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ABSTRACT

Salt crystal whiskers were grown frosalt solution saturatechanoporous silica
coatings. Coated substrates were partially imetkiato an aqueous potassium chloride
solution and then kept in a controlled relative humidity chamber for whisker growth. The
salt solutionwas first wicked into the coating by capillary action, and then evaporation
ensue and a supersaturated conditias reached. Crystalseyv from the surface by a
base growth mechanism in which salt iamsre added to the surface of the crystal that
was in contact with thenanoporouscoating. Optical microscopy and SEM results
demonstrate this mechanism. Crystals withihisker morphologies, typically 250 pm
in lateral dimension and up to ~1 cm in length, emerged from the coating surface at a
position above the original liquid level. Shdi&e crystals also formed from whiskers
that had fallen flat onto the porousating surfacelnspired by the sheet formation
mechanism and liquid transportation phenomeam@geding technigueas developetb
reduce whisker widthAttritor ground salt particles werplaced on the nanoporous
coating surface to initiate simultaneowshiskeis growth and salt nanewhiskers with
lateral dimension as small as 50 nm were obtained on the surface of the coating. This
crystal growth method can be applied to different materials, namely water soluble
materials, and creates whisker crystals wabntrollable size and location on the

nanoporous coating.



Open celled foamsi a three dimensional structur@. ome applications, other
materials are coatedn internal surfacef the foamto provide desired final product
functionality. Because oftheir complicated 3D structuse coating onto foamis
challenging. Anew coating processthat combines dip coating and spinatingwas
developed.Dip coating step was used to load the solution into the foam and a spin
treatment step was addedrémnovethe rapped liquid andedistribute the liquid tobtain
uniform coating.The dip and spin process was also used to crealtemina and zeolite

coatings, which are of interest for catalysis applications.
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Chapter 1 Background and Overview

1.1 History of Whiskers

Any fibrous growth of a solid may be regarded as a form of whisker growth.
However, whiskers are normally considered more or less perfect single crystals with a

mini mum |l ength to diameter ratio of® 5 and

Whiskerhistory dates back to 1574. Erckezported that by cutting or scratching
a silver ore decorative figure and holding it on the charcoal fire until it gohawt|ike
silver would sprout out from the cut orratch. Also, numerous minerals, such as
asbestos, chrysotile, millerite and chalcotrichite, have been found in fibrous form. Over
the years, numerous references to these fibrous crystals have appeared in the literature.
However, due to limit knowledge ohe crystalline state, no significant progress in

understanding these fibrous structures was made ufité@ury.

Figure 1.1 (a) Early photograph of spontaneously growing tin whiskers from Bell
Laborataies investigation of electrical short circuit failures from tin plated details in

tel ephone switching equi p4bpantoptitanimages e 1940
sodium chloride whisker grown. Adapted fram



In 1945, successive failures in electronic equipment were attributed to
microscopic conducting fibrous crystals sprouting from electroplated surface of zinc,
cadmium and tifi An ealy image of tin whisker is shown iRigure1.1a. At that time,
scientists focused their researches on how to prevent these fibrous crystals from growing.
Since then the fibrous crystal,alirewthiskere t o b
about two micrometein diametemwas found to be able to ledastically bent to strains of
more than two percent while bulk tin began to flow at strains of less tHan The
superior elastic strengtaroused much interest and extensive researches were carried out
on whiskers from 195006s to 197006s and one

in Figure1.1b. Copious studies ® “*

showed the mechanical strength of somésiérs
approached the theoretidahit. Herring™ suggested that the whiskers are strong because
they are free of dislocations or few dislocations were present inside. Some properties of
whiskers, which areelated to specific matermiwere also widely investigated. For
example, Debloisreported experimentally obtained coercive force of 483 Oe for an iron
whisker, which is within 15 percent of the theoretically predicted value for an ideal
specimen of ironat 25C. Masanor® grew (Yo.s6Cav.19BaCusOy Whisker showing

superconducting property with a critical temperature of 83K and a critical current density

of 4.4x1d Alcm.?

Many methods of growing whiske have been developed. These methods include
direct growth of whiskers from the solid phase or melts, vapor phase growth of whisker
by condensation of supersaturated vapor, whisker precipitation directly in supersaturated

solution, and whisker growth frosolution via porous media.



1.2 Fundamental Theory of Crystal Growth

Crystallization is fundamental to whisker growtmd a brief review of crystal

growthis providedin this section.

Supersaturation. The constituents of liquid solutions are solutes ansess.
Solubility refers to the ability for a given substance, the solute, to dissolve in a S8lvent.
It is often defined as the maximum amount of solute that can be dissolved in a solution at
equilibrium. Theresulting solution is called a saturated solution. The solubility of solute
in a given solvent is related to the temperature. For around 95% of solid solutes, the
solubility increases with rising temperature. However, the solubility for gaseous solute is

generally inversely proportional to the temperattre.
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Figure 1.2 Solubility dependence of various salts on temperafgtapted from®.
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Figure 1.2 shows the effect of temperature on solubibfyarious saltsn water.
Many salts such as CaChnd NaNQ display a large increase of solubility with
temperature. Some solutes like Na@Ghve solubility rdatively independent of

temperature. Solubility of a few satach a<Ce(SOy); decreases at higher temperature.

If a hot concentrated solution is slowly cooled down without agitation, a state of
supersaturation can be attain€flipersaturation refet® a state in which the solvent
contains more dissolved solute than can ordinarily be accommodated at that
temperaturé® Such a solution is said to be supersaturated. Generally speaking,
supersaturation is a necessary condition for crystallizatitwed®. Figure 1.3 shows the
effects of concentration and temperature on solution state. The continuous line defines
the saturation curve. The upper broken curve indicates a spontaneous crystallization state.
These two lines divide thdiagram into three regiorf8:(1) the undersaturation region
below the saturation curve, where crystallization does not happen; (2) the metastable
region between the two lines, where spontaseorystallization is also not possible
unless nuclei or crystal seed exists in the solution; (3) the unstable region, where

spontaneous crystallization is possible.



Concentration

Temperature

Figure1.3 The concentratiotempeature diagramAdapted font™.

There are several methods to reach supersaturation, including cooling, solvent
evaporation, drowning and chemical reaction. Cooling method is shown as line ABCD in
Figure 1.3. If temperature decreases from point A, saturation concentration is reached at
Point B. With further cooling, supersaturation continues to increase till point C. During
cooling, the system is in a supersaturated state; However, as mettastable region,
crystallization will not happen spontaneously. If cooling continues, D point beill

reached and spontaneous crystallization will 0é&4r.

Solvent evaporation is atier way to achieve supersaturation, which could be
il lustrat ed Figwel38. iAsselveAt Bvaporate, isatution concentration rises
from Point A to Cbo. Because evaporation
diffusion, the concentration at the surface is larger than that in the bulk. Crystals will first
form on the surface and then fall by gravity into the bulk solution as seed or nuclei to

promote further crystallizatiof?” ? The supersaturation of a solution may be expressed in
5
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a number of different ways. One of the most common expressions is the fundamental

supersaturaton ratio S, which is definedby

S:—* 1.1

where a is the activity of a supersaturated solution, and a* is the activity of the saturated

solution.

The thermodynan driving force for crystallization is the difference between the
chemical potential of the solute in the solution(state 1) and the solute in the crystal (state

2), Dm

Dm=m- m 1.2

In order to crystallizeDmshould be greater than zero. The chemical potentjal,

is defined in terms of the standard potentray,and theactivity,a, by
m=m+RTIna 1.3
where R is the gas constant and T is the absolute temperature. Therefore,
m=m+RTIna 1.4

As saturated solution is in a equilibrium state, the chemical potential of solute in

solution is equal to the chemical potential of solute in solid phase, so

m=m+RTha 1.5

Then Dmican then be expressed %s:



Dm=RTIN&2 9= RTINS 1.6
ga*+

Hence

D.
S=exp(—— 1.7
038

Nucleation. Supersaturation alone is not sufficient for a system to start
crystallization. A number afinute solid particles, such as nuclei or seeds, are necessary
to exist in the solution, and these tiny particles can then act as the centers for
crystallization to occur. The formation of these particles is considered as nucleation.
Generally, the nucléimn can be divided into two types: primary and secondary
nucleation. The primary nucleation refers to the case that there is no crystalline particle in
the system. It includes homogeneous nucleation and heterogeneous nucleation. On the
other hand, seconda nucleation occurs if crystal nuclei meeds exist in the

supersaturated solutif.

Homogeneous nucleationlt is difficult to describe the formation of crystal
nuclei. This results from not only the agglomamatof solute molecules, but also from
the arrangement of these molecules into a certain periodic crystal structure. The number
of molecules in a stable crystal nucleus can vary from a few to several thousand. For
example, 100 molecules are needed fomigelei. The stable nuclei could be formed by a
serials addition of solute molecules. Further addition of molecules results in nucleation

and subsequent growth of the nucleus. The structure of a critical nucleus is too small to



be observed directly and rema unknown. It could be a tiny perfect crystal or a rather

diffuse body of molecules or ions loosed bounded to eachBtRer

The classical theory of nucleation is based on the thernamoignmodel. The
overal/l excess free energy, oG, for a nucl
between the surface of the particle and the bulk of the part(g, and the volume

excess fr g,dtheextess fige energy betweerrystal particle and the solute

in solution). It could be expressed &s*

DG:DGV+DGs:gpr3DGV+4png 1.8

wh er e 0 erfacsal ehelygbetiveen solvent and crystal.

Free energy, AG

Size of nucleus, 7

Figure 1.4 Free energy diagram for nucleation explaining the existence of a critical
nucleusAdapted from".



Thevd ume e xcess \fhaganegative valgeywhile quace excess
free enispogtwe. Gnése two energy terms depend differently on the nucleus
radi us. So the free energy of formation, (
Fig.23. Thismxi mum ener gy val ue defandnteegadiistoe cr i f
nuclei corresponding to this maximuemergy is the critical nucleus radius For a

spheri cal anagcouidbeobtained by mERimizing edr8. > **

_d([j)G :4Ia'2[x;.v+8pfg:0 1.9
r

therefore,

(=29 1.10
DG,
from eqnl1.8 and e1.10,
2

Crit — S(I:x;v)z 3

The critical size ygdetermines the minimum size of a stable nucleus. Particles with
radius smaller than; will redissolve and if the particle size is larger rthg, it will

continue to grow.

The rate of nucleation J (the number of nuclei formed per unit time per unit
volume) could be expressed in the form of the Arrhenius reaction velocity equation

commonly used for the rate of thermally activated proé8ss



1.12

wherek is the Boltzmann constant and T is absolute temperature. By combining eqnl.1,

egnl.11 and eqnl.12t the GibbsThomson relationship:

hs=29' 1.13
kTr
where 3 is the mol ecul ar vol ume. The nucl e
16p gn’
Jd=Aexp(- ———— 1.14
X 3k3T3(InS)2)

This equation suggests the rate of nucleation is governed by temperature, T;
degree of supersaturation, S; and interfac
be found if the nucleatiorate ischosen. If the J is selected to be one nucleus per second
per unit volume, then edri4 becomées

2
In Scrit = (%)UZ
KT In A

1.15
Heterogeneous nucleation The nucleation rate of a solution can be affected

greatly by the presence of impurities in the system. In this case, the interfacial energy of

liquid-substrate interface s,othe crystals u b st r at e i nctand thealiquel ener g

crystal i nt ec shauld ebe @msielaregl.y The citical free energy for

heterogeneous nucleation could be express8d as

10



DGy = 1P Y ((2+cosg)d- cosg)” 1.16

3(DG,)* 4
where d is the contact angle between the
which corresponds to the angle of wetting in ligaid | i d systems. It
equation
COSQZM 1.17
Gic

Generally speaking, heterogeneous nucleation is more energetically favorable as
the critical free energy needed for heterogeneous nucleation is less thaforthat
homogeneous nucleation. Most crystallization processes start by heterogeneous
nucleation due to the inevitable presence of impurities in the solution. For example,
aqueous solutions normally prepared in the laboratory may cont&iseli@ particles
per cni. Filtration operation can lessen the impurity particles to®<#d cnf, but a

solution free of foreigmarticles is generally not possible to make.

Crystal growth. After nuclei have been formed in a sugaurated solution, they
start to grow into larger crystals. When solute molecules or ions reach the surface of
crystal, a less organized adsorption layer will first be formed. The loosely bounded
molecules or ions in the adsorption layer will then begirateed into the crystal lattice.
Thus crystal growth is generally divided into three stages: diffusion, adsorption and
integration. Because the growing crystal consumes the solute in the surrounding area of
the crystal, a concentration gradient appearsdaivés diffusion of solute from the bulk

solution to the cryst&f %

11



Crystal EAdsorplioni Solution
layer

Figure1.5 A model of crystakolutioninterface Adapted front2

The driving forces for diffusion, adsorption and integration are different. There
are two steps in the mass deposition as showingure 1.5. First the solute molecules are
transported fronthe bulk of the fluid phase to the surface of adsorption layer, which

could be expressed by Eqn.1?48

dm
— =k ,A(c- c 1.18

where kg is mass diffusion coefficient; ¢ is the concentration in bulk solutioncaisdhe

solute concentration in the&sorption layersolution interface.

Second, the solute molecules arrange themselves into the crystal lattice by a first

order reation. This can be represented by Eqn.1.19.

am_ k. ACC - C) 1.19
dt

where K is a rate constant for the surface reaction (integration) process @dhe

solute concentration in the absorptiayercrystal interface.

12



Equation1.18 and 1.19 are not easy to apply to real experiment because interfacial
concentration is difficult to measure. By eliminating &n equation for crystallization

based on the overall driving force can be writisf’

dm .
—=k.A(c- c 1.20
el ( )

where Ks is an overall crystal growth coefficient.

For integration stage, the solute moleculesoos are most easily bonded to the
imperfection site, e.g. step or kink. Thigyure 1.6 illustrates a two dimensional model of
a step on the crystal surface. The solute molecule preferentially bonds to the site A,
which provides digher coordination number, and greater stability relative to integration
onto the flat surface. As a result, the step advances over the entire surface and a new

surface is generated.

Figure1.6 Two dimensional model of crystal growth. Adapted ffm

Generally, for crystal growth to occur continuously, a fresh step must be created
on the completed crystal surface. Volmer suggested that, as reviewed ly*iMal

monokyer island nucleus was created on a singular crystal surface, so that the other
13



solute ions or molecules can easily incorporate into the crystal at the step formed by this
nucleus. This theory is dall surface nucleation or two dimensional nucleation

mechanisnt®

However, experiments indicate that many crystals grow at a much faster rate than
the rate predicted by two dimensional nucleation mechanisms. *&riask proposed a
spiral growth mechanism in 1949 to explain the crystal growth at low supersaturation
with high growth rate. In this theory, once a screw dislocation with a Burgers vector
perpendicular to the crytsurface has been formed, it will provide a continuous source
of steps as shown iRigure 1.7.%° Therefore, this screw dislocation avoids the necessity
for nucleation on flat surface. €hpresence of a screw dislocation appears in one

mechanism suggested for whisker grof>

(@ b) (c)

Figure1.7 The crystal growth from a sew dislocationAdapted frorf’.

Crystal habit. The external appearance of the crystals is referred to as crystal

habit or crystal morpholog¥. The morphology of a crystalepends on the growth rates
14



of the different crystallographic faces. Some faces (FaceHRjure1.8) grow very fast
and will disappear during crystal growth. They have little influence on the crystal habit.

The slowgrowing faces( Face A ikigure1.8) have great effect on crystal habit.

Figure 1.8 Morphology of a crystal depending on the growth rate of the different faces.
Adapted from’.

The growth of a given face is governed by the crystal structure, defects, and the
environmental conditions. For instance, DaVestudied the growth of succinic acid
crystal from wateand isopropanol solutions. The succinic acid crystal platelets grown in
aqueous solution changed to crystal needles if grown in isopropanol solution*Davey
stated that the water molecule adsorption on (001) facé&vetaw down the growth rate
on (001) surface, which resulted in the platelet shape. However, if grown from
isopropanol solution, the adsorption of isopropanol molecules had stronger interaction
with both (010) and (001) faces, which blocked the furthewtr on these two faces,

crystal needles were hence formed.

15



Besides solvent, certain kinds of impurity or poison can be added to the solution
to change the crystal habit. This is mainly owing to a special interaction between the
active impurities with spefic faces of the crystal. Such interaction induced preferential
adsorption of impurity on particular crystal face will block or reduce further crystal
growth on this face and finally changes the crystal morphology. For example, the
equilibrium shapes of &Cl crystals are commonly cube enclosed by {100} faces.
However, if polyvinyl alcohol is added to the NaCl solution, one dimensional growth of

NacCl is achieved and NaCl whisker can be obtained.

The habits of crystals can also be influenceddmperatureand supersaturation.
This also occurs in daily life, especially in Minnesota. Snowflakes are generally
considered to have only one crystal form; however, there are many kinds of snowflakes
observed by KennetH.Figure 1.9 shows different morphology of snowflakes grown at
different temperature and supersaturation. It illustrates th&’@t thin plated and stars
grow. Columns and slender needles appear #£ar. Plates and starform again at
around-15°C. Furthermore, the supersaturation of water also affects the structure of
snow. At low humidity (saturation), simpler shapes form. While humidity increases,
complex shapes are observed as showfigare 1.9. Two extreme shapes will form at

5°C(long needles) and i&(thin plates) if the humidity is especially high.

16



Figure 1.9 Morphology of snowflake at different water supersaturationelleand
temperatureAdapted from’.
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1.3 NaCl Crystal Nucleation and Growth on Atomic Level

In our experiment, materials such as KCI, KBr and NaCl are used for whisker
growth. These salts belong to NaCl (rocKsalystal structure. A brief intdudion of
NaCl crystal nucleation and growth based on computational simulation is illustrated in

this section.

In NaCl (rocksalt) structure, two kinds of ions are arranged in a cubic elosed
packing. Each ion is surrourdidy six ions with the opposite sign as showrfFigure

1.10.

sodium (I) chloride

Figure1.10 Crystalstructureof NaCl.

The dassic theory of crystal nucleation and growth nawed in previous
sections providea general idea of how a crystal nsicleated andormed. However,
limited to characterization techniques;situ observation of nuclei formation and crystal

growth at the atomic level is impossible. Recently, extendivdies have been carried

18



out on the nucleation and crystal growth process and dynamics based on computer
simulation. As NaCl is one of the simplest ionic cngtahany group®3!' have
investigated the spontaneous nucleation and crystal growth dfiN@aGueous solution.
Yang® adopted molecular dynamic simulation method to obtain the ¢niticzleus size

for NaCl. They counted the total numbers of the nuclei created and decayed witién 1.2
simulation time to determine the critical size. The detailed data is showabie 1.1.

The decay is defined as the procesat tatom detached from the nucleus during the
simulation time. The data ifiablel.1 demonstrated that the probability of decay for-one
atom was larger than 0.5, and such nucleus was considered as unstable. Whée for
nucleus omposed of more than two atoms, the probability of decay was less than 0.5,
and two atom nucleus in this case was regarded as the critical nucleus. If the
supersaturation was reduced to 24% compared to 43% in the previous case, the critical

size of the ndeus was found to be three atoms.

Table 1.1 Statistics on the sum of created and decayed nuclei during the 1.2ns MD
simulations with 43% supersaturation at 298K. Tatlaptedrom?®,

|| owwonne | omewoma | ruwaom | teeaom |
138 110 90 69

Number,,
Numbepec, 74 77 40 23
Percentaggca, 0.54 0.7 0.44 0.33

Zahrt® also investigated nucleation of NaCl from aqueous solution. Several kinds
of [Na.Cly]x.y aggregates formed in a 150 ps trajectory from path sampling method was
observed as is shown Figure 1.11. Zahn found that at early stage of nucleation, the
nucleus with a Cl ion in the center was not stable. Only sodium ions could act as centers

of stability of the aggregates and was coordinated octahedrally by chloride ions.
19



Figure 1.11 Formation of [NaCl,]*¥ aggregate in water. Sodium aolloride ions are
colored blue and green. Entirely nonhydrated ions are pukgpted from".

Yang?® also studied the crystal growth of NaCl on (001) face of bulk NaCl crystal

in aqueous solution by molecular dynamic simulation as showigurel1.12.

Figure 1.12 The growth of crystal at NaCl(OO1yvater interface. Sodium and chloride

ions are colored green and purple. Water molecules are represented by sticks, white for
hydrogen, and red for oxygen. (a) t=0.3ps. (b) t=19.59 ps.t=12DP0ps. (a) t=2550ps.
300K. Adapted fon®.
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Na' ions was found to obtain a higher deposition rate than ther@l, which led
to a larger number of Naions on the (001) surface. This suggested thatwater
NaCl(001) interface is positively charged. The accumulation of the positive charge from
Na’ will then attract the Clions to deposit onto the crystal surface. Yang proposed that in
addition to the chemical potential difference in classic crygtawth theory, this

columbic force would also serve as the driving force for the NaCl crystal growth.

Further investigation was carried out to find out the reason for higher deposition
rate of N&. The results revealed that the different deposition oatda” and Cl ions
originated from a relative stable water network existing at the lsoiid(NaCl)
interface. When a Napproached the NaCl(001) surface, it would substitute the water
molecules atop the Clon at the wateNaCl(001) interface becausd the columbic
interaction between Naand Cl ions. For Clion adsorbing to the NaCl(001) surface, it
replaced the water molecules atop thé ia. The water molecule atop @las bounded
to ClI ion by HCI hydrogen bonding while @a’ interaction abilized the water
molecules on the Naon. From ab initio calculation for water monomer on NaCl(001),
Yang® discovered that the adsorption energy for water ora@ Nd was 0.174eV and
0.401eV respectivelyThis 2.3 times energy difference resulted in a more energetically
stable position atop the Na+ for water molecule. Thus the Na+ ions in the supersaturated
solution had a better chance to deposit on the NaCl(001) surface and obtain a larger
deposition rate However, due to computer hardware, the number of ions in the
simulation box and the time scale are limited. Further investigations are necessary to

provide more insight into the crystal nucleation and growth.

21



1.4 History of Whisker Growth on Porous Media

The earliest accounts of the formation of whiskiez salt crystals on the surfaces
of porous materials saturated with salt solution date back tiattné 8 0 0 6 s , as rev

by Nabbaro and Jacksorm

In 1817 Hoffmann found sodium chloride whiskers formed on the clay. Schmidt
studied the growth of sodium chloride whiskers on porsulsstrate and found the
whiskers could be 6 cm long and 4 mm wide in 1911. Later, more systematic

researches were carried out on this topic.

Various types of porous media have been used to grow whiskers. The typical ones
includes: (a) Bulk porous materiauch as porous glass and porcelain; (b) Film type
porous media such as cellulose acetate membranes; (c) Particle formed porous media
such as silica particle gel. A brief overview of whisker growth on porous media is

summarized imablel.2.

Table1.2 Whiskers growth on various porous substrate. Adapted*from

Porcelain 3+ %%and porous glass® KCI, NaCl, NaNO3, and KMnO4, et al.

KCI, NaCl, KH,;PO,4, NaNO,,CH3;COONa, NaKC4H 4Os tri -glycine

3741
Cellulose acetate membranes sulfate and Rochelle salt, and talanine, et al.

Silicic acid gel and silica get? 13 4243 KCI, NaCl, NaBr, Nal and urea
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Whisker growth on bulk porous material. Bulk porous mateals were used
based on their similar structure as clay, from which NaCl whisker was first observed in
the nature. Porcelain was the choice of many research gtups® Usually, a piece of
porcelain was placed in a concentrated or saturated solution of alkali halide for several
hours. The piece was then placed in the room or in a dessicator filled with certain
saturated salkolution for several days, and salt whiskers would grow on the surface of
porcelain. Reported orientations of the NaCl and KCI whiskers were inconsistent. [110]
or [100] were reported to be the orientation of axis of whisker. Charidend that
nineteen of the whiskers in his study were oriented in the [100] direction and the
remaining one had [110] direction as an axis. Pdwelaimed 100% of ten whiskers

grown oriented in700].

Shichir** found two kinds of whiskers, one was straight with a regular shape, and
the other one had an irregular form. By detaching the whiskers from porcelain and
putting them into 15% supersaturated saltitson, no further growth in axial or lateral
direction was observed for the straight whisker while lengthening and thickening
occurred to the irregular whisker. Shichiri claimed that the straight whisker was free of
dislocation, but imperfections exist@dthe irregular whisker. Dissimilar morphology of
the whiskers was then related to different whisker growth mechanisms and will be

discussed in details later.

Yellin® used porous glass to grow whisker, unlike poioelthe glass disc was
half-submerged in the salt solution to ensure continuous salt supply. Yellin observed that

no whisker penetrated the glass disc and the whisker stemmed from the crater rather than
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from the internal pore structure and he concludetttiehabit modification was a result
of the surface structure of the exposed porous glass and the open porous internal structure
served only as channels for transporting liquid from the solution reservoir to the exposed

surface.

Whisker growth on porous film. Celluloseacetate(CA) membrane was known
for its use in ultréiltration and desalination by reverse osmosis process. With CA
membrane, Yelli¥ grew whiskers of a large number of soluble inorganic salts with
different structures and properties. CA membrane was formed in the shape of a bag and
was filled with concentrated salt solution. Centimeter long whiskers could be found on
the external surface of the membrane. Because typical dimensions of cross section of
whiskers were several micrometers, similar in size to the pore diameter of the support
matrix, Yellin concluded that the pore structure modified the crystal morphology.
However, Yellirt® also used porous glass to grauisker. The pore size of the glass was
only 4nm and the whisker diameter is more than 500nm. In addition, there was no
whisker penetrating the porous glass. The experiment result indicated the pore size was
not the habit modifier, and the morphology o€ ttvhisker was related to the exposed
glass surface. Regular and irregular whiskers were obtained by CA membrane #hethod;
however no further experiment was done to check whether imperfection was present in

the whisker.

Whisker growth on silica gel Silica gel was a little different from the above
two porous materials. Gel is soft and tends to contract during drying. Usually, whisker

would not grow until the surface of the gel started to dry.'¥b#lieved the whiskers

24



extruded from the pores due to the contraction of gef*\whew KCI whiskers from gel

and found that most of the whiskers were in irregular shapes and had large bases. He
statal that whiskers were not extruded through rigid die by hydrostatic pressure produced
by the shrinkage of the gel, because the base of a whisker could not grow bigger than the

extension if this theory was correct.
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1.5 Background of Whisker Growth Mechanism

1.5.1Tip Growth Mechanismfrom Sears

In1955, Katd grew NaClQ whisker from aqueous solution on a Nagkingle
crystal and he claimed that the whisker was grown from the tip. Howevevhisker
growth mechanism was reported. Based on their experimental results, in 1957 Sears
proposed a growth mechanism for fibrous Nagd@wth based on the whisker growth
mechanism from vapor deposition. Timain idea of this tip growth mechanism was that
the whisker contained a single screw dislocation with its Burgers vector parallel to the
whisker axis. The screw dislocation induced steps on the tip surface assisted the whisker
growth. An adherent liquid Ifin from base to tip of the whisker provided Nand CIQ
ions for continuous whisker growth. Water evaporated from the adherent film at the
whisker tip more rapidly than at the whisker base, which resulted in a gradient in solute
concentration. This conn&ation gradient then caused a gradient in surface tension, and
the surface tension gradient served as the driving force for liquid film flow. It was
postulated that the wall of whisker was smooth, so that whisker thickening could occur
only by twadimensonal nucleation at high supersaturations, while tip growth could
happen by the screw dislocation assisted growth mechanism at relatively low

supersaturation. A schematic drawing was showkigare1.13.
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Figure1l.13 Schematic drawing for tip growth mechanism of whisker proposed by Sears.
Adapted froni®.

Surface tension gradient flow ithe key to thewhisker growh mechanism
suggested bgearsanda briefsummaryof thisphenomenois stated belowThe surface
tension gradient could be induced by temperature or by concentration. lcasgir
surface tensiodriven flow is induced byhe concentration gradienthe surface tension

of a kinary solution could be expressed as
2 =1N3 Np-b NN, 1.21

where o9 1is the surf ag &isthe susface tensianfof t h e
componentland component 2 respectively;,NN, is the mole fraction oEomponentl

and2and i s semiempirical constant .

In case of aqueousolution simple electrolytes such as sodium chloride would
increase the surface tension of the solution from that of thevpater®® For example,
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Figure 1.14 shows theconcentration dependence sidirface tensiorfor KCl aqueous
solution It shows that surface tension increases with KCI concentratiomarious
temperatured-or a liquid,The presence of a gradient in surface tension edhediquid

to flow away from regions of low surface tension to high surface tension.
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Figure 1.14 Concentration dependence sfirface tension at various temperatures.
Adapted frori’.

Based on Sear so model , theoretical c al

surface tension gradient induced surface tension flow. The driving forcegtind flow

could be expressed®3s

2 dg
Fiuing = ——(C, - C,)—2 1.22
M ( 0 l)dC

driving —

where @ is the solutiorconcentration on the whisker tip; € the solution concentration

at t he base; 9 is the surface tension of
28
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whisker; M is the molecular weight of the solute. The drag force from viscous stress

could bewritten as,

e g

drag — t

wher e | is the whisker |l engt h; d

1.23

i's the vi

l i qui d f i Ithioknessdl liquid fiimsBy eghating the driving and drag force,

_(C,- Gt dg
2MlA  dC

Hencethe rate of transport of salt to the whisker tip is

Rate= 2o tVC,
The rate of whisker growth could be given by

dl _t%C,(C,- C) dg

dt - Mirrh  dC
where J} 1is the density of

|2 = ZZ‘ZCO(C0 - C)t %
Mrrh dC

whi sker .

1.24

1.25

1.26

By inte

1.27

By substituting numerical values, the liquid film thickness was calculated to be

about 0.0 m, w hreasohable. s
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1.5.2BaseGrowth Mechanism from Shichiri

Shichir> grew NaCl whisker from saturated solution wetted porcelain and he
proved experimentally that the whisker grew from the base. Shichiri proposed a base
growth mechanism for NaCl whisker grown from porcelain surface. This mechanism was

totally different from Searsdé theory. Shic

(@) The growth of whisker was from the base and during growth the whisker
inclined on the porcelain was supportagdthe surface tension of a liquid layer between

whisker and porcelain surface.

(b) The porosity of the porcelain was considered only as a factor in maintaining

the wetness of the porcelain.

(c) As no further growth of the whisker was observed when thisker was
immersed in a supersaturated salt solution, the whiskers grown from the porcelain

substrate was considered to be free of dislocation.
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Whisker

Thin liquid layer
between whisker and
substrate

.

Porous Substrate

Figure 1.15 Schematic drawing for base growth mechanismwhbfsker proposed by
Shichiri.

1.5.3BaseGrowth Mechanism from Amelinckx

Amelinckx ?° produced whiskers of Na@KCl and KBr by storing slightly under
saturated salt solution in a container of thin cellophane. Ankalidound that the
whiskers grew from the base and proposed a base growth mechanism. However, it is
quite different > Amaintkx ®imd tha sSomea obtee whiskersoweng
hollow and presented a chahraéong their axis over part or the whole of their length.
Some whiskers were kinked over®@hd some had a small platelet at the tip. Based on

these observations, Amelinckx suggested the mechanism of whisker growth as follows;

(a) The growth of whisker tooglace at the base.
(b) The whisker started with a small crystal containing a screw dislocation perpendicular

to the base.

(c) The crystal was kept in place by capillary force.
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(d) As the major part of the solution that fed the crystal come from outside,

growth started first at the periphery of the crystal.

(e) If enough solution was available, growth could proceed to the center of the
dislocation induced spiral, a solid whisker was obtained. If only small quantity of
solution was available, growth would bestricted to the periphery and a tube like

whisker would form.

(H In the final stage peripheral growth dominated and a pyramidal base was

developed.

Whisker

/

Axial Screw
Dislocation

\‘
Thin liquid layer
between whisker and
substrate

\/

Porous Substrate

Some whisker
has hollow base

Figure 1.16 Schematic drawing for base growth mechamnisf whisker proposed by
Amelinckx. Adapted from AmelinckX.

These mechanisms conflicted with each other, and seemed to work only in certain
circumstance. A dislocation was necessary in SeatsaAme | i nckxds model ,

excluded by Shichiri in his theory. The whisker grown from tip or from base was only
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observed by naked eye, no detailed microstructure information was provided till now. No
advances have been made over the last 30 yeaith. dlvanced characterization

techniques, further investigation is possible and necessary.
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1.6 Motivation and Objective

In early studies of whiskers, the optical microscope was the main tool used to
observe the whiskers®* *!' *?This limited the whisker research to the micron scale, and
the microstructures of the whiskers were not investigated in finer detail. With rapid
development ofthe techniques, advanced characterization methods such as high
resolution scanning electron microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM) and scanning tunneling microscopy (STM)
enable scientists to investigate ter@als further into the nanometer scale and sometimes
atomic resolution can also be achieved and it provides a good opportunity for scientists to

revisit the researches of whiskers decades ago in smaller scale.

The resurgence of interest in one dimenaiarrystal started in 1990s after the
discovery of carbon nanotube. Assisted by the TEM, Ifimdiscovered carbon
nanotube, which is the forth form of elemental carbon besides diamond, graphite and
fullerene. A new & for nanoscience and nanotechnology began since then. Many papers

about nanaelated materials have been published each year.

Nanomaterials, such as nanotubes and nanowires extensively studied today can
actually be considered as whiskers of nanometaleséurthermore the most popular
fabrication methods for these nanomaterials nhowadays are also similar to the techniques
used for whisker growth 50 years ago such as viaaid-solid (VLS) method and direct

growth in solution method. As discussed int&ectl.4, whisker growth from solution on
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porous media was another well developed fabrication method in early years. However,
one dimensional nanomaterials grown by this method has not been replon@a. It is
an opportunity for us to carry out furth@vestigation on whisker growth by this method

at submicron and perhaps nanometer scale.

The objective of this research project is to explore whisker growth from solution
on porous substrate and finally establish a technique to fabricate whiskers in a

controllable way and reduce the diameter of whisker to nanometer scale.
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1.7 PotassiumChloride

Several candidate salts (NaCl, NaBr, KCI, KBr) are tried for whisker growth.

These salts are all ionic salt with same rocksalt crystal structure, andehegxpected

to show similar whisker growth results. KCl is finally picked out to be our main research

focus due to its outstanding ability to crystallize in the whisker form. Whisker grown

with potassium chloride solution usually took less time to resame length than

whiskers made of other material. Potassium chloride (KCI) was also widely used in

previous studieabout whisker growtf%%%7

Potassium chloride is a metal halide. It is an odorless, white or colorless crystal.

Potassium chloride crystal is face centered cubic (Rock SBlbjassium chloride is a

strong electrolyte. When it dissolves in water, it dissociates corhplate K™ and CI

ions. The main properties of potassium chloadelisted in theTable1.3.

Table 1.3 Properties of potassium chloride

KCI Propeiies ]

Color
Melting Point
Boiling Point

Density

Formula weight

Relative humidity of saturated
solutionat 25C

Solubility
K" lonic Radii
Cl lonic Radii

Lattice Constant
Crystal struatre

White
771°C
1500°C
1988kg/ni
74.551

84.34%

Water 35.5 g/100mR5°C
1.52 A

1.67 A

6.29A
Rocksalt

36



1.8 Overview of Thesis Structure

In this thesis, Chapter 1 to Chapfecovers the studies on the salt crystal whisker
growth on solution saturated nanoporous coating and Chapbeuses on coating onto

open celled foam.

Chapter 1 introducewhisker growth fundamentals and provides an overview of
critical issues related to crystal growth. In section 1.1, the history of whisker is
introduced. The discovery of whisker, the traditional whisker growth methods and the
special mechanical and phyaigroperties associated with whisker are briefly discussed.
In Section 1.2, the basics of crystallization including supersaturation, nucleation and the
crystal growth areovered Section 1.3 discusses the computer simulation study of NaCl
crystal growthon atomic level. Section 1.4 covers the background of whisker growth on
porous media and Section 1.5 summarizes three conflicting whisker growth mechanisms
proposed by different scientistecades agoSection 1.6 states the motivation and
objective of thewhisker growth project. Section 1.7 lists some physical properties of
potassium chloride, which is the main material used for whisker growth in the whisker

growth research.

Chapter 2covess the investigation othe single crystal saltvhisker growthon
nanoporous coatin@nd a base growth mechanissnproposedIn Section 2.1, a brief
review of researchson salt solution transportation and crystallization in porous media

for art objects protection is provided. In Section 2.2, salt whisker growth on rranspo
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coating under standard growth condition is presented. The iecelative humidity
and salt concentration on whisker grovette studied. Based on the experimental results,
transportation phenomenon of liquid in porous coating is discussed anthigker base
growth mechanism is proposed. A special crystal morphelsgl crystal sheet is also

mentioned.

Chapter 3ncludesinvestigaions ofthe effecs of other experimental variables on
whisker growth. In Section 3.1, the effect of porous coatinckness on whisker growth
is studied.In Section 3.2, the effect of porous coating particle size on whisker growth is
investigated. The relationship between particle size and whisker lateral dimension is
suggestedin Section 3.3the effect of growth agle on whisker growth is examined. The
existence of a liquid supporting layer at the whisker base that maintains the stability of
whisker during growth is proposed and a brief calculation of the torque and force balance
for tilting whisker is presentedh Section 3.4, whisker growth was studied by Cryo SEM
method in order to reveal support liquid layer at whisker das®ection 3.5, free particle
method for whisker growth is studied. Colloidal silica particles were added to the salt
solution and whiskergrowth could be observed on the smdkembled nanoporous

coating.

Chapter 4 focuses on reducing whisker lateral dimensiamnometer scalén
Section 4.1, traditional strategies for one dimensional crystal synthesis are reviewed, and
possible growth mchanism fosaltwhisker in our research is discussed. In Section 4.2,
experimentaldetailsaboutwhisker lateral size control are provided. In Section 4.3, two

strategies to reduce whisker width are studied.tFed® strategy, patterned nanoporous
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coaings are used to limit liquid supply to the whisker growth and for festeategy,
seeds ar@urposely place@nto the nanoporous coatisgrfaceto initiate simultaneous
whiskess growth. In Section 4.4, future work about whisker growth on nanoporous

caoating is discussed.

Chapter5 covers thestudiesof coating onto open celled foam structure. In
Section5.1, background of open celled foasrprovided. Motivation and objective of this
researchare also discussed. In Sectid@2 includes theexperimenth In Section5.3, a
novaltwo stepcoating process combining dip coating and smatmentor open celled
foam structure is demonstrated and the effect of experimental variables on coating
thickness is studied. This coating praceés successfullysedt o a pAp®; goatimg

onto carbon foamand zeolite coating onto alumina fodon catalytic applicatios

Chapter 6 is briefsummary of thentire thesis.
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Chapter 2 Whisker Growth on NanoPorous Coating

2.1 Introduction

Besides researches of whisker growthponous media e crystallization of salts
inside and on masonry, concrete and art obsts hadeenstudied for many yeaf$:*°
In service, building materials may be exposed to a source of water that contains a
dissolved sajtandon drying, salt crystallizes on the surface (efflorescence) and inside
the material (subflorescence). The msatracture of efflorescence takes a variety of

forms: in some cases, whiskers are fatthdt

Researchers in this field have considered the transport phenomena that govern the

position of theitjuid meniscus in the porous materialewin? predicted the location of

the saltwater meniscuand presumably the site of salt depositibg setting equathe

rateof liquid flow to the surfaceand the rate of axfrom the surface bgvaporation. The

rate of liquid flow to the surface isflnenced by the pore structure and fluid properties,
while the evaporation rate depends mainly on the relative humigikgerimental studies

of efflorescence agree with thgeneral framework; namely, efflorescence is more likely
under conditions of high relative humiditiés®> where this balance allows the meniscus

to reman at the surfacePuyate and coworkefs>>described théransport phenomeria

more detail. They developedlD modelthat includes diffusionrconvection equation to

determine the ionic coposition distribution in the pore liquid.
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In this chapterwe develop a method to create salt crystals from solution using
nanoporous coatings as a platform for growth and potassium chloride as a representative
alkali halide. The effects of humidity andsolution concentratiorare characterized
Electron and optical microscopy resudtee used to determirtbe transpdrphenomena
that influencewhisker formation and the mechanism of whisker growth. In addidon,

new morphology a salt crystal sheétis also described

This chapter is adapted from paper iAFor ma
Nanoparticle Coatings p u b | Lasgmeir@6, 2847, 2010by HengZhang H,ZhenWu and
Lorraine F. Francis.
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2.2\Whisker Growth under Standard Growth Condition

2.2.1Experimental Section

Preparation of porous coatings. Coatings were prepared by dip coating of
aqueous silica dispersions onto 10 x 30
detergent in an ultrasonic batihen rinsed with ethanol and distilled water, and dried in
an oven at 120€ for one hour. Coating dispersions were prepared using Calf@?PG
(Cabot Corporation), an aqueous dispersion of cationically surface tresbed
nanoparticle aggregates (L%m aggregates of 20 nm individual particles). The stock
dispersion was diluted with distilled water to a solids loading of 10 wt% and
ultrasonicated for 10 minutes before coating. Coatings were prepared dnatlipg at a
rate of 0.2 mm/s. Immediatehfter deposition, the back and side edges of the substrate
were wiped clean and then the glass slide with coating on one side waatdfd for

onehour.

Whisker growth on porous coatings. The experimental setp for whisker
growth is shown irFigure2.1. Salt solution was prepared mxing the required amount
of potassium chloride (99.6%, Mallinckrodt) with distilled water and ultrasonggatirtil
completely dissolved (0 min). The salt solution was added to a 50gnmaduated
cylinder outfitted with a small rubber stop to hold the coated substrate. The graduated

cylinder with solution was then placed into a humidiontrolled box (Electrdech
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Systems, In¢.Mo d e | 503) .

The 240W x 18ypdgensor

150H

and a small fan for circulation. Preliminary experiments showed that the position of the

graduated cylinder relative to the fan was important to the growth and hence the position

was kept constant (25 cm vertical distance and 20 cm horizontahcksfrom the fan)

for all studies reported here.

Liquid
Level

Porous Coating Glass Substrate

Whisker Growth Zone

Support

Salt
Solution

‘ Reservoir |

e,

== Capillary-Driven Flow
*=**% Diffusion
Evaporation

Humidity Control Chamber

N\

Figure2.1 Experimental setip for whisker growth on porous coatings. Not to scale.

After the desiredelative humidity was achieved, the box was fiyiepened to

put the coated substrate in place, starting the experiment.

T seds then left
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undisturbed for the growth period, typically two days. During this time, the level of the
salt solution droped due to evaporatignthe concentration of th salt solution in the
graduated cylinder remained nearly constant as the liquid volume change was less than
~2%. At the completion of a growth experiment, the coated substrate was carefully

removed and allowed to dry in ambient conditions.

The effects otwo variables relative humidity and solution concentratiavere
explored, as described Fable2.1. The standard conditions, chosen after considerable
preliminary research, represent conditions that produced mostly solidrysteaight
whiskers. The standard solution concentration, 2.9 wt%, is about 10% of the saturation
concentration for KCI in waterVariations from the standard conditions were made to

explore the effects axperimental conditions on growth

Table2.1 Conditions used fo2-daywhisker growthstudies

Case RH (%) KCI Conc. (wt%) Whisker Morphology
Standard | 80 2.9 Long, straight
Relative 60 2.9 Short with crystal crust
Humidity 65 Shot with crystal crust
(RH) Effect
70 Short, curved
75 Long, straight or curved
80 Long, straight
Solution 80 1.5 Straight
Concentration 29 Straight
Effect ' .
9.1 Straight
23.1 Straight, with equiaxed crystal
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Studiesof liquid flow. The initial flow of salt solution into thporous coating
was visualized using a digital optical microscope (Hirox MX series). For imaging
purposes, the coated substrate was held vertically imal b8akerand the assembly was
placed near the transparent wall of the humidity control box. Mier oscopeds
macrozoom lens (MMACROZ VI) was mounted horizontally and focused on the
coatedsubstratefrom outside of the box. After the required relative humidity was
reached, salt solution or water was poured into the beaker and imaging began. The
relative position of liquid front in the porous coating was recorded at 15 s intervals. The
effect of relative humidity and salt solution concentration on the liquid front movement

was characterized. Steady state was achieved in one hour or less.

Whisker growth visualization. The growth of whiskers was captured using an
optical microscope (Olympus BX60) outfitted with a CCD camera. A growthsetas
designed for the geometry of this standard microscope. A coated glass slide coated was
placed on the mroscope stage and the coating surface was covered withl 26(KClI
solution 2.9 wt%9. The solution wicked to the edge of the slide, which was also coated
with silica nanoparticles and whisker growth occurred outward from the coated edge.
Images of whskers emerging from the edge were gathered sequentially. This experiment
was carried out under ambient conditions with the relative humidity in the range of 65 to
70%. Experiments carried out on days with lower relative humidity did not yield straight

whiskers.

Characterization. After growth was complete, whiskers were characterized by
several methods. Coated substrates with whiskers attached were imaged with a digital
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optical microscopgHirox MX series). Substrates were carefully fractured into gmall
pieces for examination with field emission scanning electron microscopy (FESEM).
Specimens were coated with 5 nm of platinum before imaging in a HitadiiD®
FESEM. Microdiffraction (BrukeAXS Microdiffractometer) was used to verify the
portions ofcoatings that were exposed to salt solution. Single whisketsheetgrown

under standard conditions were detached from the substrate and examined by
microdiffraction. One whiskeand one sheeatereadditionally characterized by using a

BrukerAXS X-ray platform diffractometer.

2.2.2Results
The dip coated porous coating was measured by SEM and was shown in as shown
in Figure2.2. Coating thickness was ~0.35 pn. Because each 150nm silica particle was

agglomerate of 20nm silicaapticles, the coating was not close packed and the pore sizes

of the coating were varied.

Figure 2.2 SEM images of the silica nanoparticle porous coating used as a platform for
whisker growth: (a) cross s#an and (b) top surface.
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Whisker growth under standard conditions. The standard conditions, chosen
after considerable preliminary research, represent conditions that produced mostly
solitary and straight whiskersThe standard solution concentration9 2vt%, is about
10% of the saturation concentration for KCl in watevariations from the standard
conditions were made to explore the effectexperimental conditions on growth and
will be discussed in detail later. The optical microscope image afkets grown for two
days on porous coating undstandardgrowth conditionswas shown inFigure 2.3. A
visible zone of whisker growth is found on theatingwell above the original liquid
level. Whiskers were first visible to @éhnaked eye after approximately seven hours.
More whiskers appeared as the liquid level in the graduated cylinder dropped slowly.

These whiskers were identified as KCI byra§ diffraction, as described later.
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Figure 2.3 Digital image of a specimen after standard whisker growth on a porous
coating. Growth occurred for two days at 80% RH using a 2.9 wt% KCI solution.

Figure 2.4a shows an SEM image of the whisker growth zone dftertwoday
growth period. Most whiskers are straight with rectangular €sessons and lateral
dimensions on the range of 2 to 50 yn and lengths up to ~5 mm. Based on
measurements of 225 whiskers, the average lateral dimension was 11 pm with standard
deviation of 7.5 pm. Some crystals with shdige morphologies and fallen whiskers are

also present, as described morsection of sheet growth mechanism
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Figure 2.4 SEM micrographs of whisker grolwtzone aftestandardgrowth conditions
(a) overview and (b) high magnification @fvhisker base

Figure 2.4b showshigher magnificationimage ofa whisker base Here, the
surface of the porous coating is visible along watldendritic pattern. The dendritic
pattern appears to be the consequence of crystallization of the pore liquid after the
specimen is removed from the growth chamber; the glass substrate turned from
transparent to whitish immediately after being pulled olutthe solution reservair
indicating crystallization. Interestingly, this crystallization appears to take place within

or below the porous coatingA layer of equiaxed crystals around the whisker basis
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rectangular shape matches the shape of thekethbase.Such cystalswere frequently

found at whisker base

The morphology at an early stage of growth is showigare2.5a. A scattering
of small equiaxed crystals and tiny whiskié&e structures are apparent on thaating
surface along with a dendritic patter&ome tiny whiskers are tilted, and small crystals
appear on the tip of other larger whisk&e structures. These small crystals could be
seeds for whisker growth, as discussed lat@ccasionally silicaparticles fromthe

porous coating could be observed on top of the whisker, as shdugune2.5b.

Figure2.5 SEM micrographs o&nearly growth stage (1 day under standard coiadis):
(a) typical morphologies and (b) silica particles from porous coating on the top of a
whisker.
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Whiskers removed from the coating after the two days of standard gvesvéh
examined by Xray diffraction. Ten long and straight whiskers were chosen an
exanined by Xray microdiffraction. The schematic drawing of the experimental setup
was shown inFigure 2.6 and the integrated 2 theta plot was showrrigure 2.7. The
results showed that the whiskease single crystals of KCI with bounding surfaces
belonging to the {100} or {110} family of planes; these two sets of planes were
indistinguishable by the microdiffraction method. One whisker was further investigated
with a single crystal Xay diffractometer and the crystal faces were unambiguously

identifiedas the{100} family.

/— Screen
\Ql ¥y Whisker

@
° @ S X-ray
°

®

Diffraction
Pattern

Figure2.6 Schematic drawing of the experimental setup faa}X microdiffraction.
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Figure 2.7 X-ray microdiffraction data gathered from a single crystal whisker. The
whisker was mounted with its long axis vertical and rotated 868und its axis during
data collection. The plot was created by integrating the signal pointgeghibre an area
detector.

Fallen whiskers, detached from the substrate, were also observeBig@e®.4.
These whiskers were sometimes propped up by neighboring whiskgtse 2.8a shows
an examp of such whiskers; this pair of whiskers felito nearby whiskers and got
supported andhaintained contact with the porous coating, which allowed further growth.
In other cases, an entire whisker fell ftatto the porous coating and then continued to
grow as a sheefigure 2.8b shows a fallen whisker in contact with the porous coating
and was beginning to be pushed up by base grolthrigure 2.8c, a single fallen
whisker led to the growth of two séts, which are connected on the top by the whisker.
The right sheet appears to have grown faster or started growth sooner than the left sheet.
Because of lack of contact with the coating or a local deficiency in the salt solution
supply, the midsectionppears to have prevented a sheet from forming in that region.

Figure 2.8d shows another example of sheets grown from the same fallen whisker as a
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starting point, however, due to high growth rate difference, one sheet was litgcdthg
other one and the inset shows the continuity between the whisker and the sheet. Sheets
were also examined by Xay methods and the faces of the sheets were in the {100}

family of planes.

Figure 2.8 SEM micrographof (a) fallen whiskers that are propped up and remain in
contact with the porous coating such that an extension gtbyube initial stage of sheet
formation. Here the fallen whisker is beginning to be pushed up by base gfowth.
fallen whisker in contact with substrate that contingiesvth into twosheetsconnected

by the original fallen whisker in the middle (inset figur@)). two sheets grown from the
same fallen whisker as a starting ppiohe sheet is lifted up by the othdhe inset
shows the continuity between the whisker and the sheet.

Visualization studies. The first visualization study characterized the movement
of water or salt solution into the porous coatings under different conditions. A glass

substrate with pons coating was placed vertically in water or salt solution and a digital
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optical microscope was used to track the upward motion of a liquid front into the porous
coating. Figure 2.9a shows an example of the progression of theidigfront under

standard conditions. By one hour, the front reaches the end of the coating.

Liquid Front |
| \ Liquid Front

(End of coating)

Liquid Front Height (mm)

' o water, 80%
0 1 1 1 1 1
0 10 20 30 40 50 60 70

Time (min)
Figure 2.9(a) Digital imagesof the liquid front in the porous coatindeft to right 1min;
20 min; 1 hour after immersion into the KCI solution at 80RH. (b) Effect of relative
humidity on Iquid front position for KCI solution (2.9 wt% KCI) in porous coatings, and
liquid front position for water in porous coating at 80% RH.

Figure2.9b is a summary of liquid front movement for all the conditions tested.

When water was used, the liquid front risgsckly to aboutl mm above the contact line
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underthe standard humidity condition (80% RH). However, when a salt solution is used
under tle same conditionghe liquid frontrises up over 2 cm to the end of the porous
coating itself. The visualization also revealed a hazy zone near the wetting front for salt
solutions. This hazy zone moved up the coating as the liquid penetrated fudher an
disappeared gradually after the liquid front reactiee upper end of the coatingVhen

the relative humidity was loweredhe liquid front height for a given salt solution
decreased. Xay microdiffraction was used to demonstrate the validity of bigtront
tracking. The specimemised to track the liquid front position fork&| solutionat 75%

RH was examined above and below the liquid front line. KCI crystals were found below

but not above the line, confirming that salt solution had not reacluee &he front.

The second visualization experiment captured whisker growth under near
standard conditions.Figure 2.9 shows sequential images of whiskers growing on the
edge of a glass slideas imaged with an optical micros@mp As described, the
experimental setip for the visualization was different than that used in the growth
experiments; however, the important features are the same. Salt solution imbibes the
porous coatingand evaporation ensues followed by salt crjstation and whisker

formation.

In Figure2.10, the central whisker in the images increases in length withatime
arateof about 0.02nm/sec. As growth occurred, some whiskers were observed to sway,
change orientation arebmetimes fall over or leave the field of view. Tdmeall crystal
at the tip of this whisker is phed further away in the process. This reguicates that
the whisker grows from the bottom or base upwakdother example of sequential
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whisker growthwas shown irFigure2.11. Each whisker was labeled with a number for
easy tracking. Whisker 1 is a pair of separate whiskers at early growth stage, frgm time
a crystal formed between them and connected the two whiskers to teacmear the
substrate. The whisker pair seemed to be unbalanced and tiltgchatwvever, the tilt

angle was reduced ig indicating the whisker pair tried to restore their balance. Whisker

4 has a small crystal attached to the tip during growth amdighdid not change shape
during growth. Whiskers 3, 4 also changed their angles, demonstrating that the whiskers
were not stable during growth. Fallen whiskers are a starting point for the formation of

sheets.

Figure 2.10 Optical micrographs of the growth of whiskers on a porous silica coating
with increasing growth time (K t, < t3 < t; with time interval 5s). The central whisker
has a small crystal attached to its tipgkingapparent the growth by&nsion from the
base.

56



Figure 2.11 Optical micrographs of whiskers on a porous silica coating with increasing
growth time (<t <3< iy < t5 < t5 ; total growth time = 108 s). Whiskers are labeled
with numbers for easy tracking.

Effect of Relative Humidity. The effect of relative humidity on whisker growth was
studied by varying the relative humidity from the standard conditions. Whiskers were
observedover a range of humidities, 60 83% as shownn Figure 2.12, however,
whiskers grown athe lower end of thisangewere severally stuntedby a nonwhisker

salt crust. As relative humidity increased, position of thewhisker growth zone shifted
from nearer tolte liquidlevel to further awayconsistent with the visualization of liquid

penetration
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Figure 2.12 Digital images of specimens grown from solutions of varying KCI
concentrations, as indicated, with all otherditions the same as tilstandard conditian
The right end wathe oneémmersed in the salt solution.

The whisker morphologglsochanged with relative humiditgs shown irrable
2.1. As the relative humidity dropped from 80%4(stlard) to 75%, whiskers became
more curved and irregularCurved whiskers may be related to the uniformity of supply
of salt solution to the whiskers, as suggested by previous reseaftcherit could be
induced ly various outside disturbance$he quantity of whiskers appeared to be greater
at 75% RH as compared with 80%, but whisker dimensions were similar. Lowering the
humidity further to 65% led to a change in morphology as showigure2.13a. Fine,
short whiskers and a continuous layer of moh i s k e r crystals <cover
gr owt h Figuee.830 show this morphology for whiskers grown at even lower
relative humidity (60%). Here, it appearstihe crust of equiaxed KCI crystals choked

thesalt solutionsupply to the whiskers, stunting their growth.
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Figure 2.13 SEM micrographs of the whisker growth zone under conditions of (a) 65%
relative hundity with all other conditions the same as the standard condition and (b)
60% relative humidity with all other conditions the same as the standard condition.

Figure 2.14 shows specimens grown from KCI solutions with vagyin
cone@ntration at 80% RHAs concentration increased, whiskers appeaatier in the
two-day growth periodthe quantity of whiskers increaseahd the growth zone moved

closer to the original liquid leve Regardless of concentratiowhiskers were straight
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and had about the same lateral dimensions. At the highest concentration, equiaxed

crystals were incorporated in the growth zone.

T P N e ———
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Figure 2.14 Digital images of specimens grown from solutions of varyiigl
concentrations, as indicated, with all other conditions the same amtitard conditian
The right end wathe oneémmersed in the salt solution.

2.2.3Discussion

In this section, the transport phenomena that create the conditions for
crystallization ag discussed and a whisker formation mechangsproposed. Models
developed for wicking and salt degradation of condfefé *> *®and convective

assembly” °" are used to explain the transport issues that combine to produce a whisker

60



growth zone. A whisker formation mechanism is then proposed and compared with
mechanisms sebfth previously in the literatur@*>*® In each of the two subsections,
the focus is on the standard growth conditions, with re$udta the effects of relative

humidity and concentration used to support the hypotheses.

2.2.3.1 Transport Phenomena.

Three phenomena are important to establishing the conditions for crystallization
on the porous coatingapillary drivenflow of the salt solubn into the porous coating
evaporation of water from the coating surfaaed diffusion of ions in the solutieiilled

pore spaceSeeFigure2.1.

At the start of the experiment, the salt solution wets the porous coating and is
pulled into the coating by the capillary pressure created by cuiyad-Vapor menisci.
As soon as liquid enters the coating; however, evaporation begins from the coating
surface.Therefore, a balance of the two gives the position of the liquid frdrte
capillary driven mass flux is given by Dar

_ krDP
m 2.1

Je

where L is the length over whicBP, the pressure drop in the liqudue to
capillarity, drives flow; pis the viscosity of the liquid; is the density of the pore liquid;
andk is the permeability of the porous materidhis situation is similar to that analyzed

by Brewer and coworketsfor flow of water in colloidal crystal coating in which

evaporation occurs from the free surface of the coating and water is drawn in by capillary
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pressure driven flow They showed that the press gradient that drives flow through

the assembled crystal coating is largely one dimensional, increasing up the length of the
waterfilled thin coating. Therefore when evaporation matches convection, L in Eq) (2.1
represents the final liquid front ptisn, as monitored by visualization experiments

(Figure2.9).

To estimate L, the mass per unit time entering the coating by convection is
equated with the mass per unit time exiting the coating by evaporati@mr the
convectim term, the liquid enters via the coating cresstion (HW, where H is the
thickness and W is the width of the coating). For the evaporation term the water exits the
coating via the coating surface (LW), where evaporation from the edges of the coating is

presumed to be small by comparison. Balancing the two gives:

Je (HW) = I (LW) 2.2

where @ is the evaporation mass flux and i§ givenby Eq (2.1). The liquid front

position is therefore:

2.3

In their work on simultaneous wicking and evaporafrmm metalweaves, Fries

and coworkers*®® arrive at a similar result usirgmore complex approach.

The parameters in EQR.Q) can be approximated for the standard condition of

80% RH and assuming pure water as the liquid. The pressapeDP = Zog/r, is ~3
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MPa, using surface tensiog, of 72 mN/m, contact anglg, of 0°and pore radius, r, of

50 nm. The density and viscosity of the water are 1000%@/md 1 mPaAs, resp
and the coating thickness is ~0.35 ym. The permeabditythe porous coating is
estimated using the Karmen Cozeny equitidn & §(f1 *S] ¥ 1.7 x 10®*m?, using
measured values for the pore fractioh=( 0.6) and surface area of (184%g)
correspondingd S = 4 x 18 m? surface per rhvolume). The evaporation flux of water

at 80% relative humidity in the growth chamber is 8 ¥ 30g A& Using these
approximations, the final liquid front position is ~0.15 mm, which is in the same range as
the obsered height (~1 mm). The front position for salt solutions is much greater (see
Figure 2.9) than water, an effect that cannot be explained by changes liquidrtprspe
such as the small (~10%) increases in surface tfigiod viscosit§’, on the parameters

in Eqg. 2.3or by the effect of the salt on the mass balance. The difference may be related

the effect of the salt on the evaporation rate.

The evaporation rate depends on the relative humi@) in the surrounding

atmosphergas well as the gas flow conditions:

Je =k(P*-P%) 24

In Eqg (2.4) k is the mass transfer coefficigRt is the vapor pressure of water in
the gas just above the evaporating liqaidd P is thevapor pressure of water far from
the evaporating surfacd-or pure water, Pis the saturationapor pressure of watePsy;
and P° depends on the percent relative humidity, RH, ane[® = (RH/100)R.]. For

evaporation from liquid filled pores with tiny menisci, the curvature lowers P* relative to
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a flat liquid surface. A calculation with th€elvin equatior® reveals that this effect is
only significant for evaporation from nanosized pores; for examplesahegated vaor
pressure over water with5® nm radius of curvature is ~88of that over dlat surface
therefore, this effect may lower P* and hence the evaporation rate somewhat.
addition, dissolved sadlsolowersP*. The equilibrium vapor pressure over a saturated
KCI solution at25€, for example, is 8.34% of that over purevater®® The decreasin

P* results in a decrease in the vapor pressure difference ®*and hence a lowegJ
for a given relative hmidity. The depression on p* is one factor that lowerant hence

raises L for salta@utions. The other factor is local salt crystallization.

The visualization data dfigure2.9 can be explained by considering the effect of
relative humidity and salt solution composition anahd hence L. The higher final
liquid front position, L, for salt solutions relative to water (at constant RH) is consistent
with the lowering P*, and hence,Joy the presence of the dissolved sal{s noted
below, local salt crystallization may also play a rol€he higher L under higherHR
conditions (at constant salt concentration) is due to the decrease in the evaporation rate

under higher RH conditions.

As simultaneousapillary driven flowand evaporation establish a regiorigfiid
filled pore space in the coating, the concentratibions within the pore liquid increase
Capillary driven flowbrings ions in the water to the evaporating surface, which creates a
higher local concentration, anthe potential fordiffusion to equalize this gradient.
Puyateet al >> °® define a Peclet number (Pe) to represent the competition between

capillary driven flow andliffusion:
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v .. 7?
Pe= p,ave
D 2.5

where ¥y aveiS the average velocity in a potejs the length over whicbapillary
driven flow and diffusion take pla@nd D is the diffusion coefficieniThe pae velocity

is related to dand thevolume fraction of pored §:

_Jc/r _kDP

Vp,ave - e
f fnv 26

Based on the analysis of Brewer and coworkels = L,

kDP
Pe= "
fnb 2.7

Using approximationge isestimated to ben the eder of 25. Hencegapillary
driven flow dominates; the salt concentration will rise at the ligaiglor interfae,

eventually becoming supersaturated and launching crystallization.

The haziness thatleveloped in the coating near the wetting line islence for

local crystallization where a supersaturated condition is reached. The hazy zone moved

together with the liquid front, indicating that the crystals form and then dissolve as the

liquid front moves upward. This local crystallization clogs povdsch along with the

depressed p*, decreases the evaporation rate and leads to a higher L for salt solutions as

compared wtih water. It is possible that some form of creeping crystalliZat@eurs

in which the surface is sealed with a salt layer and the liquid climbs in the coating
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beneath it. If such a layer forms it does not persist, because the haziness is transient and
whiskers eventually form in a zone beneath the liquid front position. The lofeersklt
solutions imbibed at lower RH appears to be a consequence of increabedvdver,

pore clogging may also play a role if the advancing liquid is arrested by more significant

local crystallization.

The haziness that develops in the coating niea wetting line is evidence for
local crydallization when a supersaturated condition is reachdte hazy zone mad
together with the liquid frontindicating thathe crystaldorm in the hazy zone anithen
dissolveas the liquid front moves upwardhe importance of this local crystallization on
the rise of the salt solution into the porous coating is not clear. It is possible that some
form of creeping crystallization, reported by Washbtftris takirg place however, the
time scale for the capillary rise in our experiments is much shorter than that typically

observed for this creeping process.

The origin andocation of the whisker zonis a result ofcapillary driven flow,
evaporation and diffusior@Qualitatively, this combination of effects can be understood as
follows. Thesolution entering the coating has the same concentration as the salt solution
in the graduated cylinder, but as this liquid travels up the porous castiley influence
of the pressure gradient, which is in the lateral direction up the length of the goating
evaporationtakes place and the salt concentration ri3ésis, the salt concentration in
the pore liquid increases with distance away from the liquid pool. At some pasitio
the length of the coatinghe supersaturation is high enougnd crystal nucleation and
growth proceed This locationis the whisker growth zone. Salt is consumed in this zone
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and sosolutionthat might proceedsn to the further reaches of theatiog is depleted in
salt and less likely to drive further growtlso above and below the zone, crystallization

is less likely.

This explanation for the growth zone squares with the observations of the effect
of solution conentration and relative humigi As the initial concentration of the salt
solution increasg the position of the growth zone skito lower levels, nearer to the
liquid level. In this case, less evaporatisnneeded to raise the concentration of the
solution as it travel up thecoatingand hence the zone is closer to the liquid level
Decreasing the relative humidity from tltandard casbas the same effecta lower
whisker growth zone. In this case, the lower humidibgdeo more rapid evaporation

and a faster increaseftime concentration as the liquid travap the coating.

2.2.3.2Whisker Growth Mechanism

KCI forms in the rock salt crystal structure, which is cubic (space group Fm3m).
Ordinarily cubeshaped crystals forfh The whisker morphology is not expected based
on crystallography. In this work, visualization studies and features of the whisker zone
microstructures provide evidence for whisker growth by ion addition to bottom face of
the crystal, which is in contact withtipegor ous coati ng. We wi | |

mec hani s maemused byShjchi£°h e

As described above, the pore fluid becomes supersaturated and crystals form. The

location of the first crystals is di€ult to confirm because once specimens are removed
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from the growth chamber the residual salt solution in their pores dries and crystals
inevitably form. SEM images taken at the early stages show some crystals on the surface
of the coating. SeeFigure 2.5. These crystals are believed to be the initial stage of
whiskess. Silica particles were found occasionally on the tops of some crystals and
whiskers Figure 2.5b), indicating thatsome crystal®riginated bendh the surface. tl
seems more likely that crystals form on the surface, because grwidh the pore space

is confined®™ In addition, ShahidzadeBonn and coworkef§ also reported the lowering

of the interfacial tension during crystallization could enhance the spreading of liquid out
of the pores to the surface of the coating. This spreading would facilitate surface

crystallization.

A crystal on thesurface can grow uniformly so long aalt solution wets the
exterior surfaces of the crystallhis uniform growth, however, can only be sustained if
the salt solution contacts all the surfaces and is uniformly saturated everyvsmne
point, this condition breaks down and the liquid may only contact the base of the crystal
from beneath and the edges of the crystal. The crystal layer at the whiskefigase (
2.4b) is consistent with the existence of liquid layer wettirgydhystal (whisker) surface
during growth. The wetting liquid layer provides stability to the whisker. When sample
is removed from the solution, the liquid layer at the crystal (whisker) base dries,

crystallizing in a ring.

At some point in the procesgrowth from the underside or base of the crystal
occurs at a faster ratdhan elsewhereand a whisker emerges perpendicular to the

substrate. Two key pieces of expsental evidences point to the base growth
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mechanism First, visualzation of whisker gowth (Figure 2.10) shows that a straight
whisker extends without disrupting a small crystal attached near the tip of the whisker.
The whisker appears to be pushed upward from beneath. The upward movement of the

whiskers was observedpeatedly.Shichir> ¢’ documented a similar effect.

Second, morphologies arising from fallen whiskers can only conceivably arise
from a base growth mechanism. Fallen but proppeavhigkerstouchingthe porous
coatingare pushed up further at thewntactpoints bycontinued crystal growth supplied
from beneath Kigure 2.8). More dramatic are sheet morphologies that arise when a
fallen whisker makes extensiwentact with the porous coating and growth continues on
the face of the whisker in contaeith the coatingforming a sheet. These features were
commonly observedFigure2.15is a schematic drawing af time sequence ofhisker
and sheet growth bthe mechanism proposed abovdaller and narrower sheets were

also observed to fall onto the coating and grow from their contacting face into 3D objects.

Figure 2.15 Schematic drawingof whisker and sheet growth mechanism in time
sequence(t; < b < t3< < ts< t5). t; whisker starts growingt, whisker continues to
grow; tz whiskertilts; t4 whiskerfalls; ts sheet starts to grgwed from liquid in porous
coating beneaths saltsheets formed
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There are several possible reasons for the preference for growth on the face in
contact with the porous coatinhe mostlikely is that the supply of salt solution is
abundant there as compared with the layer of adhering salt solutitwe other face®
% The ready supply of solution drives growth. Another possibility is that a dislocation or
other defect mechanism is at play. The rough surface afforded by thes pmrating
leads to the possibility that the surface in contact with the coating is defective and growth
rate is enhanced The literature is mixed on the role of defects and dislocations on
whisker growth from solion. Shihiri®> " 7* "studied dissolution behavior of whiskers
and noted that they appear to be defes, while Amelinck%* documented dislocations
in whiskers by a decoration method.e\Whade multiple attempts to locate dislocations in
our whiskers, but none were foundome research on tabular shaped alkali hdfides
suggests that stacking faults may also play lead to rapid and preferred directions of
crystal growth. More work is needed to conclusively establish the role of defects in

whiskers grown by the method described here.
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2.3 Conclusion

Salt crysth whiskers and sheets were formed using nanoporous coatings as a
platform for growth. The steps in the growth process were established by characterizing
the effects of solution concentration and relative humidity on growth. The solution is
pulled into tle porous coating by capillarity; concurrent evaporation leads to building of
concentration in the pore liquid and a whisker growth zone where the concentration
reaches a critical level for formation of salt crystals. Growth occurs by ion addition to

the aystal surface that is in contact with the porous coating.
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Chapter 3 Other Factors Influencing Whisker Growth

In chapter 2, the effect of relative humidity and solution concentration on whisker
growth has been studied and the adjustments séthgperimental variables helped us to
understand the transport phenomenon and whisker growth mechanism. In this chapter,
other experimental parameters, such as nanoporous coating thickness, porous coating
particle size and whisker growth angle will beastigated. Furthermore, a new whisker
growth mode: growth during convective assembly or free particle growth also be

discussed.

3.1 Effect of Coating Thickness on Whisker Growth

3.1.1Experimental

In this section, the colloidal silica particle used wav@@ePG 022. The porous
coating thickness was increased by repeating the step of dip coating. Between each dip
coating step, the coating was dried in the oven &€ 70r 30 minutes. The repetition

times were varied from one to four times.

Whisker growth vas carried out under standard whisker growth condition (80%

Relative Humidity, KCI 2.9wt%, 2 days). See Chapter 2 for details.
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3.1.2Results
The coating thicknesses were measured with cross section SEM and the coating
thickness for porous coating coated repdator 1 to 4 times were ~350nm, 800nm,

1100nm and 1500 nm respectively.

Figure 3.1 shows optical images of whiskers grown on porous coating with
different thicknesses. Slightly more whiskers were gained on thicker coatinge, Als
whiskers grew at higher locations relative to the initial liquid level for samples with
thicker coating. However, the morphology and the lateral dimension of the whiskers did

not show noticeable differences as the coating thickness changed.

Coating X1

350 nm

Coating X2
800 nm

Coating X3
1100 nm

9 Vo Coating X4
T : e , : 1500 nm

Figure 3.1 Digital images of spcimens grown on different coatings with varied
thicknessesAll other conditiongemainedthe same as th&tandardcondition described
in chapter 2The right end wathe onemmersedn the salt solution.
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3.1.3 Discussion

The discussion of transportation phenomenon in Chapter 2 shows that the
equilibrium height of the liquid front in the porous coating is determined by the balance
between capillary driven flow and water evaporation. Equé2.3 shows the liquid front
equilibrium height L is proportional to the coating thickness H and is inversely
proportional to water evaporation. Because the porous coating on the edge of the glass
substrate is removed after dip coating, for fixed lengfttsubstrate, the total coating
surface area exposed to the surrounding atmosphere does not change with the coating
thickness increase. Hence the water evaporation does not change. However, the coating
thickness increases 2 to 4 times compared to theasthrdating. Therefore for thicker
coating, the solution could reach higher in the porous coating and thus the initial whisker

growth position is higher relative to the initial liquid level.

Because the equilibrium liquid front height is larger, the tot&ter evaporation is
also larger, and hence the capillary driven flow is larger. More salt ions are transported
into the porous coating in same time period and hence the whisker quantity increases with

coating thickness.

With more coating repetitions, theating surface also becomes rougher and it
provides poorer support for the whisker. (details for this phenomenon will be discussed in
section 3.3) Therefore, more titled or fallen down whiskers could be observed on thicker

coating.

In conclusion, porousoating thickness affected the whisker quantity but did not

change the morphology and lateral size of the whisker.
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3.2 Effect of Porous Coating Particle Size on Whisker Growth

3.2.1Experimental
A colloidal dispersion of silica particlg22 nm) (Ludox TMA) was prrchased
from Sigma Aldrich.The stock dispersion was diluted with distilled water to a solids

loading of 10 wt%or dip coating

A colloidal dispersion of silica aggregates 150 rananeter (PGE22 150 nm
aggregatesf 20 nm individual particlgswas a git from Cabot CooperatiorThe stock

dispersion was diluted with distilled water to a solids loading of 10 fet%ip coating

Silica particles of 200 nanometer were synthesized in the lab according to
Zhango 9% 4p mipfeethanol was mixed with 10 ml of ammonia in a plastic beaker
as solution I. 1ml tetraethyl orthosilicate (TEOS) and 4 ml ethanol was mixed in another
beaker as solution Il. While solution | was under vigorous stirring at 300rpm, solution Il
was quickly added into solution | at room temperature and the mixture was kept stirring
for 10 hours. The synthesized colloidal solution was then centrifuged and ultrasonic bath
re-dispersed with ethanol for 3 times and then with distilled water until theeathed 7.

The final weight percentage of silica particle loading in the distilled water is 10 wt%. One
drop of as prepared solution was dried on a glass slide and was coated with 5nm platinum
for performing patrticle size checking by scanning electrarrascopy on a Hitachi SEM

model 4700.
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One micrometer silica particle powder was purchased from Sigma Aldrich. The
powder was dispersed in distilled water by ultrasonic bath. The solid loading is 10wt%

for dip coating.

Coatings were prepared by dip cogtin of aqueous silica disp
glass slides. Glass slides were cleaned with detergent in an ultrasonic bath, then rinsed
with ethanol and distilled water, and dried in an oven at 120C for one h&arous
coatingswith particles size rangg from 22nm to 150nwere prepared by dipoating at
a rate of 0.2 mm/s. For 200nm and 1 micrometer particle dispersions, the dip coating
speeds were increased to 1mm/s and 5mm/s, respectively. Immediately after deposition,
the back and side edges of thébstrate were wiped clean and then the glass slide with

coating on front side was dried 70€ for onehour.

The experimental setp for whisker growthwas the same as standard whisker
growth. Salt solutionconcentration (KCl) was 2.9 wt% and relativemidity was kept as
80%. For 22 nm particle coating, the relative humidity was lowered tRFb¥%ecause
of smaller meniscus formed at the ligiadt interface While for 150 nm aggregates and
200 nm particle coating, 83% relative humidity was used forskeni growthdue to
larger meniscusThe growth time was 2 days for all specimens with different particle size

porous coating.

Before growth, the coated porous coating substrate was cut and the coating
thickness was checked ffigld emission scanning el@on microscopy (Hitachi 8700

FESEM). After growth, whiskers weramaged with a digital optical microscogeirox
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MX series)andFESEM (Hitachi $4700). Specimens were coated with 5 nm of platinum

beforeFESEM imaging.

3.2.2Results

The thicknesses of porousoatings with different silica particle size were
determined by crossection SEM and the results are listed Tiable 3.1. Coating
thicknesses for 200 nm and {dm particle coating are about 3pm and 20um
respectively, while catings made of 22 nm particle and 150 nm aggregates are much
thinner. The coating thickness for 22 nm particle coating is about 250nm, and it is
slightly thinner than that of 150 nm agglomerate particle coating which has thickness of

350nm.

Table3.1 Thicknesses of coating composed of different particle size.

Particle Size(hm) Coating Thickness (nm)

22 250
150 350
200 3500

1000 20000

Figure 3.2 shows the digital images of whisls grown on porous coating with
different particle sizes. Compared to standard 150 nm agglomerate particle coating,
whiskers grown on 1 pn particle coating were shorter, denser and more curved. A high

percentage of equiaxed salt crust could be observduskérs started to grow at the
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upper end of the coating. At the end of growth, most of the whiskers are located at the

edges of substrate.

Whiskers grown on 200 nm patrticle coating were longer, thicker and more curved
compared to whiskers grown on 150 nggeegates coating. The whisker quantity is also
larger for coating with 200 nm particle. During growth, whiskers started to emerge near

the upper end of the porous coating and moved downwards to the liquid level.

1 um 80%RH

150 nm 80%RH

22 nm 75%RH

Figure3.2 Digital images of specimens grown frdf€l| solutionson porous coating with
different particle sizes as labeled on the imagke relative humidity is also labeled and
the growth timas two days for all the samples.
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Besides whisker qantity and morphology, the average whisker lateral dimension
also differed for porous coating with different particle sizes. Generally speaking, the
average lateral dimension is positively related to the particle size. |Fuaor ghrticle
coating, higher peentage of equiaxed crystal made measuring the whisker lateral
dimension difficult. The average whisker lateral sizes for 200 nm, 150 nm aggregates,
and 22 nm patrticle coating were ~2th, ~10 pym, and ~10 pum. For 200 nm particle, the
whiskers tended to fugegether as shown iRigure 3.3 and the lateral dimensions was
referred to the width of an individual whisker. For 22 nm particle coating, the average
whisker width was similar to that of 150 nm aggregates coating. However, fsene
whiskers with lateral dimension aboutu?n could also be observed on 22 nm particle
coating and these whiskers were not included when calculating the whisker average

lateral size. SeEigure3.4b.
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Figure3.3 SEM imagef specimens grown froldCl solutionson 200nm silica particle
porous coatinginderstandard growth condition. ( KCI 2.9wt%, 80% RH)
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50 um

Figure 3.4 SEM imagesof specimens grown fror@.9wt% KClsolutionson 22nm silica
particle porous coating at 75% RH.

Whiskers were also grown on 150 nm aggregates and 200 nm patrticle coating at
83%RH. At this relative humidity, there was no observable whisker growth edcarnr
150nm aggregates coating, but long and curved whiskers were grown on 200 nm patrticle
coating as shown irrigure 3.5. The whisker density was much lower than that of
standard whisker growth condition (80%RH) but whisker &telimension remained

similar.
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Figure3.5 SEM imagef specimens grown froldCI solutionson 200nm silica particle
porouscoating at 83%RH.

For 22 nm particle coating, there was no observable whiskentilyram80%RH.
To enhance whisker growth, the relative humidity was decreased to 75%RH to raise
driving force for water evaporation. For easy comparison, whiskers were also grown on a
150 nm aggregates coating at 75%RH as showrigare 3.2. Compared to 150 nm
aggregates coating, whiskers grown on 22 nm particle coating had lower density and less
quantity, and the whiskers were shorter and straighter. The whisker growth zone for 22

nm particle coating located higher than that 6@ hm aggregates coating.
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3.2.3Discussion

The coating thicknesses differ a lot for coatings made of different particle sizes.
The large thickness differences between small (22 & 150 nm) and large particle (200 &
1000 nm) coatings were caused by the differdipt coating withdrawal speeds. For
particles with large diameter, sedimentation of silica particles occurred during dip coating
process. Same withdrawal speed usually resulted in monolayer or discontinuous coating.
Therefore, to ensure continuous coatinghvdecent particle layers, a higher withdrawal

speed was used.

The coating thicknesses for 22nm and 150nm agglomerate particle were slightly
different. Although the withdrawal speed and the particle concentration were the same,
the 150 nm agglomerate pales were packed more loosely than 22nm patrticles and this

caused a thicker coating for 150nm aggregates.

The morphology of the whiskers grown on large particle coatingsnand 200
nm) was quite different from small particle coating (150 nm aggregatds22 nm).
Coating thickness difference might not be the reason for the morphology difference,
because coating thickness difference only affected the quantity of the whiskers as
discussed earlier in coating thickness effect section. Therefore the cpatiige size
might cause the difference. There are two factors connecting whisker growth with coating
particle size. The 1st factor is meniscus curvature and the 2nd factor is whisker
supporting. As discussed in transport phenomenon (See Section 2t#a8eh),0n Kelvin
equation, the evaporation flux is inversely related to the radius of the liquid meniscus

formed in the porous coating. Assuming the meniscus radius is equal to the radius of the
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particle for meniscus radius ofuin, the equilibrium saturatl water pressure over the
meniscus is almost the same as that for flat surface. While for meniscus radius of 22 nm,
the value is ~95% of the flat surface. Although the decrease of equilibrium pressure is
only 5%, it actually results in a large change fividg force for water evaporation. For
example, under standard whisker growth condition, the relative humidity is maintained at
80%RH and he equilibrium vapor pressure over a saturated KCI solutiaeb@t is
84.34% of that over puravater As discussedn section 2.2.3.1, the water evaporation
flux Je is proportional to (P* PP). Therefore the driving force for water evaporation over

1 um particle coating is 4.34%R While for 22nm patrticle coating, the driving force is

only 0.12% and it is calculated as

Of QVEITMHQE® T wb Yk O 31

The calculation shows that the water evaporation driving force is 35 times larger
for coating with 1um particle than that of 22 nm particle. Because the capillary driven
flow is balanced with the ater evaporation, rapid water evaporation increases the
capillary driven flow and hence more salt ions are transported to the growth zone within
fixed growth time. Therefore, larger amount of whisker or bulk salt crystal could be
observed on coating madélarger particle size (200m &1 um). For coating with Jum
particle, the rapid water evaporation over the meniscus built up the salt concentration fast
enough to reach high supersaturation ratio and initiate equiaxed crystal growth. A high

percentage oéquiaxed crystal was thus formed.
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Based on same reasoning, rapid water evaporation occurred am2@@rticle
coating because of flatter meniscus, and hence the whisker quantity was much higher at
80%RH compared with that of 158m aggregates coating. tever, if the relative
humidity increased to 83%RH, the density of whisker is much lower as shdwgure
3.5. This is because the driving force for water evaporation was reduced substantially at

83%RH compared with 80%RH.

Thevaried meniscus radius formed on coatings with different particle size caused
the differences of whisker quantity. However, the lateral dimension difference could not
be explained by the same logic. Th& factor, whisker supporting, influenced the

whisker lateral size.

Figure 3.6 shows the schematic drawing of whisker supported on the porous
coating with different particle sizes. The whisker needs a minimum number of particles to
maintain balance on its base and gain liquid Bum the pores below its root for
continuous growth. Although the critical particle number may be different, the whisker
width tends to be larger on bigger particle coating in order to cover a sufficient number of
coating particles. Therefore the whiskateral size on 200 nm particle coating is larger

than that of 150 nm and 22 nm patrticle coating.

As mentioned before, 150 nm aggregates is actually an aggregates of 20 nm
particles. Because its individual particle size is about the same as 22 nrte pHréc
average whisker lateral dimension is also similar. However, compared with 22 nm
particle coating, the surface roughness for coating with 150 nm aggregates is higher than

that of 22 nm particle. Because the surface of 22 nm particle coating ishemaot
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provides better support for the thin whiskers (#), which were more frequently

observed on 22 nm particle coating.

Whisker
Whisker
Liquid RS L
Supply Meniscus L.
Flow Liquid
N Supply .
\ Flow Meniscus

0y
\

Figure 3.6 Schematic drawing of whisker sits on porous coating with largg small
particle size.
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3.3 Effect of Growth Angle on Whisker Growth

3.3.1Experiment

The whisker growth angle is defined as the angle between the backside (uncoated
side) of the glass substrate and the liquid surface (horizontal level) as show#rigutiee
3.7. The whisker growth angle was varied fron? 80180 to investigate whether growth
angle affects the whisker growth. To achieve “1&@isker growth angle, two coated
glass slides were glued to each other in right anglben one glass substrate was
inserted into the salt solution, the other glass substrate was positioned at horizontal level
and the nanoparticle coated side faced downward. The whisker growth condition
remained the same as the standard growth conditi®é0. {m aggregates porous coating,

KCI: 2.9 wt%; relative humidity: 80%; growth time: 2 days)
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Figure 3.7 Experimental setup for whisker growth at varying growth angle. above:
growth angle is 60and belowgrowth angle is 180
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3.3.2Results

The results showed that whiskers could grow at any growth angle frbro 30
180 and almost all whiskers stood perpendicular to the glass substrate. The whiskers
grown with some growth angles were showrFigure 3.8. Whiskers were straight and
with similar lateral dimension. However, the quantity of both standing and falling

whiskers grown at $0seemed to be larger than that of other growth angles.

Figure 3.8 Whisker growth on porous coating with different growth angle under standard
whisker growthcondition

Figure 3.9 shows the SEM image of salt crystal formed at the root of the whisker
after drying a specinme grown under standard condition. A thin salt crystal was

frequently observed around the base of the whisker (a, ¢) and on the side wall of the
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whisker near the base (b). Sometimes, instead of a thin crystal layer, relatively larger

equiaxed salt crystagirew round the whisker base to form a ring (b).

Figure3.9 SEM image of salt crystal at the base of the whisker with growth angl€ at 60
(a,b) and 99(c,d).

3.3.3Discussion
It is quite amazing that no mattehat the growth angle is, the whiskers could
maintain their balance and stand perpendicular to the porous coating. It is important to

understand what actually keeps the whisker standing.

Based on the discussion of whisker growth mechanism (section 2.232

whisker grows by liquid supply from its base. Although it is difficult to experimentally
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observe the liquid layer directly, possible liquid layer residues were frequently observed
to form around the whisker base after sample dries, as shokigure 3.9. Therefore it

is reasonable to assume there was a liquid layer around the whisker base during growth.
The liquid layer acts both as a source of salt ions and as a stability force to keep the
whisker standing in balance. Qeeet showed in their papét that when a fiber was
inserted into a liquid reservoir, the liquid would climb up the fiber wall due to wetting
and if the lateral dimension of the fiber is much less than the capi#agth and
assuming complete wetting, the equilibrium height h could be approximately calculated

as

S
5
I
-_
1

3.2

whered is the surface tension of the liquid,is the density of the liquid, and w is the

width of the fiber.
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Figure3.10 Schematic drawing of meniscus at the root of the_whisker. (Left) growth
angle is @ and(right) growth angle is 180

If we assume that equation 3.2 could be applied in our case and salt solution at the
whisker base wets the whisker wall perfectly and thus forms a contact angle equaling to
zero. When the glass substrate is positioned hoa#lgntith the porous coating facing
upward as shown iRigure 3.10 (whisker growth angle =%) based on equation 3.2, the
meniscus height is about 2.5 times of the lateral dimension of the whisker. Fqma 10

whisker, the liquicheight h would be ~2Gm.

Because theontact angle between the salt solution and the whisker wall is zero,
when the whisker stands perpendicular to the porous coating during growth (growth
angle=0), the meniscus formed around the side wall ofviiésker base would exert a
downward force on whisker due to surface tension. This downward force together with

the force of gravity is balanced by the force pushing upwards on the whisker base from
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porous coating. As all the forces are perpendicular tgtieus coating and there is no
horizontal partial force, the whisker would remain in balance and stand normal to the

porous coating.

While for whiskers with growth angle of 188s shown irFigure 3.10, the force
of gravity andthe force of surface tension are in opposite direction. The gravity force is

the weight of the whisker and the force of surface tension is calculated as

O [ W 3.3

where o9 is the surface tension of the sol
rectangular cross sectioAssuming the aspect ratio (length/width) of whisker is 100 and

the solution surface tension equals to that of pure water, the ratio of surface tension force

to gravity force (whisker weight) is shown Trable 3.2. The results indate that the

surface tension force is large enough to pull the whisker toward the porous coating

against the gravity unless the whisker is extreme long and thick.

Table 3.2 Ratio of surface tension force gravity force (whisker weight). Assuming
whisker aspect ratio is 100.

Whisker Wit

100nm 1.48E+07

1um 1.48E+05
10pm 1.48E+03
100pm 1.48E+01
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However, during growth, disturbances such as circulating air flow in the humidity
control chamber and vibration from various sources always exist. These disturbances
would temporanpreak the force balance and cause the whisker to tilt as shdvwguire
3.11 This schematic drawing shows that a whisker temporary tilts towards its right side
due to disturbance. Under this unbalanced state, gravity wouldltraghisker further
right to fall down onto the porous coating, while the force from the left side meniscus

tends to pull the whisker back towards the left and restore the balance.

whisker

N

center of gravity

s,

b
0
meniscus K
-
. r
orous coatin 2
P 4 Fi VF,

Figure3.11 Schematic chwing of torque balance when whisker tilts.

Instead of force balance, torque balance needs to be calculated in this case.
Because the force of gravit yamitiscakcsated he wh

as
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where k is the gravity force of the whisker (whisker weight) ap@srthe lengthof the
lever arm.

The support torque comes from the meniscus formed on the left, front and back
sides of the whisker walls. Because the support torque from the front and back sides was
a function of the tilt angle, to simplify the analysis, only the sujpg torque from the
left side was calculated to demonstrate the magnitude of the supporting torque compared

to the fall torque and it is calculated as

T O i 7o 3.5

where k is the surface tension force exerted on whisker side walls and is calculated by
timing surface tensi pisthedengihnotlits lever asnk &hen wi dt |
whisker tlts, the dynamic contact angle between salt solution and whisker wall may not
be zero, and it should depend on how fast the whisker falls. However, as the dynamic
contact angle should not deviate too much from zero, it is still assumed to be zero in the
calculation.

As the surface tension force vector from the meniscus on the right side of the
whisker goes through the pivot point, its torque equals to zero and will not be included in

the torque calculation.

When the whisker starts to tilt a little becaasé d i st u kybwvaudenake t he |

t he whi sker t o t sdppére tendsmto pdl thev whiskee badk ht@ its 0
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perpendicul ar b aslppék is darger, the twhisker wouldl festote haeits U
balance and continues to grow. However, iftiggis larger, the whisker would fall down
to the porous coating and stop growing; however, in some cases, the fallen whisker may

acts as seed to initiate sheet growth as discussed before.

If the aspect ratio (length/width) of KCI whisker is assunet¢ 100, the ratios
0 fsuppbd/ tan Er whiskers with different widths and different tilt angtés w shoven in
Table3.3. The dependence of torque ratio on tilt angle for qurb@vhisker with aspect
ratio of 100 was plotteth Figure3.12. The results show that for whisker with diameter
of less than 1Qum,  tshpeii £ muc h | @ at@eyrilt andlea Howeler, if
whisker width is larger than 1Q0m, tiandemindtes. The results indie that whiskers
with small lateral dimension gain better resistance to temporary disturbances and are
more stable during growth than whisker with large width. It also explains that most of the

whiskers observed are thinner than 100

Table33Rat i Qppord frai BlHifferent tilt angled for tilted whiskerif whisker aspect
ratio is 100.

Whisker Width/TiltAngle__ 0° | 15| 30° | 45 | 60 | 75 | 90

100nm 1.18E+09 1.43E+0E 7.41E+04 5.24E+04 4.28E+04 3.70E+04 3.70E+04
lpm 1.18E+07 1.43E+03 7.41E+0Z 5.24E+0Z 4.28E+0Z 3.70E+02 3.70E+02
10pum 1.18E+05 1.43E+01 7.41E+0C 5.24E+0C 4.28E+0C 3.70E+0C 3.70E+00

100pum 1.18E+03 1.43E01 7.41E02 5.24E02 4.28E02 3.70E02 3.70E02
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Figure3.12 Plot of dependence af a t i sgportb i1 Ondilt anglesfor a 10um whisker
with aspect ratio of 100

| f the whisker aspect ratio gppscGidddses t
shown inTable3.4. All the ratios decrease by 100 times and it agrees with the intuitive

conclusion that long whigk will fall more easily.

Table3.4 Ratio of Qyppoito yat di f ferent tilt angle d for
ratio is 1000.
| Whisker Width/TiltAngle | | 15 | 30 | 48 | 60 | 75 | 90 |
100nm 1.18E+07 1.43E+0: 7.41E+0: 5.24E+0; 4.28E+0; 3.70E+0: 3.70E+0:
1pm 1.18E+05 1.43E+0! 7.41E+0( 5.24E+0( 4.28E-+0( 3.70E+0( 3.70E+0C
10um 1.18E+03 1.43E01 7.41E02 5.24E02 4.28E02 3.70E02 3.70E02
100pm 1.18E+01 1.43E03 7.41E04 5.24E04 4.28E04 3.70E04 3.70E04

The Quppor((f)a" ratio is also calculated for whisker withogvth angle of 99 (the
porous coating surface is perpendicular to floor and the whisker is parallel to the floor).

The result is shown ifable3.5. It proves that the torque from the liquid layer at whisker
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base is sufficient tsupport the whisker to stand vertically on the porous coating during

growth even through the substrate surface is in perpendicular position.

Table35Rat i Qppord for dildifferent tilt angledl for tilted whisker if whisker aspect
ratio is 100 and whisker growth angle i’ 90

Whisker Width/Tilt Angle __ 0° | 15 | _30° | 45 | 60 | 75 | 90 |

100nm 3.74E+0<¢ 3.83E+0: 4.28E+04 5.23E+04 7.40E+04 1.43E+05 4.65E+07
lpm 3.74E+0Z 3.83E+0: 4.28E+02 5.23E+02 7.40E+02 1.43E+03 4.65E+0%
10pm 3.74E+0(3.83E+0( 4.28E+00 5.23E+00 7.40E+00 1.43E+01 4.65E+0S
100pm 3.74E02 3.83E02 4.28E02 5.23E02 7.40E02 1.43E01 4.65E+01

In conclusion, the whisker could grow on porous coating at any growth angle,
and a liquid layer is proposed to adhareund whisker base during its growth to provide

both salt supply and stability support.
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3.4Cryo SEM study of liquid supporting layer

3.4.1Experimental

Silicon wafer (5mm x 15 mm) was used as substrate for dip coating. The dip
coating process remainetthe same and the porous coating was made of 150 nm
aggregates particles. The porous coating on the edges of the silicon wafer was not
removed as in standard whisker growth procedure. One drop of seed solution was applied
onto the surface of the porous dogton the edge face of the silicon waffgretail about

seeding technique will be covered in Chapter 4)

The coated silicon sample was mounted on a specially designed sample carrier
with top surface of porous coating facing up. The sample carrier wawest onto a
cryotransfer rod (Emitech, Kent, UK). 30 4 of KCI solution (2.9 wt%) was then
dropped onto the top surface of the coated silicon sample. A schematic drawing of coated
silicon wafer with liquid drop on the top surface is shownFigure 3.13. The salt
solution was then wicked through the porous coating to the edge surfaces of silicon wafer
to initiate whisker growth there. The sample was then left untouched to allow whisker
growth. The growth time varied from 1 to &finutes for different samples. The relative
humidity was not controlled and the surrounding relative humidity in the room was about

50%. In one sample, pure distilled water was used to replace salt solution for comparison.
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Liquid Drop

S~~Whisker

Figure3.13 Schematic drawing of coated silicon wafer with liquid drop dispensed on top
surface porous coatirand the whiskers grown on the edge surface

After growth, the sample was held above a liquid nitrogen bath with sample
carrier barely touching surface of the liquid nitrogen. After about 1 minute, the salt
solution drop on the coating surface turned from transparent to opaque, which indicated
solution was frozen and cracks also formed inside the ice. The Cryo transfer unit was
immediately inserted into an Emitech1250 preparation chamber (Emitech, Kent, UK)
for conductive metal coating. The sample was maintained beloRC18ad a thin

platinum layer about 5 nm thick was sputter coated onto the sample surface.

The platinum coatedample was then transferred to a Hitacki7/80 scanning
electron microscope (Hitachi, Pleasanton, CA) for examination. The sample was kept

around-150°C by a liquid nitrogen cooled stage during imaging.

3.4.2Results
The CryeSEM images of morphology ofure water and salt solution after

freezing with the liquid nitrogen vapor method were showRigure 3.14. The ice from
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pure water showed a relatively smooth surface. Pure ice seemed to crystallize during
freezing, and the crysit grains and grain boundaries could be observed on the surface.

Some fiber like structures were also present on the surface of the ice and it might be
impurities in the water that was segregated to the boundaries during ice crystallization
and formed thes one dimensional structures. While for KCI salt solution, after frozen,

layered structures with empty space in between were formed as shbigare3.14b.

Figure 3.14 Cryo-SEM images of surface morphology of pure watay §nd KCI salt
solution 2.9wt% lf) afterfreezing withliquid nitrogen.
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Figure 3.15 showed cryo SEM images of both the top and edge surfaces of the
silicon wafer. A thick ice layecould be observed on the top surface, while on the edge
surface, no similar ice structure was present. Whikkersalt crystals were grown on the
edge surface and these salt crystals extended from the near end to the far end of the edge
face. A convex sipe structure seemed to connect the near end of the edge face to the
base of the closest whisker like crystal is showrrigure 3.15a and a similar convex
stripe is shown irFigure 3.15b. In Figure 3.15b, the whisketlike structure is titled and
only a small portion of the crystal base is attached to this convex structure. (detail of the
tilted structure has been discussed in Chapter 2.) A high magnification image of crystal

ba® and the convex structure is showrrigure3.15c.
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Figure 3.15 Cryo-SEM images ofvhiskerlike salt crystal growth on the porous coating
of edge surface of the silicon waferl(p,High magnification image of a tilted whisker
like crystal base. ( 150 nm aggregates particle, KCl 2.9wt%, growth time: 20 mins,

~50%RH)
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With proper growth time (10 minutes), salt crystal whiskers could be observed in
the middle area of the edge suda&s shown irFigure 3.16a. A corrugated solid layer
usually covered the porous coating surface around the whisker growth zone. A hunched
solid structure was frequently observed around the whisker base and the high
magnification mages of such structures are showrFigure 3.16b-d. Another feature
worth noticing was that a layer of evenly distributed dots covered the whole surface of
whisker side wall and these dots also existed on the surface of thigated layer.
However, these layers of dots had never been observed in SEM images taken at room

temperature.

Figure 3.16 Cryo-SEM images ofsalt whisker growth on the porous coating of edge
surface of tke silicon wafer( 150 nm aggregates particle, KCI 2.9wt%, growth time: 10
mins, ~50%RH)
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With relatively longer growth time, whisker and whislée crystals were
present in some areas on the edge surface. However, there was no coragated
covering he porous coating in this case and the porous coating surface was smoother.

The dots layer could still be observed to cover the whole sample surface.

Figure 3.17 Cryo-SEM images of salt whisker growth onetlporous coating of edge
surface of the silicon wafe(.150 nm aggregates particle, KCI 2.9wt%, growth time: 20
mins, ~50%RH)
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3.4.3Discussion

In section 3.3, a liquid support layer at the whisker base was proposed to keep the
stability of whisker during grothh. Theoretical calculation suggested that the support
torque was large enough for this liquid layer to keep whisker standing. However, besides
the salt crystal residues around the whisker base, there is no direct evidence to prove the

existence of this qaporting liquid layer.

Cryo scanning electron microscope is a technique that freezes the wet sample
rapidly to preserve the hydrated vulnerable structures, such as cells. The cooling
processes generally used include plunging the specimen into nitrogér stuliquid
nitrogen cooled ethane bath, or by high pressure liquid nitrogen freezing to achieve large
enough cooling rate to prevent crystallization of ice and obtain ice in amorphous state.
This technique in principle should be able to be applied teannple so that the growing
whisker could be frozen rapidly and thus whether the supporting liquid layer existed at
the whisker base could be revealed. However, unlike conventional cryo SEM specimen,
our experiment faces two difficulties because of thecwp requirements. Firstly,
traditional cryo SEM cooling method might not work for our sample as the growing
whiskers could not survive the plunging. As discussed in Chapter 2, vibration causes the
whisker to tilt or fall. The alternate freezing method wsed was to freeze the sample by
liquid nitrogen vapor, which might be able to preserve the delicate whisker during
growth. However, vapor freezing significantly reduce the cooling rate and thus

crystallization of ice was unavoidable as showrFigure 3.14a. Actually salt solution
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made the situation more complicated. During cooling process, salt segregated from water

and a layered structure was formed. Biggire 3.14b.

Secondly, our sample needed gimay of the outer surface of the whisker instead
of the cross section of the specimen and this meant that surrounding water vapor might
condense onto the whole sample surface and thus made it difficult to determine whether

the liquid layer was from sampte from environment.

High magnification images ifrigure 3.16and Figure 3.17show that a layer of
evenly distributed dots covered the side walls of all the whiskers. These dots had never
been observed iroom temperature SEM images and it indicated that these dots might be
the ice particles formed by condensation of environmental water vapor during freezing
process. If observed carefully, these dots structures actually existed everywhere on the
surface ofthe specimen including the rough corrugated layeFigure 3.16 and the
relative smooth porous coating surface Rigure 3.17. If we assumed that, during
freezing, the rates of water vapor condensatitio sample surface were similar over the
whole sample, it could be concluded that the convex stripEigare 3.15 and the
corrugated structure iRigure 3.16 was not formed by water vapor condensatiamir

environment during sample freezing.

For theconvex stripes that bridged between salt solution drop on the top surface
and the whisker on the edge surface, a reasonable explanation was that the salt solution
was drawn specifically to the whisker baseedw high water evaporation rate and

relatively lower pressure at whisker base. (detail about liquid drawn to the whisker base
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will be discussed in Chapter 4) Therefore, the convex stripe might be the frozen salt

solution.

For the corrugated structure cowve the porous coating surface and the hunched
structure around the whisker base Rigure 3.16, these structures were frequently
observed on specimen with short growth time but not on specimen with relatively long
growth time asshown inFigure 3.17. This indicated that these structures might be the
frozen liquid layer that existed around the whisker base during growth and covered the

nearby porous coating.

However, a question raised immediately was whgy morphology of the stripe
and corrugated structure was so different from the frozen salt solution shdvgure
3.14b. The different look might result from the thickness differences. For salt solution on
the top surface, ehthickness of the liquid should be at least hundred micrometers before
freezing, while the thicknesses of stripe and corrugated structure on the edge face were
much smaller. The smaller thickness might result in much higher cooling rate for the salt

soluion layer on the edge surface and hence caused different morphologies.

Another possibility was that these structures were KCI salt crystal. During
freezing process, water might dry out and leave behind only salt crystals. If this was the
case, the salt saiion concentration of the liquid layer must be much higher than the
initial salt concentration (2.@1t%) or the liquid layer would be thick enough to cover the

whole whisker to leave such a salt crystal layer.
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However, at this point, it is difficult toonclude what exactly these structures

were and further experiments are needed to solve this problem.

In conclusion, growing whiskers were frozen by liquid nitrogen vapor method and
Cryo-SEM images provided some evidences of the existence of supportird) lagar
around the whisker base. However, because of the limitation on experiment design, some
key parameters about the support liquid layer such as its interface with whisker side wall

and its thickness still could not be determined and require furthestigation.
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3.5Whisker Growth by Free Particle Method

3.5.1Experimental

Whiskers were also grown on bare glass substrates from salt solutions that
contained silicamangarticles. A2.9 wt%KCI solution was modified by the addition of
Caba PG®2 dispersion such that the quantity of silica was approximately 0.00025 wt%.
The growth was carried out in the same way asritest for the coated substrate in

Chapter 2.The relative humidity wasOP6 and the growth time was two days.

3.5.2Results

This method involved placing a bare glass substrate into KCI solution that
contained free silica particles and then waitiogtwo days. Approximately two hours
after the glass slide is immersed, the leading edge, the contadtitimed white first ah
then whiskers gpeared in this region quicklyUnlike growth on porous coatings,
whiskers appear rightelmeath the original liquid levelnd form a substantial masas

shown inFigure3.18.

Section i s adapted from paper AFor mati on of
Nanoparticle Coatings p u b | Lasgmeir@6, 2847, 2010by HengZhang H,ZhenWu and
Lorraine F. Francis.

110



Initial liquid level

Final liquid level

Figure 3.18 Digital image of specimen after free particle whisker growth. Growth
occurred for two days atO% relative humidity using a 0.03 g/ml KCI solution that
contained 0.00025 wt% silica particles (150 aggregates

This growth mode required the relative humidity tobedow 75%. No whiskers
appeared at higher relative humydit The small concentration of silica particles in the
growth solution was essential to the formation of whiskers. Without the silica particles, a

nontwhisker crust formed on the glass slide ia tourse of two days.

Figure3.19 shows SEM images of the whisker growth zooka specimen formed
usingfree particle growth conditions. The whiskers have a similar morphology to those
grown on porous coatisg However, moravhiskers form by this growth mode at same
relative humidity and salt concentration. Some curved whiskers andnsbg#tologies
are also found.A coating of silica particles is formed coincidemith the formation of
whiskers and the coating thickness~2pum. After drying, this coating is crackeahd

peeling as shown irrigure 3.19.
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Figure 3.19 SEM of whiskers grown on bare substrates by the free particle method.
Growth ocairred for two days at 70% relative humiditging a 2.9 wt% KCI solution
that contained 0.00025 wt% silica particles (150aggregates

3.5.3Discussion

The whisker growth zone for the free particle case is also a consequence of
capillary drivenflow, evapor#éion, and diffusion. The results show that whensaall
guantity of silica particles was added to the salt solution, whiskers grew on bare glass
substrates. This situation is more comptéan the standard whisker growtbne
hypothesis is presented herén a manner similar to convective assembly of colloidal

crystal$’, free particles are pulled up to the contact line where the liquid wets the
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substrateand they deposit there to form a coating as evaporatioceedsaind the liquid

level drops The thickness of the self assembly coating igm2which is much larger

than that of the dip coated specimen. Because the coating thickness is above the critical
thickness, after drying, cracks and peeling off ol to release the stored stress.
Evaporationalso increases the salt concentration in the pore, tnd it apparently does

so very effectively, perhaps due to the adjacent supply in the bulk liquid, because
whiskers begin to form quickly at the initipoint of contactWhiskers catinueto grow

as the liquid level drops and more particles assemble into a coating.
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Chapter 4 Whisker Size Control

4.1 Introduction

After studying the effect of experimental variables on whisker growth and
understanding the lsker growth mechanism, the next step to achieve the objective of
the research is to investigate whether the size of the whisker could be reduced to

nanometer scale.

Law and coworker§ summarized strategies for skmsizing one dimensional
nanostructure in this review paper. The mechanisms for promoting crystallization along
one dimension include: (1) the crystal has an intrinsically anisotropic crystal structure; (2)
template with one dimensional structure is usedimit the crystal growth in one
dimensional channel; (3) in vapor phase synthesis, catalyst particles are utilized to create
liquid/solid interface to reduce the symmetry of a seed; (4) In solution synthesis, capping
agent is used to adsorb preferdhtito certain facet of the seed to change crystal growth

rates on different crystallographic planes. (5) Self assembly of peaticles.

In our case, none of the above mechanisms could be used to explain clearly how
one dimensional whisker clobbe formed on the nanoporous coating. However, the
general idea remains the same: to enhance the growth rate in the long axis of the

nanowire and at the same time to reduce or stop the crystal growth in the short axis.

As confirmed byX-ray platform diffactometer the bounding surfaces of the
whisker belong to the sanj#00} family of planes and this eliminates the possibility of

forming one dimensional structure by intrinsically anisotropic crystal. However, the
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presence oAsymmetry growth rate on wdker base face and side wall is still necessary

to satisfy the growth condition for one dimensional crystal structure.

As discussed earliehére are several possible reasons for the preafarenystal
growth on thawvhiskerface in contact with the pous coatingThe mostikely oneis that
the supply of salt solution is abundattthe baseas compared witlwhisker side walls.
Although there is liquid layer adhering to the side wall around the whisker base, the
rising height of the liquid meniscus evhisker side wall should be on the same order of
the whisker width. During whisker growth, the whisker is pushed up continuously and the
time that each portion of the side wall in contact with the liquid layer is very short so that
crystal growth on side all is limited. Furthermore,he rough surfacef the porous
coating leads to the possibility that tivlhisker basesurface in contact with the coating is
defective and the presence of more steps and kinks at the base face would further

enhance itgrowthrate

Another possibility is that a dislocation or other defect mechanism is at play. The
literature is mixed on the role of defects and dislocations on whisker growth from
solution. Shthiri**™"" studied dissolution behavior of whiskers and noted that they
appear to be defeétee, while Amelinckx® documented dislocations in whiskers by a
decoration method. Multiple attemptscluding decoration method and saturation
solution regrowth method has been trigal locate dislocations in our whiskers, but none
were found. Some research on tabular shaped alkali hdfidmsggests that stackjn
faults may also lead to rapid and preferred directions of crystal gr@Whie. above

paragraph isaca pt ed from paper AFor mati on of
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Nanoparticle Coatingso published in Langmu

Wu andLorraine F. Francis.)

In this chapter, strategies to reduce the lateral dimensional of whisker to the
nanometer scale will be discussed and these strategies include whisker growth on
patterned porous coating, porous coating with small particle size adohgeehisker

growth.
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4.2 Experimental

4.2.1Whisker Growth on Patterned Porous Coating
Patterned substrate preparation A 4 inches silicon wafer with repeated

hydrophilic and hydrophobic stripes was prepared based on the following proc€dures.

a. Commercial available silicon substrate is cleaned by standard wafer cleaning
procedure. Silicon wafer is immersed in Pirhana(53®f with H,O,) solution for 15

minutes at 126C, and the wafer is then rinsed wibth water and dried.
b. The wafer is prebaked at 135 for 1 minute.

c. Photoresist (Futrrex NRE500P) is spin coated (3000 RPM) on the silicon

wafer for 30 seconds.

d. Softbake is carried out at 18Q for 1.5 minute to drive off solvents and to

improve adhesion.

e. A predesigned mask is placed above the photoresist coated silicon substrate,

and is exposed to UV light for 14 sec in ultraviolet exposing system (mabab).
f. The as exposed silicon substrate is post baked dCLafr 1.5minute.

g. The silicon wafer is immersed in the developer solution (Futurex RD6) for 1

minute and is rinsed with DI water and dried.

h. The silicon wafer is sealed in a dessicater with 1ml OTS solution. The reaction

of silicon with OTS vapor lasts for 12 hours.
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i. The silicon wafer is washed in acetone and ethanol to remove the cured

photoresist and is rinsed with DI water.

Dip coating. The as prepared patterned substrate was dip coated with colloidal
suspension to create a patterned porous coating. (The hydraptydes are coated while
the hydrophobic stripes are not) Coating solution is Cabot PG002 (150 nm aggregates

partilce) with 10 wt% solid contents and the withdrawal speed waiBec.

Whisker growth. The patterned porous coating was used as substratdifsiker
growth. The patterned strips were oriented perpendicular to the liquid level. The whisker
growth procedure remained the same as the standard whisker growth. (KCI 2.9 wt%,

80%RH, 2 days)

4.2.2Whisker Growth by Seeding.

Manually Ground Seed.One gram bpotassium chlorid€99.6%, Mallinckrodf)
was manually crushed and ground in mortar with pestle for about 15 minutes. The ground
KCI powder was then dispersed in isopropyl alcohol and was treated with ultrasonic bath
for 20 minutes. One drop of dispemsi was dried on a glass substrate for SEM

measurement.

Attritor Ground Seed. 20 wt% Potassium chlorid®9.6%, Mallinckrodt) and
80wt% grinding media ( zirconium oxide ballsvgre mixedand placed into the attritor.

Isopropyl alcohol was then pouredto the attritor until the liquid covered the solid
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contentcompletely. The rotation speed was 300 RPM and the grinding time is 24 hours.

One drop of as prepared mixture was dried on a glass substrate for SEM measurement.

Separation of Small Seed.The attitor ground seed dispersion was loaded into a

syringe and was filtered with a 200nm filter (Acrodisc GHP).

Whisker Growth by Seeding. The manually or attritor ground seed dispersion
was treated with ultrasonic bath for 20 minutes before seeding. Thelispedsion was
then drop cast onto the porous coating and was dried in oveAGfétQL0 minutes. The

whisker growth procedure remained the same as standard whisker growth procedure.
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4.3 Results and Discussion

4.3.1Liquid supply at the whisker bag

Figure 4.1 shows the top view SEM image for whisker growing for 10 hours
under standard condition. Radial patterned equiaxed salt crystal was observed near the
base of some whiskers. It indicates that the whisker drew liquidrts its base from the
neighborhood for extraquid supply during growth, and the salt ions accumulating along
the liquid path formed equiaxed crystal after drying. The driving force of the liquid flow
towards the whisker base should come from the napigr evaporation near the whisker
base. During whisker growth, the liquid layer adhering to the side wall of whisker had
large surface area exposed directly to the atmosphere, therefore the fast water evaporation
there drove the liquid towards the whisk&he flatter meniscus on the side wall of the
whisker compared with the meniscus in the porous coating also enhanced the water
evaporation. This liquidirawing effect could explain the independence of whisker size
on salt concentration. As discussed ia Hection of whisker growth mechanism, before
whiskers grow, small salt crystals form on the porous coating, and these small crystals
initiate the whisker growth. During growth, a whisker tends to draw the liquid supply
towards its base and deplete thaiidgsupply around it and thus limit the new whisker
growth nearby. Therefore it is difficult for a new whisker to emerge if there are growing
whiskers nearby. For a solution lofver salt concentration, the number of small crystals
on porous coating at dargrowth stage is reduced. After whisker growth is initiated by

these small crystals, the liquid supply is directed to the growing whisker and thus
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suppresses the formation of new whiskers nearby. Therefore the final density of whiskers
is lower. Figure 4.2 shows the crossection SEM images took at initial growth stage.
Small salt crystal started to form on the surface of the porous coating. If the salt crystal
was passed by the cutting surface as showfigare 4.2a,b, the porous coating directly
beneath the salt crystal was also filled with salt. However, if the cutting surface did not
pass the crystal, no obvious salt residue could be observed in the porous coating after
drying even though the saltystal was nearby. Sdégure4.2c,d. It proves that during
growth, liquid supply was drawn towards the whisker and the salt ions accumulated at the

whisker base and hence depleted the salt supply nearby.

Figure 4.1 SEM image of whisker growth on porous coating under stangerdth
condition for 10 hourgKCl 2.9wt% 80%RH)
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Figure4.2 CrosssectionSEM image osmall salt crystal foned on the surface of porous
coating at initial whisker growth stage. (KCI 2.9wt%, 80%RHparg
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Figure4.3 Experimental setup for whisker growth on porous coating.

Besides competition between neasblyiskers for liquid supply, competition for
liquid also exists for whiskers on different growth areas of porous codiiggre 4.3
shows the schematic drawing of two whisker growth zones: A arkigBre 4.4 is the
SEM images of whiskers grown at growth zone FAg(re 4.4a,b) and growth zone B

(Figure4.4c,d,e,f) under standard growth condition for 5 days.
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}J I
I
Figure4.4 SEM image of whiskers growon porous coatingh growth zones\ (a,b) and
growth zone B (c,d,e,f). ( please refeiFigure4.3)

The whisker width in growth zone A is larger than that of whisker in zone B. The
surface of whisker in zone A is smooth compared to the corrugated whisker in zone B. As
discussed in chapter 2, whisker first grew in zone B on porous coating, when liquid level
dropped due to water evaporation, the whisker growth zone would move downwards and

whisker started to grow in zone A. Because zone A was located closer to the solution
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reservoir, the liquid supply reached zone A first and large percentage of the liquid flow
was consumed by the growing whiskers in zone A. Only a small amount of liquidl co
reach to zone B. Due to lack of liquid supply and possibly unstable meniscus on the side
wall, whisker in zone B had smaller lateral size and corrugated surface. A whisker
located between zone A and zone B is showrrigure 4.4e and the transition from
smooth to corrugated surface could be observed on one whisker. This indicated a time
point that new whiskers in growth zone A started to emerge and this whisker experienced
a sudden drop in liquid supply. An interesting facthiat not only the whisker but also

the sheet in growth zone B had corrugated surface as shdwguie4.4f.

4.3.2Whisker growth on patterned porous coating

The liquid supply competition phenomenon indicates that if the liquiblg to
the whisker base could be constrained, the width of the whisker might be reduced.
Patterned substrate with stripes of coated and uncoated area is one choice to limit the
liquid supply to the area with porous coating. A schematic drawing of padtsubstrate
with hydrophilic coated strips and hydrophobic bare strips is showigire 4.5. The
width of porous coating is 50em and is secg

coating thickness is ~300nm as measuredrbfilpmeter.

Figure4.6 shows the whisker grown on patterned substrate under standard growth
condition. It proved that the liquid transport through the porous coating is the key factor
for whisker growth and whisker only grew @airips with porous coating. The average
whisker width is reduced to ~5um compared with 10pm on standard porous coating. It
indicates that the limit of the liquid supply helped to reduce the whisker width. Using a
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coated stripe with smaller width might foer limit the liquid supply and reduce the
lateral dimension of whisker; however, continuous porous coating with width less than 10
pm was difficult to obtain. Cracks and incomplete coatings were frequently obtained.
One interesting observation is that shgrowth initiated by a fallen whisker as shown in
Figure4.6d. Sheets only grew at sections of whisker that were in contact with the porous
coating and the growth mechanism of salt sheet suggests another method that has the

potential to reduce the whisker width into nanometer scale.

uncoated hydrophilic area with
hydrophobic area porous coating

Figure4.5 Schematic drawing of porous film on patterned substrate.
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Figure4.6 SEM images of whisdr growth on patterned substrate under standard growth
condition.

4.3.3Whisker growth by seeding
Whisker growth mechanism indicates that a small crystal present on the surface of

the porous coating should be able to initiate the growth of a whisker andirethsis

with a new strategy that might reduce the whisker widttirodue lots of small KClI
crystals onto the porous coating as seedstéot large amount oivhisker growth
simultaneouly, and thugpurposelyinitiating liquid supply competition betweenhigkers

for fixed liquid supply andhencelimit the whisker width. Actually, the general idea
behindthis approach is similar tcoprecipitationstrategy for nanoparticle synthéisa

rapid nucleation step followedly a controlled growth step.
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To prepare small KCI crystal as seeds, potassium chloride powder were manually
ground in the mortaiThe manually ground seeds are showrFigure4.7. The sizes of
the seeds were in the range qin2to 5Qum and the shapes of the seeds were quite

irregular.

el e Sy 50 um
Figure4.7 SEM image of manually ground KCI seeds.
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Figure 4.8 SEM image of whiskers grown on qoos coating by manually ground KCI
seeds under standard growth condition.

The whiskers grown with manually ground seeds are showigimre 4.8. The
whisker quantity increases compared with sample without seeding. Most of ifiemsh
were extreme curved and had unexpected larger lateral size than unseeded whiskers.
Although seeding with manually ground seed did not reduce the whisker width, it proves
the seeding technique is effective to initiate whisker growth. There are Ispussible
reasons to explain why whiskers grown by seeding method have larger width and curved
shape. (a) Average size of the manually ground seeds might be larger than the
spontaneous formed small salt crystals on the porous coating during standadkdnsee
whisker growth. Because the whisker tends to have similar lateral dimension as the seed
or the spontaneously formed salt crystal, the seeded whisker tends to be larger in width.

(b) The existence of connection between liquid supply and the seedessagc to
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initiate whisker growth. Larger seeds have larger areas in contact with the porous coating

and thus have high possibility to connect to liquid supply. Therefore most of the whisker

has the width similar to the size of the largest seed. (c) Tapeshof the manually

ground seeds are irregular, and the center of the mass is usually not located at the
geometry center of the seed. The | arge unt
and then the balance will be restored because of liquid lapgosgt at the whisker base

as discussed in Chapter 3. The repeatedetidlance processes should contribute to the
extremely curved whisker shape. (d) the seed density is not high enough, therefore liquid
supply competition effect was not sufficient emluce the whisker width. However, it still
suppressed the growth of spontaneous formed whiskers as there is few straight whiskers

could be observed iRigure4.8.

One interesting fact is that sometimes one large seed coulderimigrowth of
several whiskers bundled together as showhriguire 4.8c. The whisker grew at such an
angle without falling was quite astonishing, and it is another evidence for the support
liquid layer at the base. In some casefarge seed may initiate a much thinner whisker

compared to its own size. SEgure4.8d.

To improve quality of the seed, an attritor mill was used to prepare smaller seeds
with narrow size distribution. The attritor grousdeds are shown iRigure 4.9 and it
shows the seed size was reduced significantly and most seeds were in the range between
200nm to um.The variance of the seeds size also decreased and most of the seeds were

cubic shaped cryssl
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Figure4.9 SEM image of attritor ground KCI seeds.
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Figure4.10 SEM image of whiskers grown on (a) 150nm aggregates 80%RH and (b) 22
nm particleporous coating 70% RH by seeding with attritor ground seeds. (KCl 2.9 wt%
, 2 days.)

The attritor ground seeds were dispersed in proper amount of isopropyl alcohol to
adjust seed concentration. The mixture was drop cast onto the porous coating before
whisker growth to serve as seed. The whiskers seeded by attritor ground seeds are shown
in Figure 4.10. All whiskers were located within the area covered by the seeding drop.
This result indicates that the seeds assisted whiskettlyaovd whisker grew only in the
area with seeds. Outside the seeding circle, there was almost no whisker growth and it

suggested that the liquid flow was drawn towards the seeded area and suppressed the
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spontaneous whisker growth elsewhere. Fgure 4.10a, the lateral dimensions of the
whiskers grown in the circle were quite homogeneous and most whiskers had width about
1 um to 5pum. However the whiskers located at the right edge of the seeding circle
seemed to have larger widtBecause the right side was the lower end of the substrate,
the whiskers located at the right side of the circle gained liquid supply first. Especially for
those whiskers located at the edge, as there were fewer whiskers nearby to compete for
liquid supplycompared with the whiskers in the center of the circle, the whisker lateral
size was obviously larger. Similar phenomenon occurred for seeded growth on 22 nm
particle porous coating as shown kigure 4.10b. However, in this casevhisker only

grew at the outer lower side of the seeding circle. AlImost no whisker grew in the center
of the circle and the liquid competition phenomenon seemed to be more obvious in this

case.
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Figure 4.11 SEM image of hiskers grown on 150nm aggregates porous coating by
seeding with agglormerate of attritor ground seeds under standard condition.

To maximize the liquid supply competition between whiskers, a high
concentration seed dispersion was usedéading. After drying, the seeds agglomerated
into a large chunk as shown kigure4.11. The images show that numerous whiskers
grew under one seed chunk and pushed the whole chunk upwards. Some whiskers that
grew slower or wer short of liquid supply were brought up by other fast growing
whiskers and thus hung in the air without touching the porous coating. The lateral
dimension of the whiskers was aboui to 2 um, and the width was reduced because
of enhanced liquid supplgompetition. However, the cross section of some whiskers
changed from the usual rectangular shape to circle shape®'®aritjoned in his paper

that the rounding of the sharp edge of the potassium chloride might Ive dissolution,
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special mode of growth or mechanical attrition. In our case, mechanical attrition is not
possible as no physical contact is expected between whiskers during growth. Special
mode of growth might be a reasonable explanation. Because thkerghghared the
same seed chunk, the up growing whisker with higher growth speed would lift other
whiskers with it and limit the lateral growth of the other whiskers. The constrained lateral
growth might change the crystal habit and made the -sutéaceof the whisker deviate

from its cubic shape. Dissolution is also possible. The -bigh density of whiskers
growing at the same time might deplete the salt ions in the vicinity and decreased the salt
concentration at the whisker base. The dissolutiondvoccur preferentially at the sharp

edge of the whisker and thus formed a round whisker.

The study of porous coating particles and growth angle effect on whisker growth
shows that porous coating with smaller particle size has a smoother surface to provide
better support for whisker with smaller width. Therefore, porous coating made of 22 nm
particle was used for the seeding method to see whether the whisker width could be
further reduced. The seeded growth of whiskers on 22 nm particle porous coating is
shown inFigure4.12. The whisker width was similar to that of the whisker grown on 150
nm aggregates coating. However, the seed concentration seemed to be too high and the

extra seeds were attached to the side wall of the whiskargdgrowth
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Figure4.12 SEM image of whiskers grown on 22nm particle porous coating by seeding
with too many attritor ground seed&Cl 2.9wt%, 70% RH, 2 days.)

VR AN Y HAEAR N WA

By proper seed concentration, whiskevigh almost identical width could be
grown on porous coating and the lateral size of whisker was reduced to ~500 pmmto 1
as shown irFigure4.13. The result indicates that the coating particle size might not be
the most impdant factor to reduce the whisker size. Although particle size needs to be
smaller than the width of the whisker to provide stability support, the patrticle itself could

not reduce the whisker width. The key factor to influence the whisker width shouid be t
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size of the seed. The seed size determines the tip size of the whisker and it in turn defines
the initial whisker width. Because most of the attritor ground seeds are in the range of
~1lum to Zum, the whisker width is also fall in this size range. Sametbecause the
saturated water vapor pressure is lower near the nanopores between the seeds and porous
coating, capillary condensation of water would dissolve part of the seed and thus reduced
the seed size. Therefore 500nm whisker could be observedlaGapondensed water

might also serve as a bridge to help connect the seed to the liquid supply in the porous

coating.

The whisker width would increase if growth occurs on the side wall and hence
tapered whisker would form as shown kigure 4.14a. A close look at the tapered
whisker revealed each step of the whisker width increaseri§es4.14b. However, if
the liquid is deficient, the whisker width might decrease or form corrugated sideswall a

discussed in section 4.3.1.
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Figure4.13 SEM image of whiskers growr{ on 22nm particle porous coating by seeding
with proper amount of attritor ground seed$ie growth condition are KCl 2.9wt%,
75%RH,2 days.
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Figure 4.14 SEM image of tapered whisker grown on porous coating under standard
growth condition.

Based on the results obtained, further reducing seed size might be the solution to
reduce whiskr width to nanometer scale, however, attritor has a limitation on breaking
down patrticles and average particle size less tipam i$ usually very difficult to get no
matter how long the attrition time is. However, small percentage of the attritor ground
seeds are actually nanoparticles and could be used as nanosized seeds. Therefore a 200nm
filter is used to separate the nanoparticles. More than 99 wt% of KCI particle were
removed and only seeds less than 200nm remained in the dispersion. The seed after
drying is shown inFigure 4.15. However, unlike large seeds, most of the particle less
than 200nm had irregular shape. These extreme tiny crystals might be the debris
produced by the collision between large salt crystals and ggnaiedia and thus has

asymmetrical shape.
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Figure4.15 SEM image of filtered attritor ground KCl seeds with 200nm filter.

Becausehe concentration of the 200nm seed dispersion is very low, the seeding
process was repeated for 20 times and the whiskers grown by seeding were shown in
Figure4.16. The lateral dimension of the whisker was reduced significantly to less than
200nm. Some whiskers had width of ~50nm was showkigare 4.16e,f. With reduced
whisker width, the whisker length also decreased significantly and this may be due to the
increased whisker aspect ratio. As high aspect ratio tends to trigger instability and make
whisker easier to tilt or fa Most of the whiskers with nanosized width were tilted as
shown inFigure4.16c,d.
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In conclusionseeding could initiate whisker growth. The whisker width could be
controlled by the size of the seeds. Whisker with laterakdsion as small as 50nm has
been successfully synthesized and further reducing whisker width is possible if smaller

seed is used.

Figure4.16 SEM image of whiskers grown on 22nm particle porous coatingebying
with 200nm filtered seed3he growth condition are KCI 2.9wt%, 75%RH, 2 days.
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4.4  Future Work

4.4 1Whisker Size Control
Based on the study of whisker growth by seeding, in order to further reduce the
whisker width, the seed size must be reducedrdtare several methods that could

possibly further reduce seed size and they are listed as below;

(a) In our research, the seed size is limited by ilber foore sizelf a finer filter such
as nanoporous alumina or silicon membraiik smaller pore sizeauld be used
to separate the attritor ground seeds, it maybe possible to obtain seeds less than
50 nm.

(b) Inspired by the factor that during seeded whisker growth, seed size was reduced
because part of the seed was dissolved by the capillary condensedifwtaeer
relative humidity could be raised at the initial growth stage to enhance the seed
dissolving, whisker with smaller width could be obtained. However, the proper
adjustment of the relative humidity level and the timing is the key to success.

(c) Insteadof the top down method, we can use bottom up strategy to synthesize salt
nanoparticles seeds. Annéhdeveloped a chemical synthesis method to make
dispersible sodium chloride nanoparticles. Harfiaeported that with an
electrospray particlegenerator, NaCl nanoparticle less than 20nm could be

gained.
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4.4.2Examination of Dislocation

Although several methods that were tried to locate dislocation in whisker failed, it
is still possible that dislocations existe in the whiskers and assiste the whisker growth.
The possible reasons are (a) the dislocation locating techniques used in the research were
developed decades ago and some procedures were not documented in detail or might not

be easy to repeat. This might cause the failure of finding dislocation in the whisker.

Recently Biermaffand Morif®> developed a TEM method and successfully
locatal the dislocation in PbS nanowire and ZnO nanotube. For seeded growth whiskers,
because the attrition process could generate dislocation in the seed due to mechanical
collision, it might be the source to assist whisker growth. This TEM technique could be
used to apply to salt whisker less than 100 nm to check whether dislocation assists the

whisker growth.

4.4.3Growth of Whisker of Other Materials

Compared to vapor phase and solution phase nanowire synthesis techniques, our
technique for whisker growth from sion saturated porous coating is relatively simple
and cost effectiveFigure 4.17 shows the preliminary results of sodium chloride and
potassium bromide whiskers grown on porous coating. It proved that this technique could
also be applied to grow whiskers of other water dissolvable salts. Furthermore, this
whisker growth method might also work for materials dissolvable inpaoter solvents

as long as the vapor pressure of the solvent could be controlled.
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Figure 4.17 SEM images of NaCl (a) and KBr (b) whiskers grown on porous coating
( NaCl: NaCl 2.9wt%, 70%RH, 2 days. KBr: KBr 2.9wt%, 67%RH, 2 days)

4.4.4Applications of Whisker

There are many possible applications for the skdais grown from porous
substrate. Superior mechanical property of whisker has been discovered for a lohg time.
3. 10. 12 This results from few imgrfections existed in the whisker. Recently, M8dre
discovered superplastic NaCl nanowire pulled from the surface of common salt and the
superplastic might also exist for the whiskers growth from porous caatihgf is worth

testing.
144



Nowadays, nanowire and nanotube attract a lot of interest because of its unique
properties %2 Compared with carbon nanotubes or other popular nanotube or nanowire
grown by vapor phase deposition, the whisker grown from solution is dissolvable, so that
it can be used as a sacrifice material. Hanvesigated the composite by mixing
polymer and water soluble salt particles. By dissolving the salt, soft porous polymer was
obtained. This could also be applied to the whisker. First, the whisker can be mixed with
some kind of polymer to increase mechanida¢rgyth of the composite. Then, the
whisker could be removed by simply dissolving it in aqueous solution to release the soft

polymer.

KCl is also widely used as a window material for infrared application because of
its superior optical transmission iretinfrared range. KCI whisker might be used in some

photonic devices due to its IR transparency.

Besides KCI, the same growth method can be applied to a lot of other materials.
With unique mechanical, magnetic and electronic property of different matgreaific
application can be achieved by certain kind of whisker. For example ferroelectric whisker

(KH,PQy) shows unique ferroelectric property compared to its bulk criftal.
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Chapter 5 Coating onto Open Celled Foam

5.1 Introdu ction

Solid foams, manufactured from metal, ceramic, polymer or carbon have a variety
of applications due to their high surface area, low relative density and complex interfacial
geometries. Solid foams have been used as heat exchangers, energy sabdsgtber
temperature filters, electron emiterfuel cell electrodes and catalytic suppSfts?

There are two types of solid foams: closed celled foam, in which theatellsolated,
and open celled foam, in which the cells are open and interconri&cté@he properties
of open cell foams can be improved and altered by adding a coating onto the internal

foam surface8®'®10310

Solid foans with interconnected porositare good candidate for structured
catalytic support&’?81%The foam structure leads to a low pressdrop and turbulent
flow, which increasesnteraction between theatalyst and reactantFor conventional
structured catalytic supports, such as honeycombs and monoliths, a mesoporous layer is
added to further increase the surface area before the awéital catalystare added®”

113 This strategy can also be useddotid foam catalytic suppat

Chemical vapor deposition (CVD) is one choiceteatea coating ortheinternal
foam surfaces. For exampkeveral reports*'93% have detailed theynthess of carbon
nanofibers ontdhe surfaces otarbon foarm Additionally, Kobashiet al °® reported

CVD deposition of a diamond coating oarlbon foam. In these CVD methods, a two
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step proceswas usedIn first step, a catalyst or seed layescoated on the foam by a
solution phase method, and in second step, the carbon nanofiber or diamond coating was
deposited onto the foam by chemicalper deposition. Although the CVD method
shows good coating quality, it is relatively expensive and time consumiagpther
disadvantage of CVD is thanly a limited humber of materials can be deposited due to

the gas phase reaction.

Another method t@oat open celled foam is by liquid phase deposition. Scheffler
and coworker§ and Bonaccorsiand coworkers® reported coating a thin zeolite layer
onto foams bydirect hydrothermal synthesis. However, this process is compljcateld
the final coating thickness is also limitedAn easier and faster liquid phase coating
alternative is dip coating. This method has been widely used in conventional catalyst
industryt o create a fAwashcoato onto monolith
usually made by immersing and removing the foam or monolith fromge$ablution or
slurry of particles; sometimes vacuum is used to assist filling of the pores or cHahnels.
To avoid blockage after drying, the excess liquid trapped is usually removed by blowing
compressed alf’ 8% or rotating*'® The development of protocols for these processes

has been empirical.

In this papera method tacoat open cell foanhy a combination of dip coating
and spin coatings developed ad studied systematicallyThe emphasis of the research is
on the coating process and understanding the experimental parameters that influence
thickness and uniformity. The process is then demonstrated with two coating systems
that have catalytic applitans: g-alumina and zeolite.
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5.2 Experimental Materials and Methods

5.2.1Solid foams

Carbon foams were purchased from ERG Aerospace Corporation. The structure
of the foam consists of solid interconnecting struts ¢mefosea cent r al voi d
Pores inthe cell are defined as the openings in the cell, as sholigumne5.1. Foams are
characterized by theumber of pores per inch (PPl this research, carbon foams with
10, 20and 30 PPI were used. Foams were cleaned aicedly in acetone and water
and dried in the oven at 70 for 1 hour before useFor consistency, all foam pieces

wer ex2&0. 80 in di mensi on.

Figure5.1 SEM image of a fracture80PPI carbon foam

5.2.2Model coating solutions
To study the liquid deposition process, solusiohglycerol and water were used.

Required amounts of glycerol and water were mixed thoroughly and put in an ultrasonic
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bath for 30 minutes before ugglycerolivater solutions wit a range of viscosities were
prepared. The viscosity and surface tension of solution were measured by a viscometer
(Brookkfield DV-11+) and a tensionmeter (Kruss K10STgspectively SeeTable 5.1.

Unlike viscosity, thesurfacetension of the solutions did not vary muclkor some
experimentsthe surface tension of the solution was adjusted by a surfactant (Aerosol

MA80% from Cyanamid). Thamountof the surfactant was less than 0.1 wt%.

Tableb5.1 Viscosity and surfactensionof glycerol/water solutios

Glycerol Viscosity €¢P Surface TensiomN/m)
70% 23 66.7
80% 47 66.1
90% 142 65.7
95% 419 65.2

5.2.3Dip coating

A computer controlled linear driven stage from Parker Automation was used for
dip coating. SeeFigure5.2. The withdrawal speeds could peecisely controlled from
0.05 to 500 mm/s. A weight monitoring module from Futek Advanced Sensor
Technology, Inc was attached to the arm of the linear driven sthgeweight of the
foam, attached to the linear stage, was measured dynamically duriogatiipg process.

The results arpresented as an average coating thickness

Coated Foam Weight - Initial Foam Weight

Surface Area of Foam (5.0
Density of Coating Liquid

Average Coating Thickness=
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where the initial foam weighits the weight of the bare foam measured before the
experiment and the coated foam weigtiaken as the weight dfie coated foam as soon

as it was withdrawn completely from the solutioAll foam pieces were the same size.
The surface area was calculated from the
the foam weight. The hdrawal speed was limited torBm/s because at higher speeds

there was significardrainage of the entrapped liquadter the complete withdrawal from

o

Coater
Arm

the solution

Weight
Monitor

Coating
Solution

Figure 5.2 The ®tup for dip coatingincluding a computer controlledtage and a
dynamic weight monitoring system.
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5.2.4Spin treatment

A commercialspin coater (Headway Research, Inc PWM320) was modified for
spin treatment of foam. The solid foam, after dip coating, was mounted onto an adaptor,
as shown inFigure5.3. The spin time, spin speed and acceleration could be precisely
controlled. As described later,nitial experimentsshowedthat the amount of liquid
initially loaded into the foam by dipoating was not important to the final amount of
liquid on the foam.Therefore, a simple dip coating by hand procedure was used. The

size of the foam was kept constanRak 2 &0 . .8 0

A spin treatment was used to remove the excess trapped liquid from the foam and
to redistribute the coating liquid are uniformly over the internal surface of the foam
after dip coating. To track the coating thickness, the initial bare foanveighedbefore
the experimentand the final coated foam weight was determined by weighing the foam
immediately after the spitreatment. The average coating thickness is calculated using

Equation(5.1).
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adaptor cover

mount

solid foam support

_ e

O-ring Support unit
connecting to spin
coater vacuum
system

Figure5.3 Schematic crossection (top) and photograph (bottom) of the adaptor used to
hold thefoam on the Headway Resehrspin coateduring spintreatment

5.2.5Alumina coatings

Aqueous alumina coating suspensions contained 5 wt% boehmite (AIOOH)
powder, 10 wt%g-Al,Os powder and 2 wt% poly(vinyl alcoholpispersible boehmite

powder Gasol;Dispal 23N480) hasan average dispersed particle siae90 nm. The
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specific surfae area after activation at 500 for 3 hours is 200 ffy. Gamma alumina
powder (SumitomdChemicals ADP G015)hasanindividual particle sizeof 50 nm and

the specific surface area is 15G/g Polyvinyl alcohol(CelanesgCelvol 523 has a
molecular weightin the range of 85,000 to 124,000 g/mol. To prepare the suspension,
boehmite powder wafrst dispersed idistilled water by stirring at 500 rpm at room
temperature for 1 hougAl,O3; powder was then addednd the mixture was stirred for
another 12 hours before diluted nitric acid was added to adjust the pH of the suspension
to 3.5. Lastly, aqueous polyvinyl alcohol solution (&%) was added, and the mixture

was stirred for tleast 12 hours before use.

Before coating, carbon foam was dip coated and spin treated with pure water.
This procedure helped the suspension wet the foam and fill all the voids during dip
coating. The wetted foam was then coated with alumina suspebgiahp coating
followed by a spin treatmerdt 2000 RPM for 60.s For multiple coatings, the
specimen was dried in the oven a@Ofor 1 hour between each coating layer. The
coated foam was themeated at 2€/min to 60@ and held therdor 3 hours 6 convert

boehmite tay-Al ,0s.

5.2.6Zeolite coatings

The coating liquid for zeolite coatings was a suspension of zeolite nanoparticles
with platelike morphology (0.4nvt%) in a polystyrene (9.6vt%)/toluene (90wt%)
solution. The zeolite, MCA22(P) with SiAl ratio of 20, was synthesiz&€d and was

exfoliated by shear in a polymer mé&ft
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The zeolite coating was made onto aluminum oxide foam obtained frehedHi
Ceramis Inc. (45 PPI). The morphology of this support is very similar to the carbon
foam structure shown in Figure 1. The dip and spin approach was used with a spin speed
of 1500 rpm and the spin time of 30 seconds. The dip and spin coating process was
repeate 5 times to increase the coating thickness. Between each repetition, the coating
was dried at 8€ for at least 3 hours. Then the coated alumina foam was he&4d@t
for 6 hours to thermally decompose and remove the polystyrene. A heating and cooling

rate of1’C/minwere used
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5.3 Results and Discussion

5.3.1Dip coating

Figure 4showsa plot of dynamic weight change for ®BPI carbon foamas it is
immersed into and withdrawfrom a glycerol/watersolution The positions of solid
foam relative tahe liquid level are also showBefore the experimenthe balance was
zeroed withdry foamattachedtherefore the y-axis is the weight relative to the digam
weight. On initial immersion the foam contacts the solution @oint B. Because the
carbonfoam is relatively hydrophobic, threeasuredveight droppedteeply as the liquid
resisted penetration into the foam pores. After that, continuing to point C, the measured
weight decreased graduatiye tobuoyancyAir bubbleswereobserved within thedam
as it entered the solution, but most of these rose to the surface as the foam moved deeper
into the solution At point D, the foam wagslmostcompletely immersed into the solution.
The steep increase in weight after point D occurred whenfdhen was ©mpletely
beneaththe solutionsurface At this time, somdrappedair bubbleswere still observed.
Then the foam was withchwn from the solution. Until point Fpo weight change
occurral as the whole foam was still immersedtive solution. At pointF, the foam
started to emergérom the solution and the weight increased gradually due to loss of
buoyancy. At poinG, about¥s of the foam was out of the solutioms calculated bthe
ratio of projected lengths of curve FG to FH onto x axis. From pointh& weight
increase rate was reduced because the liquid trapped within the foam cells started to drain
back to the solution reservoifhe competition between the weight decrease by drainage

and the weight increase by loss of buoyancy resulted in the resglimthe data from G
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to H. By studying different withdrawal speeds, we noted that the ratio of the projected
lengths of curve FG to GH on time axis increased with increasing withdrawal speed,
there was less time for liquid drainage at higher withdrapeéd.At point H, the foam

was withdrawn completely from the solution and the foam weight dropped back suddenly
because of the vanishing tie meniscus. The final weight gain was recorded as the

weight value at poinit

0 50 100 150 200 250 300 350
Time (s)

A solid foam
B H

‘\ E
liquid level

Figure5.4 Weight of a 10 PPI carbon foam, relative to its dry weight, measured as it was
immersed at 1 mm/s and withdrawn at 0.25 mm/s from a 90 gig%erol10% water

solution. Path ABCDEFGHI is the initial data taken with dry foamd gath
AOBOCODOEOFOGOHOI 6 i s the data for a secon
A schematic drawing of foam position relative to liquid level. (bottom)
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The AO6BOG CO DO E 06 HguefHsadynamicpnvaeighhdatioma second
immersion and withdrawal from the solutiofhe starting foam weight was the final
foam weightafter the first cycle Unlike the dry foam, the wet foam surface is wet by the
solution, and therefore on immersion capillarity pulls the foamnddeading to a sudden
measured weight increas¢ pointB6 .Fr om Poi nt BO6 to CO, i qui
through porous structure due to capillary force. This effect increased the foam weight and
it competed continuously with the buoyancy effect, whigltreased the foam weight.
Similar to the discussion above, this comp
At point CO6, the 1 of the foam that i s sti
and hence the capillary driven flow disaaped. The weight decrease rate increased and
the curve became smooth from point C6 to D
the ratio of the projected |l ength of cur v
i ncreasi ng s ptheefam was totallypimmensed intbb&he solution and the
meniscus disappearedhich caused a steep weight decreaBewerair bubbles were
trapped within the foarduring this second immersiodfromEG 16 p t he wei ght
were similar tathosefor the firg dip coating These results indicated that the formation
of a liquid layer on the foam in the initial dip coating step helped to diminish the trapped
air bubbles but otherwise did not dramatically affect the amount of liquid retained in the
foam after te dip coating cycle. For the experiments described below, the foams were
immersed and withdrawn from the coating solution once before the main dip coating

procedure.
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Figure5.5 shows the effect alvithdrawal speed on the aveeagoating thickness
from dip coating of glycerol/water solutions onto 10PPI carbon foéinedata showthat

the thickness, hjncreased wh withdrawal speed, U, according to a power law with

hpU". The power law exponent, n, increasesnf 0.18 to 0.32 as theglycerol
concentration and hence the viscosity, increasels other words, the dependenoé
thicknesson the withdrawal ratéecomessteeper as the viscosity increasds. these
experiments, the thickness is expected to varieitide foam as the liquid distribution

was not uniform, as discussed more below. Nevertheless, the average coating thickness

provides a good measure of the amount of liquid trapped in the foam.
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Figure5.5 Effect of withdrawal speed on tlaerage coating thicknegd®m dip coating
of glycerol/water solutions onto 10PPI carbon foam. Data are labeled witht%e
glycerol in the solution.

The effect of coating liquid viscosity caverage coating thkoessis shown in

Figure 5.6. The averagecoating thicknesslso followed a power law relationship with

viscosity h, wherehp A" The exponent m varies frofl to 0.2%s withdrawal speed
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increases At lower withdrawal speeds, the thickness increase depends less on the

solution viscosity.
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Figure 5.6 Effect of viscosity (in cP) on thaverage coatinghicknessfrom dip coating
glycerol/water solutions onto 10 PPI carbon foam. Data are labeled with the withdrawal
speed. The slope shown is the resiuim linear least squares fitting.

Data inFigure5.5 andFigure5.6 demonstrate that the amount of liquid deposited
in the foam depends both on viscosity and the withdrawal rate, and that the effects of
these two parameters are coupled. Indipecoding of a nonporous plate, the coating
thicknesss determined byhe balance between viscous drag, which pulls liquid up with
the moving substrate, and graviand surface tensiofrom the curved liquiezapor
meniscus, which both act in the opposite dimc The effect of viscosity and
withdrawal speed on thickness is given by the Lardauitch equatioft

=094 V)" (52)

g"°(rg)*?
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For the open cell foam, the relationship between thickness angrtioess
variables is complicated due to the internal structure, which influences the dynamics of
the competing effects listed above. Viscous drag is responsible for pulling liquid upward
and gravity causes a downward flow. However, the viscous drag,etfbath is
proportional tohU, is not as strong in the coating of foam as compared with the flat plat,
as evidenced by comparing the exponents in the power law relationships. The surface
tension effect is more complex. Similar to the flat plate, there is an externahapod
meniscus, which pulls liquid downward, but there are also a multitude of internal menisci
that are more highly curved and trap liquid within the cells. In fact, contrary to the flat
plat effect, lowering the surface tension of the coating solution byhgdaisurfactant
leads to less liquid in the foam, a lower average thickness.Fi§aee5.7. The rough

surface of the foam may also play a role in pinning contact lines internally.
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Figure 5.7 Effect of surface tension effect @he averagethicknessfrom dip coating of
70% glycerol/30%water solution of various surface tensions o8@®PI carbon foam.
Data are labeled with the surface tension of the solution.
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Thicknesstrendsfor coatingson 30 PPl foam were the same assthshown for
10 PPI. SeeFigure5.8. However, the average coating thickness deposited on the 30 PPI
foam was less than that on the 10 PPI foam for a given coating liquid and withdrawa
rate. The difference became more apparent as the withdrawal rate increased. The 30 PPI
foams had both smaller cell and pore sizes, and smaller strut dimensiofgy(se®.1
for structural features)he origin of the poreize effect requires more investigation but
could be related to the strut dimension. The thickness of coatings on fibers decreases as
the fiber radius decreases due to the influence of the meniscus cut¢aByeralogy,
the thickness on the thinner struts of the 30 PPI foam is less than that on the thicker struts
of the 10 PPI foam. For foamsth muchhigher PPI values argimaller pore sizg such
as 80PPI foam, the hydrophobic surfaoéthe carborcauss probdems. Air bubblesare
trapped into the pores and the foam foat the surface of the coating solution. In this
case, nitric acid surface functionalization treatméhtanbe used to make carbon foam

surface hydophilic.
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Figure5.8 Effect of withdrawal speed on tleerage coating thicknef®m dip coating
of glycerol/water solutions onto 10 P&hd30 PPI carbon foam. Data are labeled with
the % glycerol in theolutionand the pore content of the foam

One important advantage of open celled carbon foam is its low pressure drop due
to its large quantity ofvoid space However, vsual observations indicated that some of
theglycerol/water solutionvas trappedh the voids of the foam after dip coating process.

To further investigate this phenomenondiapersion oflOwt% boehmite in water was
usedas the coating solutioi\fter the foam was completely withdrawn frdahe solution,
excess liquid wasbserved tde rapped in the foam poreBuring drying, some trapped
liquid drained to the bottom part of the foam due to gradhd some was retained as a
thin film that covered theircular windowsthat connect the cellSeeFigure 5.9. After
drying, solidified films block the pores ammbtentiallydegrade propertiesVarying the

dip coating speed (i.e., lowering the speed) did not improve the situdti@refore dip
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coating alone is not an effective coating technique iansl important to remove the

trapped liquid

Figure 5.9 Optical images oExcesdiquid trapped in the pores of carbon fodleft). A
solidified film formed on the pore windogight).

5.3.2Spin treatment

Figure5.10 shows the effect of initial average coating thickness after dip coating
on the average coating thicknesses after the spin coating treatment. The initial average
coating thickness, calculated with equation (1), was varied coatinglifigrent
withdrawal speeds. The dip coated foams were then spin treated at 1500 rpm for 30
seconds. After spinning, the foam was weighed to calculate the final coating thickness,
again based on equation (1). The result shows that the final coatingetbsckvas
independent of the initial liquid load or the dip coating withdrawal speed. This
independence required that the spinning speed and time be above a critical level. For
example, the critical spin speed and time combination for 90% glycerol solwas
determined to be 1500 rpm and 30 seconds. Bec¢hasxact amount of liquid initially
loaded into the foam by dip coating was not important to tta éimount of liquid on the

foam, a simple dip coating by hand procedure was used in spin treatomint
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Figure5.10 Effect ofinitial liquid load on final coating thickness for 30 PPI carbon foam
dip coated witl®0% glycerol 10% water at various withdrawal speeds and spin treated at
speedof 1500 rpmfor 30 seconds

Figure5.11 shows the effect of spin time on coating thickness foPB0Ocarbon
foam coatedwith 100% glycerol and 80% glycef@aD% watersolution at various spin
speeds. The coating thickness decreased withréasing spin time initially, but after

about 60s, the thickness decrease slowed down and started to flatten out.
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