Figure 1-1 Lazarus Erckers fire assay book from 1574. «Beschreibung allerfiirnemisten Mineralischen Ertzt, und
Bergwercksarten. . .» [8]

The translation from German to English by Sisco and Smith states: «as long as I am talking
about silver matte, I should for the sake of the eager reader tell something that is characteristic of
its nature and behavior. First: When silver matte is cast into an ingot, and while it is still hot, it
can be hammered and shaped as you wish, just like lead. And further: It is possible to cast figures
or coin medals from it which look like vitreous silver. When you have cast it into funny little
decorative figures, lightly cut or scratch them with a knife and hold them over a gentle charcoal
fire until they get hot, whereupon silver will sprout or grow out of them very delicately just as it
grows in the mineral. This is amusing and very pretty to watch. I am telling this so anybody who
would like to do this for fun and play with it some more should know how it is done » [8]. These
whiskers, commented in many posterior treatises of chemist