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Abstract

The main objective of this work is the description of the shape and phase
transition liquid-solid of water bridges and the determination of cohesive

and adhesive properties of ice bridges. Depending on the material and the

bridge geometry the ice bridges fail either cohesively or adhesively. Bridges

on well wetted material, i.e. small contact angles, (e.g. metals) usually fail

cohesively while ice bridges on poorly wetted material, i.e. large contact an¬

gles, (e.g. polymers) often show adhesive failure.

For the purpose ofthis investigation a liquid water bridge is formed between

two horizontal plates. A Peltier element is in contact with the top plate with

which the water bridge temperature can be controlled. Therefore copper is

used exclusively as top plate material because of its good heat conductivity.

Strong supercooling is always needed for freezing the water bridges. A de¬

pendence of the degree of supercooling on the bridge volume is observed.

Photographs of the freezing process of liquid water bridges are recorded and

the temperature where crystallisation starts is measured. The onset of crys¬

tallisation is accompanied by a sudden change in the opaqueness of the

bridges. At this stage the shape of the bridge remains unchanged suggesting

that only a small fraction ofthe water is crystallised. Next a horizontal freez¬

ing front moves down from the top plate resulting in a more opaque bridge

while the shape of the bridge still does not change significantly. Shortly be¬

fore the whole bridge is frozen a swelling is formed around the bridge cir¬

cumference at its lower half to accommodate the volume increase associated

with the phase change from liquid water to ice. The adhesion area and the

contact angle of the bridge on the solid surface arc not influenced by the

phase transition while the neck diameter increases according to the decrease

of density. Therefore the crucial geometric parameters of the ice bridge can

be deduced from the liquid bridge profile except for the discontinuity in the

bridge profile caused by the swelling.

The resulting ice bridges are subjected to a tensile test. The rupture force is

measured by a load cell connected to the bottom plate and the strain is meas¬

ured by connected length gauge. Using this data the tensile strength and the

Young's modulus or the adhesion strength of the ice bridges are calculated

depending on the type of failure. In case of cohesive failure fracture analysis
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shows that the theory of fracture mechanics can be applied to tensile strength

measurements of ice bridges. In this way the size of the defect leading to

crack propagation and subsequent failure and the resistance of the ice struc¬

ture to crack propagation can be estimated. The influence of the bridge ge¬

ometry and the cooling rate on the determined mechanical parameters is

investigated.

A fracture mechanics model describing the adhesion strength of ice on a sol¬

id plate is developed and tested for different bottom plate materials. Ice

bridges between two copper plates always showed cohesive failure (since

copper is well wetted by water) whereas ice bridges on the poorly wetted Te¬

flon (polytetrafluorethylene) failed adhesively in all experiments. With

these two materials the adhesion model could only be tested indirectly. If

Kel-F (poly-chlorotrifluorethylene) was used as bottom plate material the

model could be tested directly since the ice bridge failed cohesively or adhe¬

sively depending on the bridge height. With theses results the developed ad¬

hesion strength model could be proven to be correct. Therefore it is possible

to predict the adhesion strength and with this the expected adhesive and co¬

hesive forces of the ice bridge if the mechanical characteristics and geome¬

try of the ice bridge is known. By comparing these two forces the failure

type of the ice bridge can be anticipated.

Liquid bridge profiles are analysed photographically and evaluated with the

Laplace equation of capillarity under gravity. In this way the capillary force

for known surface tension ofthe liquid or the surface tension for known cap¬

illary force can be calculated. With this new method the determination of the

surface tension of liquids is possible.
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Resume

L'objectif de ce travail est de décrire la forme et la transition liquide- solide

des ponts d'eau entre deux plans horizontaux. De plus, les propriétés
cohésives et adhésives de ponts de glace résultant du sur-refroidissement des

ponts d'eaux ont été déterminées.

Le processus de congélation et le point de congélation des ponts d'eau ont été

déterminés photographiquement. Un sur-refroidissment dépendant du

volume des ponts a été observé pour toutes les expériences de ce travail. Les

ponts de glace résultants du processus de congélation sont soumis à un test

de traction. La résistance à la traction et le module élastique sont calculés.

L'analyse des fractures montre que le modèle théorique décrivant la

mécanique de la fracture est applicable. Ainsi, la longueur du défaut qui
commence à se propager et la résistance à la propagation des structures de

glace peuvent être estimées. L'influence de la géométrie des ponts de glace
et de la vitesse du refroidissement sur les propriétés mécaniques ont été

étudiées.

L'application de la mécanique des fractures décrivant l'échec cohésif des

ponts de glace est étendue à l'échec adhésif de ces mêmes ponts. Un modèle,

décrivant la tension adhesive de la glace sur une surface solide, a été

développé et confirmé expérimentalement. Une prédiction du type d'échec

intervenant lors de la rupture peut être fait par comparaison entre les forces

cohésives et les forces adhésives.

La forme des ponts de glace et la forme des ponts liquides avant la

congélation sont liées. Ainsi, les paramètres géométriques cruciaux du profil
discontinu peuvent être prédits.

Les paramètres du profil du pont liquide et les paramètres mécaniques

expérimentaux des ponts de glace peuvent être combinés. Il en résulte une

prédiction théorique du type d'échec des ponts de glace sous traction.

Les profils des ponts liquides ont été analysés à l'aide d'un procédé

photographique et évalués dans l'approximation capillaire. De cette façon, la

force capillaire peut être déduite connaissant la tension de surface et vice-

versa. Dans ce but, une nouvelle méthode pour déterminer la tension de

surface des liquides a été introduite.
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Zusammenfassung
Das Ziel dieser Arbeit war es, die Form und die Vorgänge während des

Phasenübergangs flüssig-fest von Wasserbrücken zwischen zwei hori¬

zontalen Platten zu beobachten und die kohäsiven und adhäsiven

Materialeigenschaften der entstandenen Eisbrücken zu bestimmen.

Abhängig vom verwendeten Plattenmaterial und der Brückengeometrie

konnte adhäsives oder kohäsives Versagen der Eisbrücken beobachtet

werden. Wasserbrücken auf einem von Wasser gut benetzten Material,

d.h. kleine Benetzungswinkel, wie z.B. bei Wasser auf Metallen, weisen

normalerweise kohäsives Versagen auf, während Eisbrücken auf einem

schlecht benetzten Material, wie z.B. auf Polymeren, mit grossen

Benetzungswinkeln, adhäsiv versagen.

Zum Zweck der Untersuchung der Versagensart von Eisbrücken, wurde eine

flüssige Wasserbrücke zwischen zwei horizontalen Platten gebildet. Durch

ein mit der oberen Platte in thermischem Kontakt stehendes Peltierelement

konnte die Temperatur der Wasserbrücke kontrolliert werden. Wegen seiner

guten thermischen Leitfähigkeit wurde ausschliesslich Kupfer als Material

für die obere Platte verwendet.

Um die Wasserbrücken einzufrieren, musste das Wasser immer stark

unterkühlt werden, wobei eine Abhängigkeit des Unterkühlungsgrades von

dem Brückenvolumen beobachtet werden konnte. Der Gefrierprozess wurde

photographisch aufgezeichnet und die Temperatur, bei der Kristallisation

einsetzt, bestimmt. Der Beginn der Kristallisation ist mit einem aprupten

Eintrüben der Wasserbrücke verbunden, wobei die Brückenform

unverändert bleibt. Das legt die Vermutung nahe, dass nur ein kleiner Teil

des Wassers in kristalliner Form vorliegt. Als nächstes bewegt sich eine

horizontale Gefrierfront, bei der oberen Platte startend, abwärts durch die

Brücke hindurch. Diese wird dadurch noch undurchsichtiger, behält aber

immer noch ihre grundsätzliche Form bei. Kurz bevor die Brücke

vollständig gefroren ist, bildet sich eine Schwellung in der unteren

Brückenhälfte um den Brückenumfang herum, die durch die

Volumenerhöhung beim Phasenübergang flüsig-fest von Wasser entsteht.

Die Adhäsionsfläche und die Benetzungswinkel der Brücke werden durch

den Phasenübergang kaum beeinffusst, wohl aber der minimale

Durchmesser der Brücke, der sich entsprechend der Dichteänderung
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vergrössert. Aufgrund dieser Beobachtungen können die charakteristischen

geometrischen Parameter der Eisbrücke, ausgenommen der Diskontinuität

im Brückenpro fil, die durch die Schwellung verursacht wird, mit Hilfe der

Kontur der flüssigen Wasserbrücke bestimmt werden.

Die entstandenen Eisbrücken wurden nach dem Erstarren einem Zugversuch

unterzogen. Dazu wurde die Kraft und die Längenänderung der Brücke mit

einer Wägezelle und einem Längenmessgerät bestimmt. Mit diesen Daten

konnten je nach Art des Versagens die Zugfestigkeit und der E-Modul oder

die Adhäsionsfestigkeit der Eisbrücken berechnet werden. Die

Bruchauswertimg bei kohäsivem Versagen zeigte, dass das Bruchverhalten

von Eisbrücken mithülfe der Bruchmechanik beschrieben werden kann.

Dadurch kann die Grösse des anfangs unterkritischem und zum Versagen

führenden Risses und der Widerstand des Eises gegen Rissausbreitung
bestimmt werden. Der Einfluss der Brückengeometrie und der

Abkühlgeschwindigkeit auf die mechanischen Parameter der Eisbrücke

können so untersucht werden.

Die Adhäsionsfestigkeit von Eisbrücken unter Zugbelastung wurde mit Hilfe

der Bruchmechanik modelliert und für verschiedene Materialien für die

untere Platte überprüft. Im Falle von Eisbrücken zwischen zwei gut

benetzten Kupferplatte wurde ausschliesslich kohäsives Versagen
beobachtet. Wurde die untere Kupferplatte duch eine schlecht von Wasser

benetzte Teflonplatte (Polytetrafluorethylen) ersetzt, fand in allen

Experimenten adhäsives Versagen statt. Demzufolge konnte das in dieser

Arbeit entwickelte Adhäsionsmodell unter Verwendung dieser beiden

Materialien nur indirekt überprüft werden. Wurde als unteres Plattenmaterial

Kel-F (Polychlortrilluorethylen) gewählt, konnte man durch Variation der

Brückenlänge adhäsives und kohäsives Versagen herbeiführen. Dies

ermöglichte es, das Adhäsionsmodell direkt zu bestätigen. Es ist also

möglich, die Adhäsionsfestigkeit der Eisbrücken und damit die zum

kohäsiven und adhäsiven Versagen notwendigen Zugkräfte vorherzusagen,
wenn die mechanischen Eigenschaften und die Geometrie der Eisbrücken

bekannt sind. Durch einen Vergleich der beiden um Versagen führenden

Kräfte kann demzufolge die Versagensart und die maximal mögliche

Belastung der Eisbrücke vorhergesagt werden.
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Die Profile der flüssigen Brücken werden photographisch analysiert und mit

der Laplace Gleichung im Schwerefeld beschrieben. Auf diese Weise kann

die Oberflächenspannung der Flüssigkeit bestimmt werden, falls die

Kapillarkraft gemessen wird oder umgekehrt die Kapillarkraft für bekannte

Werte der Oberflächenspannung berechnet werden. Ersteres entspricht einer

neuen Methode zur Bestimmung der Oberflächenspannung von

Flüssigkeiten, fur deren Anwendung geringe Flüssigkeitsmengen
ausreichen.
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1. Introduction

1.1. Motivation of this thesis

The company CSEM (Centre Suisse d'Electronique et Microtechnique) has

developed a robot (Microgrip) for assembling small and sensitive compo¬

nents of various shapes that cannot be assembled by pliers because of the

sensitivity of the component's surface or assembled with help of vacuum

grippers because even, plane areas at which the vacuum gripper can attach

itself are missing.

By means of a small water droplet placed on the surface of the component

and by suddenly freezing the then formed water bridge the robot picks the

components. This way horizontal slippage due to acceleration of the robot

arm is avoided and the adhesion forces are increased. After moving and as¬

sembling the component the ice is melted and the robot arm can be taken

off. In most cases, the remaining water drop on the component evaporates

fast at ambient conditions without leaving traces. It was found that water is

the best suited liquid for the purpose of the robot. Because of the volume

expansion of the frozen water bridge especially irregularly shaped compo¬

nents could be gripped well. Additionally the water is a non-toxic liquid

and does generally not corrode the component within the short contact

time. Since water is a polar liquid it wets metals well allowing for large ad¬

hesion forces of the ice bridges. However, hydrophobic materials are not

wetted well and the adhesion strength of ice on these materials is compara¬

bly weak.

1.2. A new method for surface tension measurements

There exist various methods for determining the surface or interfacial ten¬

sion of liquids. However, not all of them are applicable. In all experimental
situations during this work a special interest in the surface tension of super¬

cooled water arose. Only the sessile drop profile analysis introduced by

Cheng et al. [8] fulfils the experimental requirements for this purpose. The

results obtained by this method were generally not satisfying as will be

demonstrated in section 5.1.

The idea of using liquid bridges to determine the surface tension of a liquid

by an analysis of the bridge profile was developed and examined.
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1.3. Scopes of this thesis

Microgrip is versatile and independent of the component's shape but hydro¬

phobic, smooth surfaces are difficult to be picked up. The adhesion forces

in such cases are often too small to attach the components. This work was

done for better understanding the forces that can be applied by ice bridges.
The main goal was the development of a reliable model predicting whether

a component can be moved with help of an ice bridge and how the adhesion

forces can be maximised.

Surface tension measurements are important in many fields (e.g. waste wa¬

ter treatment, food industry, medicine). Some of the investigated liquids

may be expensive or rare. Therefore an increasing demand exists for meth¬

ods using small amounts of the specified liquid and giving accurate results.

Additionally the surface tensions of special systems (e.g. supercooled water

and aqueous solutions) are of interest.

1.3.1. Problem definition

1.3.1.1 Microgrip

Usually, the components assembled with the Microgrip are of irregular

shape, they are not cleaned thoroughly and can consist of several different

materials. They were therefore unsuitable to perform basic research with

the aim to understand the various influences on the gripping force. There¬

fore an experimental setup consisting of two horizontal plates was devel¬

oped idealising and abstracting the robot. The top and bottom plate symbol¬

ised the gripper's tip and the component to be picked, respectively.

Although liquid bridges between two horizontal plates can be described

theoretically it is unknown how the bridge profiles change during the phase
transition liquid-solid. Information about the shape of the ice bridges is cru¬

cial for a model describing the adhesion forces.

The characteristics of small amounts of water can be essentially different

from bulk water properties (e.g. small water volumes can be supercooled

considerably before crystallisation starts). Hence, the applicability of litera¬

ture data measured for bulk water samples on small water volumes has to

be proved first. Literature data on the strength of ice exist mainly for the
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shear strength of ice on solids. The stress distribution introduced into the

ice bridges by a shear test does not describe the actual stress distribution in¬

troduced by the Microgrip. Therefore tensile tests were carried out.

The examination of the developed model describing the adhesion of ice to

solids is limited by the predetermined form of the ice bridges. This form

depends on the shape of the water bridge prior to freezing and cannot be

changed arbitrarily. Therefore the model could only be proved indirectly by

predicting the type of failure which occurred for a given system. Since the

model is based on the theory of fracture mechanics it can be only applied if

bridge failure was caused by crack propagation.

1.3.1.2 Surface tension measurement

Because in all supercooled systems crystallisation can suddenly occur the

surface tension measurement of supercooled aqueous systems is problemat¬

ic. The suitability of an analysis of liquid bridge profiles was investigated

as possibility for determining the surface tension in such cases. Another ad¬

vantage of this method is the small liquid volume necessary for the meas¬

urements. This way the method can also be applied to systems containing

rare or expensive components.

Experimental problems concerning this method are the wetting behaviour

of the solid plates by the liquid influencing the axi-symmetry of the bridg¬

es. If the bridge were not axi-symmetric the geometric relations mandatory

for describing the bridge profile by the Laplace equation of capillarity are

not fulfilled.

1.3.2. Objectives
• Description of the shape and capillary forces of liquid bridges

• Determination of the surface tension of liquids by analysing liquid

bridge profiles

• Shape description of ice bridges

• Determination of the mechanical parameters of ice bridges

• Investigation of the applicability of fracture mechanics to ice bridges

• Development of a model describing the adhesion strength of ice

bridges
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2. Theory

2.1. Capillary forces in liquid bridges

Capillary forces exerted by liquid bridges between two objects can be rela¬

tively large. The capillary forces exist as a consequence of the curvature of

the free surface of the bridge. The latter depends on the contact angle be¬

tween the liquid and the solid, the surface tension of the liquid and the den¬

sity difference between the liquid and the surrounding medium. Curved

liquid surfaces in an equilibrium state can be described with the Laplace

equation of capillarity:

Ap = y (i + i) =

Pli quid
Pr
air

(1)

where Ap is the pressure difference across the curved surface,y is the sur¬

face tension and rj and r2 are the principle radii of curvature of the free sur¬

face. A schematic view of geometric parameters of a liquid bridge is

presented in figure 2.1.

h

a,.

r,

0
r,

r-,

,/
de

a0y

x

Figure 2.1 : Scheme of a liquid bridge

An infinitesimal small movement ds of a given point along the surface of

the bridge is accompanied by an infinitesimal small change d8of the angle
0 between the vertical bridge axis and the normal of the surface. Following
the scheme above, the radii of curvature can be expressed as

-

sin(d6)^ dO

ds ds
(2)
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I
=
EH©

(3)
r2 x

The associated infinitesimal change of the cartesian coordinates of the sur¬

face (dx, dy) can be expressed as.

dy = sitiG • ds (4)

dx = cos9 • ds (5)

Principally the radii of curvature may be described by two pairs of varia¬

bles: (s, 0) or (x, y). For the lattei rt and r2 can be described as:

1 x

rl
-> 3/2

(l + O

1

r2
,

."> 1 /2

(6)

(7)

Using s and 9 as integration variables equation 1 assumes the form

Ap = YU- + (8)
Vds x /

Combining equation 8 with equations 4 and 5 a system of three first order

differential equations is obtained.

In cartesian coordinates, however, one second order differential equation is

obtained:

Ap =

y

f
x

v
• 2 3,2 .2 1/2

(1 +X ) X- (1 + X )
'

(9)

This results in the pressure difference across the free liquid surface. As the

liquid bridge is subjected to gravity, the pressure difference changes with

the height y of the bridge depending on the density difference Ap between

the liquid and the surrounding medium and the gravitational constant g

(g = 9.806521 m/s" for Zürich). Compare with figure 2.1 for the coordinate

system's origin.

Ap(y) = Ap [^ __0-Apgy (10)

From the combination of equations 9 and 10 follows:
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/

AP|y==0=y
x

+
1

2 3/2

(1+x )
X (1 + X ) J

+ Apgy (11)

The bridge's capillary force acting on the top and bottom plate consists of

two terms. The first part is the result of the pressure difference Ap whereas

the second part is acting at the circumference of the wetted area in the di¬

rection of the contact angle a [27] and is the direct result of the surface ten¬

sion of the liquid y and the contact angle a:

FcaP(y) = Ap(y) % ' x(y) ^ 2nx(y) • y • sma = FAp+fy (12)

Usually the first term dominates but nevertheless, the second term is not

negligible. As can be seen in figure 2.2, the influence of the second term of

equation 12 increases the more the bridge is stretched, i.e. the smaller the

pressure difference Ap and the smaller the curvature of the bridge get.
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2.2. Methods for determining the surface tension of liquids
There exist various methods for the measurement of the surface or interfa-

cial tension of a liquid. They can be roughly divided into force methods

(generally based on extreme values) and methods related to the shape and

the volume of liquid drops. In the following paragraphs the most common

of these methods are discussed.

For the purpose of this work it was necessary to measure the surface ten¬

sion of supercooled water. In this case the surface tension has to be meas¬

ured with a method where sudden freezing of the liquid can occur without

damaging the experimental equipment. Hence, most conventional methods

cannot be used. A profile analysis of sessile drops and liquid bridges, how¬

ever, could be used for this purpose. In the following paragraphs the drop

detachment method and the contour analysis methods for pendant or sessile

drops and axisymmetric liquid bridges are introduced.

2.2.1. Drop detachment method

The physical basis of this method is the relation between the surface ten¬

sion and the volume of drops detaching from a vertical capillary under the

influence of gravity. Such a drop is presented in the following figure:

i

a

Ap

G-ApgV

T

Figure 2.3: Scheme of the maximum drop pending at a capillary
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In the static case, mechanical equilibrium is reached with the maximum

drop volume Vmax that is hanging at the end of a vertical capillary of

radius r. The relation between the forces acting on the drop can be ex¬

pressed as [19]:

2

ApgVmax = 27trysina + 7tr Ap (13)

Though Vmax can be measured directly, both a and Ap are difficult to de¬

termine. When the maximum volume of the drop is reached, a drop of vol¬

ume Vf falls off whereas a part of the drop of volume (Vmax~ Vf) is

remains at the capillary tip. An empirical expression of the force balance is:

VfgAp = 27uryf (14)

where fis a correction factor introduced by Harkins and Brown [21 ].

This method was proved to be accurate and reproducible and thus suitable

for measuring reference values of the surface or interfacial tension [50].

2.2.2. Pendant and sessile drop

The shape of sessile and pendant drops have been investigated thoroughly.
Tables giving the values for characteristic geometric parameters of the con¬

tour of sessile and pendant drops have been reported in dimensionless form

by Llartland and Hartley [ 22].

Rotenberg et al. [47] were the first introducing the drop shape analysis for

the determination of the surface tension of liquids.

2.2.2.1 Sessile drop

Sessile drops would be suitable for measuring the surface tension of super¬

cooled liquids as only small amounts of water are generally used allowing

supercooling of the sample. Sudden freezing of the droplets would not

damage the experimental equipment.

The Laplace equation of capillarity (equation 1) can be applied for a sessile

drop as well as for a liquid bridge. A schematic design of a non-wetting
sessile drop on a flat surface is shown in figure 2.4:
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Figure 2.4: Scheme of a sessile drop on a flat, horizontal plane showing the

selection of the coordinate system and geometric parameter def¬

initions

The origin of the coordinate system is placed at the apex of the drop. The y-

axis coincides with the axis of symmetry of the drop. The x-axis is chosen

perpendicular to the y-axis. The principle radii of curvature are denoted by

Y[ and i"2 where t"j turns in the plane of the paper and 1*2 turns in the plane

perpendicular to the plane of the paper and around the axis of symmetry. At

the apex of the drop 1^ and 12 have the same value, i.e. i\ -V2- Yq. Follow¬

ing the same steps as in equations 3 to 5 the Laplace equation of capillarity
for a sessile drop can be written as

2y

,
. /d9

,
sinG'-I

+ Apgy=Y(- + _ (15)

The equation above can be written as a system of three first order differen¬

tial equations:

d9
_

2 Apg sin9

ds rA Y x
•0

dx

ds
= cosO

dy
ds

suit

(16)

(17)

(18)

This system can be integrated from s = 0 to s = s^ with the initial condi¬

tions

d9

ds

1
=•

—, 01
A

= 0, x|
A

- 0 and yl
s = 0 0

s-0
0.
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If experimentally measured drop profiles are fitted by a least squares proce¬

dure using the theoretical Laplacian profile form, it is possible to determine

the surface tension y and the radius of curvature r0 at the apex. Of crucial

importance for the fit are the initial conditions and the position of the origin
of the coordinate system. The experimental determination of the apex posi¬
tion is strongly influenced by the camera resolution. Because ofthat, the ra¬

dius of curvature r0 at the apex and the position of the apex xq, y0 were

additionally included beside the surface tension y [8] as integration varia¬

bles. This leads to a sub-pixel resolution for the determination of the apex

position. An example of a fit of an experimental contour is shown in

figure 2.5:

+ experiment
-— Laplace fit

I I ()
£

-0.5

0

0.5

1

1.5

2

2.5

drop radius / mm

Figure 2.5: Fit of an experimentally measured sessile drop contour by the

Laplace equation, liquid: glycerin, S=20°C, Ap=T.226 g/cmJ

As figure 2.5 demonstrates, the lit of the experimental contour by the La¬

place equation is accurate (residuals mean square uns = i .65T0"4 mm2).

2.2.2.2 Pendant drop

The Laplace equation can be applied as well to pendant drops. The advan¬

tage of measuring pendant drops hanging on a capillary instead of sessile

drops on a horizontal surface is the relatively small influence of the solid

surface since the contact area (i.e. the circumference of the capillary for

pendant drops) is drastically reduced. As a consequence the symmetry of
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the pendant drop is enhanced which is a basic assumption in the determina¬

tion of the geometric parameters of a drop. The disadvantage of this method

for measuring surface tensions of supercooled liquids is the capillary itself.

The capillary is filled with the liquid as is the attached syringe. Sudden

crystallisation of the liquid can therefore damage the capillary. Additionally
the possible amount of supercooling is reduced since the liquid volume in

the syringe, the capillary and of the pendant drop itself is larger than the

volume of a sessile drop.

It is reported [5, 8, 47] that the accuracy of the surface tension determina¬

tions by pendant drops exceeds the accuracy achieved by sessile drops con¬

siderably. In this work, however, the surface tension was not determined by

pendant drops since the experimental setup is inept for the determination of

the surface tension of supercooled water and since the drop detachment

method had already be chosen as reference method.

2.2.3. Liquid bridge

A liquid bridge profile can be used to determine the surface tension of su¬

percooled water. The advantage of using a liquid bridge is the small amount

of liquid and that the liquid is not connected to a water reservoir. Addition¬

ally the free surface area of the bridges can be changed by stretching them.

This may be used as an alternath e method to the Langmuir-Blodget bal¬

ance.

For the determination of the surface tension an experimental bridge contour

is fitted by combining equations 11 and 12. For this purpose, the capillary
force Ftop is measured at the top plate. The wetted radius x^ and the contact

angle a^ are the corresponding values at the top plate. The equations can

then be rewritten as

.9 3/2

x = (l+x~)

with

Ap] ^

= —^- —sina|1+Apgh (12a)

Tcxh" xh

_v n
.? 1 2

z±£ß
Y

Ap
y-

y
(lia)



-21

The starting values for the numerical integration from y
= h (height of the

bridge) to 0 are:

1

'y = h n
y ,= h tanah

The most crucial part of this method is the axisymmetry of the bridge. The

wetting phenomena of the solid/liquid interface may influence the symme¬

try of the bridge considerably. For this reason, solid surfaces exhibiting

poor wetting with the liquids studied may be preferable.

2.3. Freezing of a liquid
When a liquid is cooled down in order to solidify, it can be observed that

crystallisation occurs at temperatures below the equilibrium freezing point,

i.e. the melting point of a solid. This effect is called supercooling. In the

following paragraphs, supercooling as observed in experiments carried out

in this work and crystallisation are discussed.

2.3.1. Supercooling of liquids

Measurements on supercooled liquids are generally difficult to perform be¬

cause of the likelihood of crystallisation during the experiment. It was

found that for small volumes the probability of freezing is sharply reduced.

The onset of crystallisation during cooling is in general highly unpredicta¬

ble and sample-dependent. It has become quite clear, however, that crystal¬

lisation is normally not a property of the liquid itself but rather a function

of the sort of solid surfaces or particulates with which it is in contact. The

reason is that crystallisation taking place at the contact area of a present for¬

eign surface reduces the amount of local excess free energy per unit volume

compared with the high local excess free energy associated with homoge¬
neous nucleation. Supercooling is a raetastable state. Kinetics of nucleation

favours the liquid state although the solid state would be thermodynamical-

ly more stable. Not all liquids can be supercooled. Long chain alcanes and

alcohols for example show no supercooling.
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2.3.2. Crystallisation in the liquid bridges

Crystallisation in a liquid starts when a critical number of nuclei acting as

centres of crystallisation are formed. It is always difficult to determine

whether a liquid has nucleated by itself or whether artificial nucleation oc¬

curred. Five different nucleation processes can be distinguished as shown in

figure 2.6:

Nucleation

Primary Secondary
(induced by crystals)

Homogeneous Heterogeneous
(spontaneous) (induced by foreign particles)

Figure 2.6: Scheme of different nucleation processes [41]

Primary nucleation occurs without the presence of any crystals. When crys¬

tals are present in a liquid system, nuclei tend to be formed near them. Such

a process is called secondary nucleation. When a system starts nucleating

spontaneously without any external influence the process is called homoge¬

neous nucleation. In the following paragraphs primary nucleation will be

discussed.

2.3.2.1 Homogeneous primary nucleation

It is not exactly known how a stable nucleus is formed in a homogeneous

fluid. Only when microscopic nuclei appear the crystallisation of a liquid is

possible. These, however, are thermodynamically unstable and redissolve

rapidly. Under certain conditions, e.g. coagulation or very strong super¬

cooling, stable nuclei are formed eventually and the molecules become ori¬

ented in a fixed lattice. If a nucleus grows beyond a certain critical size, it

becomes stable and can survive under the average conditions in the bulk

fluid. The classical theory of nucleation was developed by Gibbs et al. and

is based on the condensation of a vapour to a liquid. This theory can be ex¬

tended to the crystallisation in melts and solutions [41].
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liquid

solid particles
(crystal nuclei,

solutes) in solution

Figure 2.7: Schematic description of the parameters explaining nucleation

A spontaneous thermodynamic process will take place when the free ener¬

gy change associated with such a process leads to a state with reduced free

energy. The overall excess free energy AG for the nucleation process be¬

tween a solid particle of solute (nucleus) and the solute in solution (liquid)
is equal to the sum of the surface excess free energy AGS and the volume

excess free energy AGy. The surface excess free energy is the excess free

energy between the surface of the solid nucleus and the bulk of it. The vol¬

ume excess free energy is the excess free energy between the liquid and the

solidified sample.

2 4 i

AG = AGç + AGV = 4rcr y + ~%f AG.. (19)

where AGU is the free energy change per unit volume of the solidification

process (assuming spherical crystalites) and y is the interfacial tension be¬

tween the liquid and the crystal formed from the liquid. Since the two terms

on the right hand side are of opposite sign and depend differently on the nu¬

cleus radius r, the excess free energy of transformation passes through a

maximum at the critical nucleus radius value r
cnt

•

dAG

dr
- Sur

ity + 4irr"AG
'cnt i)

0 (20)
r = i\

cut

therefore

lcrit AG.
(21)
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The critical size of a nucleus represents the minimum size for a stable nu¬

cleus. Smaller particles will dissolve and larger particles will continue to

grow. The rate of nucleation per unit time and unit volume, J, can be ex¬

pressed in form of the Arrhenius reaction velocity equation for a thermally
activated process:

AG

J - A-ekF (22)
where k is the Boltzmann constant, T the absolute temperature and A the

Arrhenius preexponential factor. AG is the value for the excess free energy

according to equation 19.

The degree of supercooling S is given with:

S -

AT

t A

»y

rcritAHf
(23)

where AHf is the latent heat of fusion, AT=Tq-T and Tq is the solid-liquid

equilibrium temperature. Combining this with equation 21 follows for AGU:

u
r

t_Y il r I\ 1

(24)
'crû "0

For the critical excess free energy AG for the critical nucleus size rcrit fol¬

lows from equations 19 and 24:

AG

•"1 o

lDTCy Iq
crit

— - — -

3(AG0)" 3(AHfAT)

6ny~
(25)

and from equation 22:

J = A • exp
lofty"

T - S~V
(26)

3k(AHfV
It is indicated by the equation above that three quantities influence the rate

of nucleation: the temperature T, the degree of supercooling S and the inter-

facial tension y with the greatest influence of the temperature T.

For a wide range of substances, the critical homogeneous nucleation tem¬

perature is approximately 0.8 to 0.85 T0 It can be seen from equation 21

that the critical size of a nucleus is a function of the degree of supercooling:
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r ..oc— (27)
er it AT

Very often crystallisation starts before the liquid is supercooled to the de¬

gree necessary for homogeneous nucleation. In such a case, heterogeneous
nucleation probably takes place.

2.3.2.2 Heterogeneous primary nucleation

The nucleation rate of a liquid is considerably influenced by the presence of

impurities (active heteronuclei). This nucleation process, called heterogene¬

ous nucleation, is the most common type of nucleation.

The overall free energy change associated with the formation of a critical

nucleus under heterogeneous conditions (AG^*) has to be smaller than the

one for homogeneous nucleation (AGcrjt):

AGc„t* - * ^crit (28>

where the factor cj) is less than unity.

Since the surface tension y influences the nucleation process, a model based

on the wetting of the liquid, is used to express the factor (j) [41]. In

figure 2.8, interfacial energy forces for three phases in contact, i.e. contact

between the liquid, an external solid surface inducing heterogeneous nucle¬

ation and already crystallised particles, are shown schematically:

1
i U

liquid
crystalline deposit

>sl foreign solid surface '<•>

Figure 2.8: Interfacial tensions at the boundaries between three phases

The three interfacial tensions are denoted asycl (between the crystal and the

liquid), ys[ (between the foreign solid surface and the liquid) and ycs (be¬
tween both solid phases, the crystal and the foreign solid surface). 0 de¬

scribes the angle between the crystalline deposit and the foreign solid

surface. A force equilibrium in horizontal direction may be expressed as:
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Ysi
=

Ycs + ^cr cos0 (29)

leading to the following equation for the angle 9:

Vsl-Ycs
cosO =

—
^~ (30)

Tel

The factor (j) in equation 28 can be expressed as [52]:

,

(2 + cos0)(l
-

cos0)2
/01,

(j, =
v ZA L.

(31)

For the completely wetted case (0 = 0°) follows (J> = 0 and the overall ex¬

cess free energy for the formation of a nucleus is zero. This corresponds to

the case of seeding a supercooled liquid with crystals of the final crystalline

product (AGcrjt* = 0). The other extreme situation is for the completely un-

wetting case (0 = 180°). Then the factor (j) = 1 and AGcrit* = AGcrjt. That

means the overall excess free energy of formation of a nucleus is the same

as for homogeneous nucleation. Generally the values of contact angles are

distributed between 0° and 180° leading to values forcj) with 0 < § < I

(AGcrit* < AGcnt).

It is often reported [41] that small volumes can lead to a higher degree of

supercooling than large volumes, liiere are two possible explanations for

this behaviour: firstly, the nucleation rate J depends on the volume. For a

larger volume, the probability for a nucleation event resulting in a nucleus

of critical size, increases. The other explanation assumes heterogeneous nu¬

cleation. Larger samples are more likely to be contaminated with active

heteronuciei. In reality, these two mechanisms can occur simultaneously.



2.4. Mechanical Properties of solid bridges
To test the mechanical properties, especially the tensile strength and the

Young's modulus, the frozen bridges are subjected to a tensile test.

2.4.1. Tensile test

In a tensile test, a tensile force F is applied to a cylindrical specimen of di¬

ameter D. This results in a uni-axial stress distribution a over the cross sec¬

tion A of the cylinder as is shown in figure 2.9.

ttensile force F

A AAA AAA

CT

D_

I
Figure 2.9: Stress distribution in c> linder of diameter D under tensile force F

The stress a acting on the specimen is defined as

p 4 F

ftD

and the strain e of the specimen is determined by

(32)

Al

1,

1-1
0

1,
(33)

L0 l0

where 1q is the original length of the specimen andAl its elongation at ap¬

plied force F.

2.4.1.1 Types of stress-strain curves

Five different types of stress-strain curves can generally be distinguished.

They are shown schematically in figure 2.10.
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Figure 2.10: Schematic stress-strain curve types [25]

Type I describes the ideal elastic behaviour under tensile load. Type I mate¬

rial stretches elastically until it breaks, llooke's law describes the elastic

linear behaviour with E being the Young's modulus:

a = E • e (34)
As long as the specimen has not fractured the deformation is reversible, i.e.

when the load is removed the specimen returns to is original length. This

kind of failure can be observed for brittle materials as glasses, ceramics,

cross-linked polymers and some metals at low temperatures.

Some metals and crystalline polymers show a stress-strain relationship of

type II. Such materials are deformed elastically and follow initially
Hooke's law as described for failure of type I. A homogeneous plastic de¬

formation is observed at higher stress and the a-e-curve assumesa parabol¬
ic shape in the last portion of the curve. The reason for this behaviour is the

irreversible movement of dislocations in the material accompanied by an

increasing resistance of the material to further plastic deformation.

Occasionally, a test specimen produces a stress-strain curve of type III as a

consequence of a non-uniform, heterogeneous deformation within the ma¬

terial. Such serrated stress-strain response is observed for hexagonal close-

packed metals over a wide temperature range and for body-centered cubic

metals at low temperatures.
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In many body-centered cubic iron based alloys and some nonferrous alloys,

a relatively narrow region of heterogeneous plastic deformation separates

the elastic region and the homogeneous plastic flow region of the stress-

strain curve (type IV). This segment of the curve is caused by atomic inter¬

actions between dislocations distributed in the specimen.
After being loaded elastically at the begin, a local deformation band devel¬

ops in the material resulting in a load drop. This deformation band spreads

over the whole cross-section of the specimen, followed by homogeneous

plastic flow.

Type V behaviour was found in some crystalline polymers. While possess¬

ing an upper yield point and a subsequent load drop similar to that in

type IV curves, the final deformation stage is different. The shape of type V

reflects a competition of two effects. Initially, yielding occurs along with

the breakdown of the original crystalline structure within the polymer pro¬

ducing the initial load drop. If failure does not occur immediately after the

begin of the necking process, additional strain will lead to a reorganisation

of the broken structure into a new, highly oriented and strong unit. While

the formation of this new structure continues, the resistance against defor¬

mation grows. Strain hardening continues by molecular alignment up to the

fracture stress.

2.4.1.2 Tensile strength and form factor of a solid bridge
In a test specimen of straight and prismatic shape such as a cylinder, the

stress is distributed uniformly over the whole cross section (figure 2.9).
Once the straight specimen form is disturbed by furrows, notches or similar

brusque changes of the cross section, the stress distribution changes. The

change in shape and the corresponding geometric relationships together
with stress distributions over the cross section are shown in figure 2.11 :
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l
Figure 2.11: Cylinder with circular notch under tensile stress

Consider a cylinder of diameter Ü with a notch of radius rnotch around its

circumference. The minimum diameter of the specimen is d. When a tensile

stress is applied to such a specimen, the stress over the cross sectional area

changes compared to a straight c> linder. At the circumference of the speci¬
men at the minimum area, i.e. at the notch, occurs the maximum stress

crmax. The value of amax is much larger than the stress an calculated at the

minimum diameter of the specimen by equation 32. amaxcanbe expressed
as:

4F.

cr
max ak

•

an a.
max

o
(35)

ft d"

The form factor a^ depends on the geometry of the specimen and can be

calculated for different geometries and strains. In figure 2.12 the values for

the form factor a^ showing the influence of geometry for a notched cylin¬
der under a tensile load [55] are presented.
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Figure 2.12: Form factor a^ for a cylinder of diameter D with a circumferen¬

tial notch of radius rnotctl and a minimum diameter d

It can be seen that the values for the form factor ak rise when the minimum

diameter and the radius of curvature of the notch (%0tch) decrease. As a

consequence the stress peak cimax increases with decreasing d and rmtc]y

values.

To model the shape of a solid bridge between two horizontal parallel plates
a cylinder with a circumferential notch was used. In this case d is the mini¬

mum diameter of the bridge and D is the mean wetted diameter at the top

and bottom plate. An appropriate notch radius is calculated by fitting the

contour of the bridge with a polynomial equation and then calculating the

minimum radius of curvature. This radius is taken as equivalent notch radi¬

us as at this radius the stress peak leading to failure of the specimen occurs.

With this set of D, d and r^^ a form factor a^ was interpolated using
known values for D/d and r^^/d.The tensile strength of the bridge was

then calculated using equation 35.
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2.4.1.3 Brittle and ductile failure

Generally two kinds of failure can be observed for a tensile test: ductile and

brittle failure. A schematic description for these two cases for a tensile test

is given in figure 2.13.

A p
i r

T r F

Figure 2.13: Brittle and ductile failure of a cylinder under tensile force F

Brittle material will fail perpendicular to the main applied stress, i.e. in the

case of a cylinder under vertical tensile stress, the material will break hori¬

zontally. Ductile material in contrast will fail under an angle less than 90°

to the vertical force F and is often accompanied by plastic deformation.

Only for brittle material the theory of fracture mechanics described later on

is applicable.

2.4.2. Fracture Mechanics

The field of fracture mechanics describes the condition for the propagation
of already existing cracks leading to failure of a solid material under exter¬

nal stress. Depending on the type of applied stress and the type of crack

propagation the failure of a material can be described by the theory of frac¬

ture mechanics.

Generally there exist three modes of crack growth as shown in figure 2.14.
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Mode I Mode II Mode III

t \ /

Figure 2.14: The three opening modes associated with crack growth [24]

Mode I represents the opening of a crack in a purely tensile field while

mode II and III show crack opening for inplane and antiplane shear stress

respectively. However, many conclusion derived for mode I failure can be

applied to mode II and III failure as well. In this work only mode I is of im¬

portance and only for this mode valid equations will be given.

In addition to the different fracture modes there exist different types of

fracture which have to be analysed. The three fundamental types of fracture

can be classified as: unstable, semi-stable and stable fracture. If unstable

fracture occurs, the stored critical energy, necessary to start the propagation
of the crack, is large enough to propagate it through the whole specimen. In

contrast to this behaviour the critical energy for the start of crack propaga¬

tion may not be large enough to ensure complete failure of the specimen.
This type of fracture is called stable fracture. For complete failure more

stress has to be applied to the specimen. For semi-stable fracture, initially
the crack propagates through part of the specimen and is then stopped until

more external stress is applied. These different types of fracture caused by
crack propagation are presented in figure 2.15 showing characteristic force-

deflection relationships.
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Figure 2.15: Scheme of unstable, semi-stable and stable fracture [35]

The assumption for applying fracture mechanics as explained in the follow¬

ing paragraphs is that unstable fracture occurs. Only in this case the critical

stress necessary for crack propagation equals the actual fracture stress. For

semi-stable and stable fractures it is only possible to determine the critical

stress at which crack propagation starts but no statement can be made re¬

garding the stress necessary for failure of the component.

2.4.2.1 Theory of Griffith

Griffith's theory (developed 1920) based upon a thermodynamic considera¬

tion of instabilities, was the first theory that successfully explained the dif¬

ference between theoretical and experimental values for fracture toughness
of ideal brittle solids. Fie explained these differences with the existence of

flaws acting as subcritical cracks in the material. His theory investigates

only the development of the critical crack from a subcritical flaw and not its

origin. Griffith studied the unstable behaviour of a single crack under stress

and developed a criterion for its propagation in ideal brittle solids by as¬

suming a simple energy balance.

Griffith's model considers an infinite sheet of finite thickness b containing
a central ellipsoidal crack of length 2a under remotely applied uniform

stress a (see figure 2.16).
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Figure 2.16:Mathematical model for Griffith's analysis

When the crack grows the potential energy decreases. When the applied
stress is larger as the energy required for the generation of a new crack sur¬

face, the crack will start propagating owing to the overall energy increase.

The change in potential energy AU associated with the formation of a crack

may be given by:

AU = (U-Un) =
-

LiJ? + 4abyc (36)<0, g -"-rsoiid

where E is the Young's modulus, a is the stress applied to the specimen,

Tsolid is tne surface energy of the solid and a, b are the crack dimensions.

The equilibrium condition for a non growing crack can be formulated as

(Griffith criterion for fracture):

ÔAU
. ,

2ft<Tab
A

= 4yc„,.jb
;

=
0 (37)

ôa
'

'sohd E

where 8AU is the change in the potential energy of crack formationand Ôa

is the increase in crack length, fhereiore the equilibrium condition can be

rewritten as

-'solid

2
71 a" a

E
-= G (38)
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When the energy release rate G exceeds the critical value Gcrjt the crack

starts to propagate. The equation above is only valid for plain stress (biaxial

stress condition). However, the experiments carried out in this work were

carried out under plain strain. For plain strain (triaxial stress condition asso¬

ciated with the suppression of strains in one direction [25]) equation 38

changes to

7tCTcrit"a(1 ~ V^

Gcnt - -HiL_ (39)

where v is the Poisson ratio of the material.

For finite bodies and those with edge cracks, the valuer in equations 38

and 39 is replaced by a dimensionless correction factor that depends on the

specimen's geometry [24].

It is important to realize that the Griffith relation was derived for an elastic

material containing a very sharp crack. As such, the Griffith relation may

be considered as necessary but not sufficient condition for failure to occur.

Griffith tested his theory and found a reasonable correlation between pre¬

dicted and observed values of fracture stress for very brittle materials. But

even in an apparently brittle fracture a local plastic zone at the crack tip can

form which effectively blunts the crack. Nevertheless, measurements of

Gcrjt can be used to compare different materials. In this case, the energy re¬

quired for the propagation of the crack includes as well the energy neces¬

sary for the development of the plastic zone.

2.4.2.2 Theory of Irwin

An alternative method for the description of a crack in an elastic material

was developed by Irwin [24]. He used a similar mathematical model as

Griffith but applied remotely a biaxial stress (see figure 2.17). Irwin's theo¬

ry is used for the description of the stress components near the crack tip by
the introduction of the parameter K (stress intensity factor) which deter¬

mines the stress field at the crack tip. If the stress at the crack tip exceeds

the material's toughness, the crack will start to propagate.
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Figure 2.17: Mathematical model of Irwin

For mode 1 failure (see figure 2.14) the critical stress intensity factor K^
for a semi-infinite sheet is given by

K
cnt

cwita (40)

For samples of finite size equation 40 transforms to

Kcrit = Ya^a (41)

where Y is a compliance function accounting for the geometry of the speci¬

men. For an internal crack under uniaxial load the compliance function Y is

given by [25]:

Y = 1.99-0.411 -) + 18.7'
a

w

_38.48f-V+ 53.85f-l (42)
\\ ' Vw-7 Vw7

where w is the width of the specimen.

2.4.2.3 Application of fracture mechanics to solid bridges
The application of fracture mechanics to small solid bridges with uneven

geometry allows only an estimate of the fracture parameters. Therefore, a

large scatter of fracture parameters is expected. However, it was shown that

fracture mechanics can be applied successfully to the description of ice ad¬

hesion on solids for shear experiments [42].
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Griffith's approach for the critical energy release rate Gcrjt (equation 39)

can be solved for the crack size a:

E ' Gcrit E ' 2Ysolid
~n ,

a =
_ __ =

_ _

(39a)

7iacrit"(l-v") rcacrit~(l-v )

The above equation gives an estimate of the inherent crack size in the solid

ice bridge, i.e. the size of the largest dislocation in the bridge that acts as

subcritical crack and causes the failure. Since the crack size is small com¬

pared to the bridge dimension the factorn in this equation does not need to

be replaced by a compliance function.

By using equation 41 the critical stress intensity factor Kcrjtcanbe deter¬

mined. If the crack sizes are small compared to the minimum diameter of

the solid bridge, the compliance function in equation 42 converges to

Y=l .99 and equation 41 reduces to

Kcrit = 1-"CTcnt^a (42a)

2.5. Adhesion

In general, adhesion describes intermolecular forces different from chemi¬

cal bonds acting between two phases of a sample (e.g. water on ice) or be¬

tween two chemically different substances (e.g. water on metal or ice on

metal).

2.5.1. Mechanisms for adhesion

Generally, there exist four different types of forces responsible for

adhesion [10, 34]: electrostatic forces, forces governing physical adsorp¬

tion, mechanical forces and forces on boundary layers.

2.5.1.1 Physical adsorption

As all adhesive bonds involve molecules in intimate contact, physical ad¬

sorption must always contribute in adhesive systems. Physical adsorption is

predominantly controlled by van der Waals forces originating from attrac¬

tions between permanent and induced dipoles. The forces due to physical

adsorption consist of forces between permanent dipoles, induced dipoles
and instantaneous dipoles. In non-polar molecules exist also forces because
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of the fluctuating distribution of electrons inside the molecule leading to in¬

duced attractive forces between dipoles. This type of force is also called

"dispersion forces".

2.5.1.2 Electrostatic forces

The electrostatic forces are generally short and long range intra- or intermo-

lecular attractive or repulsive forces acting between electrical charges.

A special case, dominated practically exclusively by electrostatic forces is

the case of two highly conductive materials in intimate contact. By the

transfer of electrons from one to another an electron double layer is formed

resulting in attractive electrostatic forces. It was shown by Ryzhkin
et al. [49] that electrostatic forces play an important role in ice adhesion.

2.5.1.3 Mechanical forces

An adhesive liquid sticks to the substrate because it flows into the micro¬

scopic pores of the substrate and builds an interlocking system. Such forces

may be relatively strong. However, increasing the pore size or the rough¬

ness of the substrate does not necessarily lead to a higher adhesive strength.

If air entrapment in the pores takes place, the adhesion strength of the sys¬

tem is reduced with increasing pore size.

Jellinek [28] proposed another type of mechanical theory for the case of ice

adhesion based on Weyl's postulate of the presence of a liquid like, amor¬

phous layer at the ice-air interface. The properties of this layer shown in

figure 2.18 which is assumed to be present also at the ice-substrate inter¬

face, depends on the nature of the substrate.

ice

L \ liquid like layer (
I J \

solid sub stete yt ^

Figure 2.18: Scheme of the liquid like transition layer [28]
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The tensile stress a for the separation of the adherends must be high

enough to overcome the pressure difference Ap =

pijquid
-

pajr (compare
with equation 1). For perfect wetting conditions (0 = 0°) follows:

,
"'liquid

,A~s.

Ap = -—-i—
(43)

whereas the required shear stress is given by

a = —l (44)
shear p

v ^

Because of influences of surface irregularities of the confining surfaces the

effective viscosity coefficient p describes the viscosity over the whole lay¬

er. It is assumed that the surface tension y of the liquid like layer is the

same as the surface tension of bulk water at the same temperature. This

model explains satisfactorily the difference of adhesion strength between

tensile and shear experiments.

2.5.1.4 Weak boundary layer

The weak boundary layer theory proposes that clean surfaces can make

strong bonds with adhésives but in the presence of some contaminants (e.g.
rust or oil) a cohesively weak layer is formed. If the contaminants can be

dissolved in the adhesive, their influence will be reduced. Especially for

metals which form easily oxide layers the possibility of surface contamina¬

tions is important.

2.5.2. Adhesion of liquids

In general a liquid spontaneously adheres to a solid when the free energy of

the surface is lowered. In figure 2.19, a a liquid drop on a flat surface is

shown.

vapour

niO r gis

liquid
Pliq ic'5

Pliqmd4 ic<5 r liquid \

solid

Figure 2.19:Force diagram for a liquid drop on a flat solid surface [48]
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The Young equation describes the relationship between the forces acting at

three phase contact line:

Ysg
=

Ysi + Yigcos0 + nsg (45)

Compared to the other terms the spreading pressure flscr is very small and is

therefore often neglected. All surface forces may be partitioned into a dis¬

persion (d) and a polar component (p).

ï\a =

Yla +Yla (46)
ë> tr> iD

Dupré introduced the reversible specific work of adhesion W^

»A^sg +
V^l <47)

Combination of equations 45 and 47 leads to the Young-Dupré-equation:

W4 = Ylo(l + cos0) + ll (48)

Showing that the adhesion is strong for well wetted surfaces. For a perfect¬

ly wetted surface (0 = 0°), W^= 2y|e+FISCT. Whereas for an unwetted sur¬

face (0 = 180°) W^= nsg which is very small.

2.5.3. Adhesion of ice to solids

If ice on a solid is subjected to external forces either adhesive or cohesive

failure takes place once a critical force is exceeded. If the sum of the vari¬

ous bonds between the ice and the solid surface are weaker than the bonds

inside the ice the ice fails adhesively, i.e. failure occurs directly at or very

near to the adhesion area. Otherwise the ice fails cohesively, i.e. the ice it¬

self breaks.

Adhesion of ice to solids is an often occurring problem. Several authors

have already conducted tests to describe the adhesion mechanisms and

forces of ice on metals and polymers. The scatter of their data is relatively

large. This may be caused by the different methods for ice formation and

experimental setups used. It has been shown by Jellinek [28] that the choice

of the mechanical test in such investigations is important and gives differ¬

ent results regarding the adhesion strength of ice on a substrate.

Shear experiments are the most common test type for determining the adhe¬

sion stress [28, 34, 42, 49], It was found that the adhesion strength depends

considerably on the temperature at which the test is carried out. By lower-
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ing continuously the testing temperature of ice on stainless steel, Jellinek

observed a change in failure from adhesive to cohesive failure at a tempera¬

ture of-13°C. This was partly confirmed by Weiet al. [54] who observed

cohesive failure for this type of ice on metals at a temperature of -20°C.

However, a four point bend test was used in this experiment which makes it

difficult to compare the results directly with the work done by Jellinek.

The principles of fracture mechanics were applied to the four point bend

tests. Macroscopically brittle, unstable failure was observed. However,

etching and replicating the fracture surface revealed the evidence of dislo¬

cation slips in the ice crystals suggesting micro plastic deformations in the

ice.

For ice on plastics adhesive failure was observed [34]. One reason for this

observation is the flexibility of the solid which increases the stress on the

rigid ice (mechanical deformation theory) and the other reason is the high
contact angle of the liquid on the solid (poor wettability). Ice on a substrate

is generally a polycrystalline solid with numerous dislocations originating

from the permanent stress caused by different expansion and contraction

coefficients of the ice and the solid. On hydrophobic surfaces, these dislo¬

cations tend to collapse into the surface and so interfacial defects are

formed leading to stress failures very close to the interface (adhesive fail¬

ure). For ice on hydrophilic surfaces, the interfacial forces are stronger and

step formation on the surface is inhibited. This results in a lower concentra¬

tion of interfacial defects, leading to cohesive failure [ 11].

2.5.4. Theoretical model for ice adhesion under tensile stress

Assuming that ice bridges break brittle and their breaking is caused by
crack propagation, the principles of fracture mechanics can be used to esti¬

mate the adhesion strength a^h of ice on a solid substrate. Because of the

nature of the crack location, the crack leading to adhesive failure is placed

parallel to the interface and resembles a hole. When an elliptical through-
thickness hole of radii a and c is introduced in a semi infinite sheet of thick¬

ness b at the interface of ice and substrate, the overall free energy U under

plain strain can be written similar to equation 36 [14]:
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2 2
rccr

dh (1-v ) 9

U = U0 ^ b(a + c)Z + 2b(a+c)(Yice + ys-Yice)SI49)
where yjce is the free energy of the bulk ice,ys is the free energy of the bulk

solid and yjces is the free energy of the interface between ice and the sub¬

strate. Assuming a circular crack of radius a follows:

9 o

U = U0
*!Ü_ b(2ar + 4ab(Yice + Ys-Yice,s) (50)

To determine the starting conditions for crack propagation under plane

strain, the first derivative of the equation with respect to the crack radius a

is set to zero:

2 °

8îIcradh O-Oa
ELË + 4(y, +y _y. ) = 0 (51)

p v'ice 's 'ice, s-7 v '

Using the Young equation (disregarding the spreading pressure for the

"wetting" of ice), the combination of equations 45 and 51 leads to:

JYlce(l + cos0)E

CTadh
=

j
_ (52)

\ 27ta(l-v")

for the adhesive strength.

Comparing this expression with the result for the critical cohesive strength
of ice rjcrjt (equation 39a), the crack size a can be replaced and it follows:

cnt
^^ (53)

adh 2

The applicability of this equation has to be investigated. For the two ex¬

treme conditions of perfect wetting (0 = 0°) and absolute unwetting

(0 = 180°) the equation leads to correct results. At perfect wetting condi¬

tions, the two solids behave as if they were one system. In this case the ad¬

hesive strength is equal to the cohesive strength. For completely unwetting

systems the adhesive force is zero.

To avoid the complexity of different stress distributions and viscous creep

during the experiment, an empirical correction factor f is introduced [42]
which depends on the Young's moduli of ice and the adhesion material - in

this work copper, Teflon or Kel-F.
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f(Eice' ECu) =

See

E

0.2

(54)
plate/

When the elastic modulus of the contact material is much larger than the

elastic modulus of ice (e.g. as is the case for the system copper-ice-copper),
the stresses are evenly distributed over the whole contact surface [42].

With this, equation 53 becomes

a
adh

\-0.2

1
ice

E

a
cnt

I + cosO (52a)
plate/

Copper was always used as top plate material whereas the bottom plate ma¬

terial can be Teflon (Polytetrafluorethylene), Kel-F (Polychlorotrifluoreth-

ylene) or copper. The Young's modulus for the plates Ep|ateis defined as

average of the Young's moduli for the top and bottom plate material. The

Young's modulus of copper is ECu= 123 GPa [36], for Teflon it is

ETeflon =0.66 GPa and for Kel-F it is EKel.F =1.52 GPa [42].

It is assumed that the contact angle of ice on the substrate does not signifi¬

cantly differ from the contact angle of water on the substrate prior to freez¬

ing.
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3. Expérimentai setup
Two apparatus were built in this work for experimental investigations. One

for the measurement of the surface tension via a liquid bridge and one for

the investigation of the phase transition from liquid water to ice and of the

mechanical characteristics of the resulting ice bridge.

3.1. Measurement of the surface tension using a liquid bridge

3.1.1. Apparatus

The setup for the measurement of the surface tension via a liquid bridge be¬

tween two horizontal plates is an extension from an existing apparatus for

sphere and cylinder tensiometry [20]. The main parts of the system are a

Mettler AE163 balance for the force measurement and a precision driving

system for the movement of the thermostated measuring cell fixed on a

moving crossbeam. This allows vertical movement of the cell in steps of

0.25 pin at a speed range from 0.1 to 30 pm/s. The speed, moving direction

and absolute position are processed by a controller connected to the driving
unit (gear motor with tacho and encoder). The controller itself is connected

to a computer via a serial interface. A schematic view of this part of the ex¬

perimental setup is shown in figure 3.1.

The balance is placed onto a plate above the driving unit and is connected

to the computer via a serial data interface. The precision of the balance is

10 pg. The whole measuring system is located inside a plexiglass housing
on a vibration-insulating table providing relatively high mechanical and

thermal stability. The plexiglass housing can be flushed with dry air to

avoid condensation if the experimental temperature is below the room tem¬

perature.

Outside the plexiglass housing a camera and a halogen light source are

mounted. The camera is connected to the computer and photographs of the

liquid bridge inside the cell between the suspended cylinder and the bottom

plate are taken.
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Figure 3.1: Experimental setup for the measurement of the surface tension

The pyrex glass cylinder is attached to the balance with a flexible thin wire

suspension (wire diameter 0.08 mm) that is divided in two parts. The upper

part is hooked to the balance by a thin wire (0.08 mm). The lower coupling

part is attached to the cylinder. The upper and the lower parts of the suspen¬

sion wire are connected by a flexible coupling part allowing exact vertical

positioning of the connected cylinder.
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The measuring cell is closed tightly except for a very small hole for the sus¬

pension wire in the cover. A frosted glass plate is placed in the rear wall

and a clear glass sheet is placed in the front wall of the cell. The frosted

glass serves as diffusor for an even illumination of the photographs of the

liquid bridge. A capillary is inserted in a small lockable hole in the side

wall of the cell to position the liquid drop inside the measurement cell. In¬

side the cell a reservoir is filled with the same liquid as the liquid bridge.
This ensures a saturated atmosphere and prevents the evaporation of the liq¬
uid from the bridge volume. The bottom glass plate on which the drop is

placed is screwed to a holder. The horizontal position of this plate can be

controlled by three adjustable feet of the whole apparatus.

The balance measuring the capillary force of the liquid bridge acting on the

suspended cylinder is connected to a computer via serial interface. A Visual

Basic program records the measured force in given time intervals. The

camera is attached to the computer via a video card. The pictures are taken

in gray scale and afterwards are filtered and binarised with the software Im¬

age Pro. A Matlab program was written for extracting the bridge contours,

scaling the photographs and fitting the measured profiles with the Laplace

equation of capillarity using equations 1 la and 12a.

3.1.2. Experimental Procedure

The cylinder and the glass plate are made of pyrex glass and are optically

polished to possess a defined roughness. The glass components were

cleaned with concentrated chromic sulphuric acid, rinsed with hot tap water

and then with distilled water and ethanol. They were dried with a hot dryer
to ensure fast evaporation of the ethanol. If the ethanol was not vaporised
fast enough traces remained on the surface and influenced the wetting be¬

haviour of the solid. For some experiments the glass surface was hydropho-
bised by silylating the pyrex glass surface. This was done by suspending
the cleaned plates in Hexamethyldisilazan (C6H]()NSi2)puriss.from Fluka

(No.52619) dissolved in chloroform at a temperature of 60°C. The mixture

contained 40% 6-MDS and 60% chloroform. The plates remained there for

several hours to ensure a homogeneous silylated surface. Afterwards the

plates were rinsed thoroughly with chloroform and were dried with a hot

dryer.
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Before the experiment starts, the reservoir in the measurement cell is filled

with liquid and the suspended cylinder is placed inside the measurement

cell. The cell is thermostated for several hours (usually over night) to en¬

sure a constant temperature throughout the measurement cell and a saturat¬

ed atmosphere inside the cell.

For the actual experiment, a drop is placed in the middle of the glass plate
with a syringe and a precision capillary. A first photograph is taken from

the sessile drop. Then the whole measurement cell is moved upwards until

a liquid bridge is formed between the cylinder and the glass plate. The

force exerted by the bridge on the cylinder is monitored constantly by the

balance. When the capillary force reaches a constant value, a picture of the

bridge is taken. Afterwards the cell is moved vertically and the height of

the liquid bridge is changed.

After taking pictures of several liquid bridges of different heights, the cam¬

era calibration pins are photographed. The calibration pins have a diameter

of 1.007 mm and can be used to determine the scaling factor of the picture.

3.2. Experiment to determine the characteristics of ice bridges

3.2.1. Apparatus for the formation and fracture of ice bridges
This experimental setup was developed during this work. A schematic view

of the setup is shown in figure 3.2.
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Basically, the experimental apparatus consists of two horizontal parallel

plates between which a water bridge is formed. Both plates are removable

and a thermoelement is attached to each of them. Copper is always used as

material for the top plate because of its good heat conductivity. The materi¬

als used as bottom plate material in this work were copper, Teflon (poly-

tetrafluorethylene) and Kel-F (polychlorotrifluorethylene).The upper plate

is in thermal contact with two Peltier elements connected in series. This al¬

lows the change of the temperature of the upper plate at a given rate or keep

it at a constant temperature. The thermoelement attached to the upper plate

is connected with the controller for the Peltier element. This way it also

controls the temperature of the top plate and the connected water bridge.

The top plate can be moved vertically by a micrometer screw to allow the

variation of the separation distance between the plates. The bottom plate

material for most experiments is copper but it is replaced in some experi¬

ments by a Teflon or Kel-F plate to investigate the adhesion strength of ice

more thoroughly. If two copper plates are used they can be connected by a

copper band (thermal short cut) to minimise the temperature gradient be¬

tween the plates.

The bottom plate is mounted onto a load cell to measure the forces acting at

the bottom of the liquid or solid bridge. The bottom plate is insulated

against the load cell to minimise the heat transfer through the plate and to

avoid inaccuracies in the load measurements caused by the temperature

variations in the load cell. The load cell (PW2GC3 from Hottinger Baldwin

Messtechnik GmbH) is displaced slightly in vertical direction if large forc¬

es are applied. To measure the distance between the two plates accurately,

the MT 12P, a digital length gauge with pneumatic plunger activation from

Heidenhain was used.

The whole experimental setup is mounted on a motor stage and can be ro¬

tated up to 180°. This way the bridges can be observed from different sides

allowing the proof of the rotational symmetry of the contours of the bridg¬

es.

All system components are enclosed in a thermostated plexiglass housing.

This way the "ambient'' temperature for the water and ice bridges could be

controlled. The light source (a halogen lamp at 12 V) was kept outside the

housing to avoid additional thermal influence. The light was evenly distrib-
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uted by a diffusor to ensure good photographic quality, i.e. the background

of the pictures was evenly lit and the contrast of the contours was sufficient

to process the pictures. A CCD camera (Sony CCD-Iris) with a resolution

of 768 x 572 pixels was used to record the pictures.

The camera, the load cell and the length gauge were controlled by a compu¬

ter. Since the load cell and the shape of liquid bridges are very sensitive to

vibrations, the whole setup was mounted on vibration attenuating feet.

With the plexiglass housing and the vibration attenuating feet the experi¬

mental apparatus was mechanically and thermally stable.

The camera was connected to the computer via a video card. The pictures

were taken and binarised (i.e. the grey scale picture becomes a pictures

with only black or white pixels) by the software Image Pro. The load cell

was connected to the computer via a transducer and a serial interface. The

force measured by the load cell was recorded by a Flottinger Baldwin soft¬

ware at given time intervals and saved as ascii files. The length gauge was

also connected to the computer via a serial interface and the separation dis¬

tance between the plates was recorded at given time intervals by a Visual

Basic program written for this purpose. A Matlab program was written to

process the data. The contours of the pictures taken of the liquid, solid and

broken bridges were extracted as a vector of cartesian coordinates giving

information about the geometric properties (e.g. height of the bridges, wet¬

ted areas, contact angles) of the bridges. The capillary force acting on the

bottom plate was calculated by fitting the liquid bridge profile with the La¬

place equation of capillarity in a least square fit routine using

equations 11 and 12. A form factor o^ (as explained in figure 2.12) for the

tensile test was calculated using the profiles of the ice bridges. The break¬

ing area was calculated using the profiles of the broken bridges. The meas¬

ured force and separation distance of the plates were used in combination

with the form factor a^ to calculate the Young's modulus and tensile

strength of the ice bridges.
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3.2.2, Experimental Procedure

The copper plates were cleaned with Deconex. Deconex consists of kalium-

phosphate, emulgators and complex builders. It is used for removing organ¬

ic and inorganic substances from the cleaned material. After that the plates
are rinsed thoroughly with hot tap water, distilled water and ethanol. The

remaining ethanol was vaporised at a temperature of 50° C with a dryer.
The plates were stored in ethanol.

The temperature inside the housing was kept at 0° C. This was the optimum

working temperature for the Peltier elements at the experimental tempera¬

ture range. A water droplet was formed at the centre of the bottom plate by

a syringe inserted through the small lockable hole in the front wall of the

plexiglass housing. For the experiment double distilled water was used. Af¬

ter the drop was placed on the bottom plate, the upper plate was lowered

with the micrometer until the top plate touched the drop and a liquid bridge
was formed. The temperature of the liquid bridge was kept at 10° C and 15

to 20 pictures were taken from different sides. Then the bridge was cooled

at a rate between 1 and 15 K/min to the end temperature of-20° C. When

the bridge was completely frozen the temperature was held at -20° C.

Again, 15 to 20 pictures were taken at different rotational angles. Then a

tensile test was performed by increasing the separation distance between

the plates by the micrometer. The force and the extension of the ice bridge
were measured continuously until the ice bridge was broken. 15 to 20 pic¬
tures were taken of the contours of the broken bridge. These pictures were

used to calculate the breaking area. Finally the ice was melted and a new

liquid bridge of different height was formed.

3.2.3. Camera calibration

In this setup no calibration pins are available. To determine the scaling fac¬

tor for the pictures taken, the camera was calibrated using objects of known

diameter and length. The accuracy of the calibration was verified between

experiments. Since the pixels in the resulting pictures possess a rectangular

form, the calibration was done separately in vertical and horizontal direc¬

tion. A typical calibration is presented in figure 3.3.
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Figure 3.3: Camera calibration diagram for a capillary of diameter

2.148 mm

A regression line was used to describe the relationship between the camera

magnification and the camera scale (the number on the calibre the camera

is mounted on). In the experiments, the camera position was taken and the

magnification factor was calculated using the regression line obtained by
the calibration process.

The calibration was tested several times with different objects to ensure a

correct scaling factor for a given camera position.

3.3. Investigated substances

For all experiments carried out in air, the density of the surrounding air was

assumed as 0.00123 g/cm .

3.3.1. Water (H20)

Water is the most common liquid but also one of the most complicated to

understand. Since this work involves liquid water and ice these two states

of water are discussed in the next paragraphs. For the experiments conduct¬

ed with water only double distilled water was used.

3.3.1.1 Liquid water

Water is distinguished from most other liquids by its numerous anomalous

properties, e.g. the density maximum at 4°C.
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Anomalies in the properties of liquid bulk water such as its density maxi¬

mum at 4°C are the subject of steady scientific interest. The structure of

water was subject of many theoretical models and much experimental re¬

search. In the late 1800's water was considered a mixture of monomers and

discrete multiple species. In 1933 an entirely new description of water was

developed where liquid water was described as a mixture of two crystal
states. Mixture models based on the supposed existence of various crystal¬
line or pseudo crystalline domains have continued to claim attention to the

present time [44]. The value of the two-state mixture models lays in their

ability to explain and predict the physical properties of water. Interfacial

properties also for the supercooled state could be described relatively well

by an extended van der Waals theory [40]. This model suggests local ex-

trema for the surface tension of supercooled water. However, up until now

no model could be found describing all properties of water continuously

and correctly.

Exact numerical models to explain the structure and properties of liquid
water are very complex. Computer simulations are unable to resolve this

problem as well, because water is notoriously hard to simulate realistically.
Water is a molecular liquid and the simulation results can be highly sensi¬

tive to the interraolecular potential function used for the simulation and at

present no generally acceptable intermolecular potential is known [39].

For calculating the temperature dependence of the capillary force of a liq¬
uid bridge, the values for the density and the surface tension of water at

various temperatures are necessary. The values used in this work are shown

in figure 3.4 and figure 3.5.
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3.3.1.2 Ice

The actual crystal structure of the ice bridges was not investigated in this

work. But as the whole experiment is carried out under normal atmospheric

pressure and the ice temperature was not below -20° C, it is assumed that

the ice bridges consist of Ih ice. In this case, the density of the pure bubble

free ice is 0.9187 gem"' [33] and the measured surface energy of ice is

69.2 mJ m"2 [51 J. The phase diagram of the solid phases of water is shown

in figure 3.6:
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Figure 3.6: Phase diagram ofthe solid phases of water. The hatched area de¬

notes the approximate region for naturally occurring ice [33]

3.3.2. Glycerin (C3H803)

Glycerin and ethylene glycol were selected as reference liquids to deter¬

mine the surface tension since their vapour pressure is very small and there¬

fore no significant evaporation of the liquid bridge during the experiment

takes place.

Two types of glycerin were used. First glycerol anhydrous (Fluka

No.49767) with at least 99.5% glycerin and less than 0.1% water content

and glycerin purissimum (Fluka No.49782) with 87% Glycerin and be¬

tween 12 and 14% water. The densities of both are shown in figure 3.7.
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Figure 3.7: The density of glycerin p as a function ofthe temperature S [32]

3.3.3. Ethylene glycol (C2H602)

The ethylene glycol used was denoted purum (Fluka No.03 760) and con¬

tains at least 98% of ethylene glycol and less than 2% water. Since ethylene

glycol is rather hygroscopic, figure 3.8 shows the density differences for a

water content of 15% and the dry substance.
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temperature^ [32]
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3.3.4. Octanol and Ether

The octanol (CgH17 O H) used was denoted puriss (Fluka No.74850) and

contains at least 99.5% of octanol. Its density is given at 20°C as

POctanol
= °-824 g cm"3-

The ether or diethylether (C4 FT
10 O) used for the experiments was denoted

puriss. (Fluka No.31690) and contains at least 99.8% of ether. Its density is

given at 20°C as PEther= 0.715 g cm""1.
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4. Processes and errors related to the experiments
All experimental measurements contain systematic errors and some errors

are influenced by the setup. In this work two main areas of uncertainty oc¬

curred: optical and wetting problems.

4.1. Optical problems and processes

Both experimental setups used are based on images and the processing of

the experimentally measured data always involved image processing. Gen¬

erally two optical problems occurred: the error made during taking the pho¬

tographs and the error due to the image processing.

4.1.1. Optical problems related to picture taking

The three most crucial experimental parameters for taking accurate photo¬

graphs are the lighting and the calibration and focus of the camera. These

three aspects are discussed in the following sections.

4.1.1.1 Lighting of the experiments

Lighting is a very important component of the experiments. In both setups

CCD-cameras were used to take pictures of liquid and frozen bridges. One

disadvantageous characteristic of the design of the CCD-cameras is that

they are sensitive to blooming if a pixel receives a light level which ex¬

ceeds the saturated level (white colour, grey level 256) considerably. The

overcharged pixel will simply spill over to adjacent pixels. This way pixels
not belonging to the background but to the bridge contour will be saturated

resulting in an error of the photographed bridge profile.

To avoid this the subjects were not lighted strongly. This way the back¬

ground had gray levels lower than 256 and no spilling took place. This

form of lighting has the disadvantage of a smaller difference between the

gray level of a pixel belonging to the drop and the background making the

image processing more difficult.

4.1.1.2 Calibration of the camera and image quality
The magnification of the camera in the first setup was done by photograph¬

ing a calibration pin of known diameter and in the second setup the camera

was calibrated separately and the relationship between the camera position
and magnification factor was recorded (see figure 3.3).
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The camera magnification is an important parameter for the experiments

since the contours of the bridges have to be transformed from a pixel vector

to a vector giving the actual size in millimetres. With this contour the vol¬

ume of the bridge is calculated by rotating the contour around the vertical

axis. Since determination of the surface tension and the capillary force de¬

pend on the geometric parameters of the bridge (i.e. volume, height, wetted

area) the magnification factor is important.

The measurement of the magnification factor and the quality of the images

taken contain systematic errors. First of all, the calibration object has to be

in focus (this will be further discussed in section 4.1.1.3). The second prob¬
lem is the definition of the pixels belonging to the calibration object (see
also section 4.1.2) and the third point is the camera resolution which will be

discussed in this section.

A picture taken by a camera is divided into nxx nv rectangular pixels each

having a gray level value between 0 (black) and 256 (white). If the real

contour crosses through pixels, the pixel can take only one colour depend¬

ing on the mean light intensity it is subjected to. The quality of every image

depends therefore on the possibility to describe the object well by the given
matrix. The error of the calibration photographs will combine with the error

of the experimental images in an unknown way.

To minimise the error contained in the calibration, only objects of rectangu¬

lar shape were used. The capillary or calibration pin for example can be po¬

sitioned vertically resulting in an error of ±1 pixel. The error would be

largest for a capillary positioned at an angle of 45°. The resulting error for a

square pixel would then be ±Jl pixel.

The camera resolution also poses a problem for sessile drops sitting on a

horizontal plate. The apex of the drop is crucial for the application of the

Laplace equation and is used for positioning the coordinate system. Since

the slope of the drop profile at the apex is zero (horizontal tangent) result¬

ing in few and distant contour points, the apex is difficult to determine pho¬

tographically. To describe the apex accurately, the programs written to fit

the photographed contour with the Laplace equation contain the origin of
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the coordinate system as additional variable. This way the accuracy of the

fit was enhanced considerably. The disadvantage being the need of more

computer time until the profile was fitted well.

4.1.1.3 Focusing

If the camera is not focused properly, the contours of the image become

blurred. The result is that the photographed objects seem larger than they

really are. If objects are out of focus, all data generated by analysing the

photographs contain an additional error.

Since all pictures are two-dimensional projections of three-dimensional ob¬

jects it is difficult to focus the camera properly. Especially photographing

liquid bridges is problematic. The usually translucent liquid bridges act like

an optical lens distorting and reflecting the light. These effects can impair
the photographic quality significantly.

The camera used in the first experimental setup (determination of the sur¬

face tension by liquid bridges) did not have a good depth of focus. This al¬

ways led to images with partially blurred contours. To minimise the error

resulting from the blurred parts of the contours it was tried to extract these

parts from the profile. The decrease on the number of data points was not as

important with respect to the accuracy of the calculated surface tensions as

the accuracy of the data points.

The problem of the correct focus in the second setup (determination of the

properties of ice bridges) was different. As the bridge was rotated by 180°

to investigate its axi-symmetry and local contact angles, it was important to

position the bridge exactly on the rotational axis of the setup in order to en¬

sure a good focusing of the camera. If the axis of the bridge and the setup

did not coincide, the distance between the bridge and the camera lens var¬

ied depending on the rotational angle. To reduce this error, a camera with

high depth of focus was chosen. It was not possible to force the position of

the bridge axis to exactly coincide with the rotational axis in the setup. Due

to experimental and data processing limitations it was also impractical to

rotate the bridge step wise and re-focus the camera at each step.
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4.1.2. Optical processes related to image processing

Once a photograph is taken, it has to be processed, i.e. the coordinates of

the profile have to be extracted and converted from pixels to millimetres.

The programs written for this purpose were based on the following steps:

enhancing the grey-level image, converting it to a black and white image,

cutting off the parts not belonging to the bridge and extracting the contour.

Each of the steps involves an error that will be discussed in the following
section.

First step: Enhancement ofthe grey-level image

Caused by reasons already explained in section 4.1.1.1 the background of

the image is grey. To enhance the image contrast, several filters can be ap¬

plied. It was found that the High-Gauss filter was working best on the im¬

ages taken. The High-Gauss filter sharpens blurred images and details of

the picture without introducing additional noise. The application of this fil¬

ter resulted in an image where the bridge contour was drawn as dark curve

with bright adjacent background pixels.

If the original images and the filtered images were superimposed, images
filtered with the High-Gauss filter matched best the original image.

Second step: Determination ofdata points belonging to the bridge contour

Each photograph showed parts of the top and bottom plates beside the

bridge. The pixels belonging to the bridge profile had to be determined. In

some pictures the bridge contours are mirrored at the top and bottom plate

(as demonstrated in figure 5.35) resulting in sharp edges of the bridge pro¬

file at the top and bottom contact areas. When this was the case, the bridge

profile was easily determined as pixels between the two sharp edges.

For some materials (e.g. Teflon plates) or experimental conditions

(e.g. frost on the plates for ice bridges) these edges could not be observed,

making it difficult to determine the bridge profiles automatically. Therefore

the parts in the picture not belonging to the bridge profile had to be re¬

moved manually.
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Third step: Conversion ofthe image to black and white

The grey-level image is unsuitable for extracting the profile points of the

bridge automatically. The grey-level values associated with the background
and the bridge profile have to be determined. This can be done by applying

a treshold to the image. All pixels of grey-level values less or equal to the

value of the background receive the value 256 (white) and all others the

value 0 (black). If the lightning was chosen correctly and the light was dis¬

tributed evenly, the background was removed completely. If the above

mentioned conditions were not fulfilled the image had to be improved man¬

ual ly.

Fourth step: Extracting the contour

The bridge contour was extracted in three steps. First a matrix was created

containing the position of all black pixels of the black and white picture.
After that all single black pixels, i.e. a single black pixel surrounded by
white pixels were deleted. This was done to remove possible noise in the

background that remained after the image processing steps described in the

sections above. Finally the black pixels with minimum and maximum val¬

ues for the pixel positions in horizontal direction were determined over the

total height of the bridge given by the minimum and maximum value of the

pixel position in vertical direction.

This resulted in four vectors describing the horizontal and vertical position
of pixels belonging to the left and right bridge contour.

4.2. Interactions at the contact area

It was found that the axi-symmetry was crucial for good results, especially
for the determination of the surface tension by analysing the profiles of ses¬

sile drops or liquid bridges. Also for the method using liquid bridges, it was

important to form an axi-symmetric drop. The result of an unsymmetric

drop was an unsymmetric bridge.

For the experiments, the drops were placed with a syringe on the bottom

plate. Already a slightly tilted plate disturbed the drop symmetry as did a

plate without a well defined surface (i.e. smooth, clean). It was also ob¬

served that good wetting systems (i.e. low contact angles) were more likely
to form non-symmetric drops. The reasons are interactions between the liq-
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uid and the solid at the contact area. If a drop is placed on a solid plate forc¬

es of opposite direction act on the drop. The forces acting towards a

symmetric drop in thermodynamic equilibrium are originated because all

systems try to minimise their free energy. The forces acting between the

liquid and the wetted surface (e.g. forces due to friction or local inhomoge-
neities of the surface) in horizontal direction impede the accomplishment of

the equilibrium shape.

To obtain symmetric drops it was therefore favourable to use less wetting

systems (contact angles between 60 and 120°) because of two reasons. The

first reason is that the contact area for a drop of a given volume is reduced

for a these systems compared to wetting systems (contact angle < 60°). The

second reason is they way the forces act at the circumference of a sessile

drop (see figure 2.19).

The horizontal contact line forces between the solid and the surrounding

gas (yqo) and between the liquid and the solid (yqi)are system dependant
and cannot be changed by the drop shape. But the horizontal part of the

force between the liquid and the surrounding gas (y|s) acting tangentially to

the contact line depends on the contact angle. For absolutely wetting and

non-wetting conditions (contact angle 0° and 180° respectively) this force

acts exclusively in horizontal direction. The horizontally acting part is re¬

duced at least by half for contact angles between 60 and 120° (see

equation 45). Choosing the experimental conditions accordingly, the

formed sessile drops are mostly axi-symmetric and the profiles can be ana¬

lysed with good results regarding the surface tension of the liquid.



-65

5. Results

The experiments conducted in this work can be divided into three groups:

liquid drop, liquid bridge and ice bridge experiments.

The photographically measured profiles of sessile and pendant drops were

fitted with the Laplace equation of capillarity. This way the surface and in¬

terfacial tension of liquids and the contact angle on the solid-liquid line

could be determined.

The Laplace equation of capillarity was also applied to liquid bridges.
Therefore the capillary force acting on the solid-liquid interface could be

calculated from known physical parameters and recorded shape. From

measured capillary forces, a fit of the bridge profile using the Laplace equa¬

tion results in the determination of the surface tension of the liquid.

The change in the bridge shape due to the phase transition liquid-solid for

water bridges was determined and tensile tests were carried out on the re¬

sulting ice bridge giving information about the fracture behaviour of the

bridges and their mechanical parameters. The size of defects (subcritical

cracks) and the critical stress release rate were estimated by applying the

theory of fracture mechanics. The adhesion strength of ice on a solid was

modelled and compared with experimental results.

5.1. Sessile drops
To determine the surface or interfacial tension and the contact angles of a

liquid from a sessile drop sitting on a horizontal plane the drop profile is

fitted with the Laplace equation. An exemplary sessile drop photograph is

presented in figure 5.1. The contour of the drop is determined and can then

be fitted with the Laplace equation.
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Figure 5.1 : Sessile water drop on Teflon

A typical result of such a fit has already been presented in figure 2.5 in

section 2.2.2.1. The quality of a typical fit is presented in figure 5.2 show¬

ing the error distances (i.e. the minimum difference between the experi¬
mental and the calculated drop profiles) plotted against the horizontal axis

of the drop.
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It can be seen that the apex region of the drop located at the origin of the

coordinate system is fitted best. The largest differences appear at the con¬

tact line of the liquid with the solid. However, the differences between the

experimental and the theoretical contour is smaller by a factor of 100 than

the drop dimensions.
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In table 5.1 the surface and interfacial tensions of several systems deter¬

mined by the sessile drop profile analysis (ysd)are shown and compared

with reference values obtained by the drop detachment technique (y^)

Each sessile drop experiment consists of n drops of different volume. The

contact angle a and the surface tension yscj are the mean values over n

drops. The table also shows the standard deviations for the presented quan¬

tities.

System Solid n

i

Ap , a

Igcm'3] [°1

Ysd

[mN m_1l

Ydd

[mN m'1]

Octanol/

Water

hydrophobic

glass
8 0.174 147+8

8.5

±0.6

8.5

±0.03

Ethyl-
ether/Water

hydrophobic

glass
4 0.285 138+8

10.8

±0.3

11.3

±0.01

Ethylene gly¬
col/Air

hydrophobic

glass
7 1.113 79 ±9

49.8

±2.0

47.4

±0.03

Ethylene glycol/
Air

Teflon 7

i

1.113 I 83 ±3
49.7

±2.5

47.4

±0.03

glyerin pur¬

iss./Air
Teflon 11 1.226 111+1

63.6

±0.5

63.3

±0.05

Water/

Air
Teflon 16 0.997 117+3

75.8

±2.7

73.1

±0.04

Table 5.1 : Surface and interfacial tensions measured by sessile drop and

drop detachment experiments at & = 20°C

The standard deviations of the values obtained by the analysis of sessile

drop profiles are larger than the deviations for the values measured by drop

detachment. The overall agreement of values obtained by the two tech¬

niques is acceptable. All systems studied with sessile drop experiments

showed large contact angles (cc^ 70°).
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5.2. Liquid bridge
As already explained in section 3, liquid bridges were studied with both set¬

ups. The first setup is used to determine the surface tension and the contact

angle by analysing the shape of the liquid bridge.

The second setup was used to freeze water bridges and investigate their me¬

chanical characteristics. Nevertheless, picture of liquid bridges were taken

before freezing and the capillary forces acting on the bottom plate were cal¬

culated.

5.2.1. Variation of the contact angle

One method to determine the contact angle of a liquid bridge was to fit the

experimental bridge profile with the Laplace equation using a least square

routine. The contact angle was then obtained from the slope of the theoreti¬

cal contour at the top and bottom plate. The second method applied to de¬

termine the contact angle was the calculation of a regression curve for the

first 4 to 10 profile data points at the top and bottom plate.

For the data presented in figure 5.3 the liquid bridge was first formed from

a drop and then stretched until it broke. The contact angles at the top plate
determined by the Laplace fit and by a regression curve are shown as a

function of the bridge height (i.e. the separation distance between the

plates).
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Figure 5.3 : The contact angles at the top plate determined by Laplace fit and

regression curve ofthe bridge profiles, solid: hydrophobic glass,

liquid: ethylene glycol, x9= 20°C

Both contact angle determinations behave in the same way when the bridge
is stretched. However, the contact angles determined by regression are sys¬

tematically larger than the contact angles determined by the Laplace fit.

The contact angles determined by either method recede when the bridge is

stretched showing a contact angle hysteresis on the polished and homoge¬
neous glass surface. A complete hysteresis of the contact angle at the top

pyrex plate is presented in figure 5.4. The bridge was not disrupted but only
stretched and compressed
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If the bridge is stretched the contact line of the liquid on the solid recedes

and the contact angle decreases (receding contact angle). When the bridge
is compressed the contact line advances and the contact angle becomes

larger (advancing contact angle). The differences between the advancing
and receding contact angles are demonstrated in figure 5.4. A regression

curve was inserted in the measured values of the contact angles to clarify
the trend.

A comparison of the contact angle at the top and the bottom plate is pre¬

sented in figure 5.5. The contact angles were determined by a regression
curve through the boundary data points at the top and bottom contact areas

respectively. The bridge was stretched until it broke.
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At small heights of the bridge, the contact angles on the top and the bottom

plates were roughly the same. If the bridge is stretched the contact angle at

the top decreases and the contact angle at the bottom increases slightly. The

contact angle at the bottom plate varies considerably less than the contact

angle at the top plate. For the most stretched bridge, at a bridge height

shortly before rupture, the difference between both contact angles was

largest (approximately 25°).

5.2.2. Determination of the surface tension

For the determination of the surface tension the contour of the photo¬

graphed bridge is fitted with a theoretical contour based on the Laplace

equation. The capillary force acting on the cylinder (i.e. the top plate) is

measured with a balance (see figure 3.1). A typical Laplace fit of an experi¬
mental contour is presented in figure 5.6. The differences between the ex¬

periment and the theoretical fit are shown in figure 5.7. The rms value for

profile differences was used as parameter measuring the quality of the fit.
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Figure 5.7: Contour residuals related to the measured bridge radius between

experiment and Laplace fit for an ethylene glycol bridge at 20°C

on hydrophobic glass, Ap= 1.112 g cm""1, Ftop = 0.05064g

The rms value for this fit is 2.0342T0 mirr. Since the residuals distribu¬

tion showed in figure 5.7 is small and evenly distributed over the whole

height of the bridge the fit is qualitatively good.
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To test the accuracy of the method the surface tension of several liquids

(ethylene glycol, glycerin and water at temperatures above 0°C) was deter¬

mined and compared with values measured with the drop detachment meth¬

od. The results are presented in table 5.2. The surface tension determined

with liquid bridges is denoted by yit> and the reference value of the surface

tension measured by drop detachment [18] is denoted by y^d- One bridge is

stretched and/or compressed n times resulting in n photographs that were

analysed with regard of the surface tension.

System Solid n

Ap T

[gem"3] [°C]

Ylb

[mNm"1]

Tdd

[mNm1]

ethylene glycol
hydropho¬
bic glass

23
j
1.112 19.9 46.7 ±0.5 47.4 ±0.03

glycerol anhy¬
drous

pyrex glass 27 1.261 20.1 62.5 ±0.7 63.0 ±0.15

water
hydropho¬
bic glass

10 0.997 21.8 72.8 ±1.0 72.8 [33]1

Table 5.2: Surface tensions for different liquids measured by liquid bridge
profile analysis and drop detachment methods

1. no reference measurement with drop detachment method

The surface tension measurements using a liquid bridge profile agree well

with the values measured by the drop detachment technique. For a reliable

decision regarding the possible usage of this method, it is important to ana¬

lyse the scatter and the distribution of the data. To check the influence of

the bridge height on the surface tension the latter is plotted versus the

height for bridges with constant volume. The surface tension was deter¬

mined for the right contour (Ynçht contour)? f°r me ^ contour (Yleft contour)
and for the superposition of both contours (Yboth contours)
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The results in figure 5.8 show basically that the height of the bridge does

not influence the surface tension values. Nevertheless small bridges should

be avoided. They show larger deviations from the mean value than the ex¬

panded bridges.

Because of time limitations it was not possible to determine the surface ten¬

sion of supercooled water by liquid bridges. A condensation problem oc¬

curred and made alterations in the experimental setup necessary. However,

the proposed method should be suitable for the measurement of the surface

tension of supercooled water as no extreme changes compared to water at

temperatures higher than 0°C, for which the method delivered correct data,

are expected.

5.2.3. Determination of the capillary force

In the second experimental setup (see figure 3.2) the load cell is connected

to the bottom plate where the force is measured. Since the load cell is ex¬

tremely sensitive to temperature fluctuations and the resolution of the cell is

limited (0.01 g) its accuracy during experiments involving freezing of the

liquid bridge is diminished. To prove the applicability of the capillary force

determination by the Laplace equation for the second setup (non-ideal wet¬

ting conditions on the relatively rough and heterogeneous copper plates)
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experiments at constant temperature were carried out and the measured

capillary force values were compared with the forces calculated by the ap¬

plication of the Laplace equation on the photographically recorded bridge

profiles.

Liquid bridges of different height were formed and were rotated by 180°.

15 photographs at different rotational angles were taken of each bridge. The

contours extracted from the photographs were fitted with the Laplace equa¬

tion (equation 11) using known values for the surface tension y of the liquid
and the density difference Ap of the liquid and the surrounding air. These

values were taken from the literature and were interpolated to the experi¬
mental temperature. The fit of the Laplace equation to the 15 profiles of

each bridge resulted in values for the pressure difference at the bottom plate

Ap = Pjnside~Poutside- The mean value of the pressure difference for all fitted

profiles of the individual bridges was calculated and was used for the calcu¬

lation of the total capillary force Fcap (acting on the bottom plate), Fy and

FAp according to equation 12.

A change in pressure can influence several properties of a liquid as for ex¬

ample the equilibrium freezing temperature of a liquid. Because ofthat it is

important to know the order of magnitude of the change of pressure inside

the liquid bridge. Since for all bridges studied in this work only pressure

deficiencies (pjnsjde< Poutsidc) were observed, the largest change of pressure

occurs at the top plate due to the hydrostatic term in equation 11. The pres¬

sure difference at the top plate versus the bridge height is presented in

figure 5.9 for bridges of volumes ranging from 4 pi to 20 pi.
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No bridge volume dependence of the pressure deficiency on the bridge

height is observed. The pressure difference at the top plate is maximal

500 Pa for water bridges for all volumes measured at 8°C which is relative-

ly small as compared to the atmospheric pressure of roughly 10 Pa. The

pressure deficiency increases strongly if the height of the bridges decreases.

In figure 5.10 the experimentally measured and with equation 12 calculated

values for the total capillary force are plotted against the height of the

bridge, i.e. the separation distance of the plates.
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It can be seen that the measured and calculated capillary forces agree well

although the surface of the plates was not ideally smooth (drilled copper

plates with arithmetic average roughness (DIN 4678) P^ of 0.42 pm and

0.69 pm for the bottom and top plate respectively) and probably not homo¬

geneous since copper oxidises if in contact with air.

The capillary force can be divided into two parts: the force caused by the

pressure deficiency (FAp) and the force caused by the surface tension (Fy).
The pressure deficiency is acting over the whole contact area of the liquid

bridge on the solid whereas the surface tension force is acting only at the

circumference of the contact area. A graph showing the relationship be¬

tween Fcap, FAp and Fy for theoretical calculations with constant contact an¬

gles at top and bottom plates was shown in figure 2.2.

For the calculated values of FAp, Fv and Ftota[ presented in figure 5.11 the

following procedure was used: the contact angles at the bottom plate were

measured experimentally and the pressure deficiency was determined by a

Laplace fit of the experimentally measured bridge profiles.
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It can be seen clearly that the force FAp caused by the pressure difference

dominates for small bridge heights. For stretched bridges the vertically act¬

ing forces FAp caused by the pressure difference and the forces acting verti¬

cally Fy at the circumferential line of the wetted area are of the same order

of magnitude.

When the volume of a liquid bridge increases, the wetted area increases as

well as does the maximum height of a stable bridge. To be able to compare

bridges of different volumes a dimensionless height h* for the bridge is in¬

troduced. It is determined as:

h* (55)
V

A graph showing the capillary force plotted versus the dimensionless height
h* is presented infigure 5.12.
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For bridges of different volume held at the same temperature T and ambient

pressure p the dimensionless height normalises the measured values of the

capillary force.

5.3. Ice bridge
The liquid water bridge was frozen in the experiment conducted with the

second setup (see figure 3.2). The shapes of the liquid bridge and the corre¬

sponding ice bridge were recorded before a tensile test was carried out.

The following paragraphs describe first the freezing process, i.e. the obser¬

vations made on the water bridge during freezing and at which temperature

crystallisation could be observed. The second part describes the determina¬

tion of the mechanical characteristics of the ice bridge using a tensile test.

Finally fracture mechanics is applied to the fracture of ice bridges and the

adhesion strength of ice on different solids is estimated with the model de¬

scribed in section 2.5.4.
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5.3.1. Freezing process

Since the density of polycrystalline ice at ambient pressure is approximate-

ly 10% lower as the density of liquid water (Pjce= 0.9187 gem ,

Pwater 0°C
= 1-000 gcm ). a change in the contour of the water bridge is ex¬

pected when it is frozen. It is unknown, however, how the shape of the

bridge changes and where the crystallisation starts. A typical freezing proc¬

ess is shown in figure 5.13 where the steps from a liquid bridge to a solid

bridge are shown. The whole process took between 5 and 20 seconds. The

pictures shown in figure 5.13 were not taken at constant time intervals but

were chosen to demonstrate the most important steps during the freezing

process.
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Figure 5.13: Schematic freezing process of a water bridge photographed by
a high speed camera
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The observations made during the freezing process can be divided into

three steps:

First phase:

The crystallisation starts at the free surface of the liquid bridge. A thin layer
of ice is formed spontaneously at the free bridge surface. The beginning of

crystallisation can be detected by an immediate change in the opaqueness

of the bridge surface observable as a darker bridge. The shape of the bridge

during this phase remains unchanged.

Second phase:

In this phase a horizontal freezing front starts to move vertically down¬

wards from the cooled top plate. This process is considerably slower than

the formation of the first ice layer at the bridge surface and can thus be ob¬

served visually without any special equipment. The neck of the bridge ex¬

pands slightly. Otherwise the shape of the bridge remains unchanged.

Third phase:

When almost the whole bridge is frozen, the crystalline structure at the free

surface breaks and an excrescence forms. This observation can be ex¬

plained by the volume increase due to the phase transition from liquid wa¬

ter to ice. Two different schematic shapes of the ice bridge were observed

during this work. They are presented in figure 5.14.

Figure 5.14: Comparison of the two characteristic shape deformations of fro¬

zen water bridges at A4 = -20°C

The change in volume associated with the phase transition from liquid wa¬

ter to ice is accommodated either by the formation of a ring along the cir¬

cumference at the lower part of the ice bridge or by the formation of an
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excrescence. The excrescence as well as the ring grow at the lower half of

the bridge. Both, the ring and the excrescence are discontinuities in the

bridge profile making it difficult to predict the profile of the ice bridge the¬

oretically.

In all experiments, a considerable degree of supercooling could be observed

before crystallisation started. The temperature at the top plate when crystal¬
lisation starts (Tfreeze) is an experimentally measurable parameter directly
related to the degree of supercooling. The temperature at the top plate was

chosen for Tfreeze since the temperature was lowest there because the Pelti¬

er element cooling down the whole bridge was connected to the top plate.
Once this temperature was reached and crystallisation started, the whole

bridge froze through in less than a 20 seconds depending on the bridge

height and volume. It could be shown that the observed freezing tempera¬

ture effectively was supercooling and no equilibrium process. This was

done by raising the temperature directly after the onset of crystallisation.
The whole bridge froze in this case while the liquid bridge prior to freezing
showed no crystallisation at the same elevated temperature. Optically the

onset of crystallisation coincides with the moment the bridge turns sponta¬

neously opaque. The recorded freezing temperatures for different water

volumes cooled down from 10°C are presented in figure 5.17:
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Each data point represents the average freezing temperature for n repetitive

freezing cycles (3 < n < 13). The bars are two times the standard deviation

of the measured freezing temperatures. Generally, the influence of the vol¬

ume on the freezing temperature of the liquid bridge is large. The experi¬
ments show that bridges of larger volume tend to freeze at higher

temperatures, i.e. their supercooling is reduced.

Since the bridge is cooled only through the top plate, the heat transfer

length increases with an increasing bridge height. Additionally, for a con¬

stant volume, the wetted area at the top plate decreases with increasing

bridge height reducing thus the heat transfer area. For the same freezing

temperature recorded at the top plate, the mean temperature of the bridge

over its whole length is lower for stretched bridges than for compressed

bridges of the same volume. In figure 5.16 the freezing temperature for

bridges of constant volume are plotted versus the bridge height.
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For longer bridges a tendency to lower freezing temperatures is observed.

The length effect on the freezing temperature is negligible compared to the

influence of the bridge volume on the freezing temperature.
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5.3.2. Fracture analysis of an ice bridge

The tensile strength a and the Young's modulus E are experimentally de¬

termined as mechanical characteristics of the ice bridges. The force deflec¬

tion diagrams and an analysis of the resulting breaking areas of the bridges

give information about their fracture behaviour.

The tensile force is applied in the vertical direction on the bridge. The force

applied and the deflection it induces are measured simultaneously. It has to

be kept in mind that the deflection and the force are actually applied onto

the system copper-ice-bottom plate material and that the Young's modulus

is strictly speaking not the Young's modulus of the ice bridge but the

Young's modulus of the whole system. But since the Young's moduli of

the materials (copper, Teflon and Kel-F) differ considerably compared to

the Young's modulus of ice, this effect can be neglected.

In figure 5.17 two photographs showing an ice bridge prior and after the

tensile test are presented.

Figure 5.17: Tensile test performed on a ice bridge at -20°C, Vjce= 24 pl

The breaking area of the disrupted ice bridge indicates brittle fracture since

failure occurred perpendicular to the main force acting on the ice bridge.
This indicates the possibility to use fracture mechanics for the description
the failure of ice bridges.

Another important aspect is the presence of an unstable fracture (discussed
in figure 2.15). To determine the stability of fracture of the ice bridge a

force deflection diagram is generated. A typical force-deflection diagram
for ice bridges is presented in figure 5.18 showing clearly that the bridge
fails unstable.
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The deflection associated with the tensile force Is linear up to the point of

failure. No reduction of the breaking area and therefore no plastic deforma¬

tion are observed (see figure 5.17).

5.3.3. Tensile Strength and Young's modulus of ice bridges

5.3.3.1 Tensile Strength

To determine the peak stress acting on the ice bridge, the form factor akis
calculated using the bridge's minimum diameter d, the mean wetted diame¬

ter D and the minimum radius of curvature r^^ of the contour (see

figure 2.12). The tensile strength acrjt is calculated using equation 35 with

Fmax being the maximum measured force. In general, the tensile strength is

a characteristic value for a material and does not depend on the test speci¬
men's dimensions. This is only true, however, for homogeneous materials

ofuniform crystal structure.

It was found that the strength of ice bridges is inverse proportional to the

rupture area, i.e. approximately to the minimum area of the bridge, as

shown in figure 5.19.
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Figure 5.19: Tensile strength of ice bridges for two different volumes (meas¬
ured at 10°C)\at -20°C, AT/At -- 5 K min1

The tensile strength of the ice bridges increase with a decreasing breaking

area. In most cases, the breaking area coincides with the area of minimum

bridge diameter. Nevertheless, the breaking area was used to calculate and

discuss the tensile strength and Young's modulus since the bridges some¬

times failed near and not exactly at the minimum diameter. The volume of

the bridge has only a slight direct influence on its tensile strength. It influ¬

ences the tensile strength indirectly as for larger volumes the minimum di¬

ameter increases at a given height (equation 55).

5.3.3.2 Young's modulus

To determine the Young's modulus of an ice bridge, the force-deflection

diagram (as shown in figure 5.18) has to be transformed into a stress-strain

diagram. The tensile stress is calculated by the modified equation 35:

er = a
k

CT
n

a
4P

k a
(35a)

break

where A^^ is the breaking area of the ice bridge. The strain can be calcu¬

lated using equation 33. This way the stress-strain diagram shown in

figure 5.20 follows from the force-deflection diagram presented in

figure 5.18:
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According to equation 34, the Young's modulus is calculated from the

slope of the linear regression curve through the measured data points of the

stress-strain diagram.

A comparison of the Young's moduli for several bridges of different vol¬

ume is shown in figure 5.21. The collected data is taken from the same ex¬

periments as the data used for the description of the tensile strength of ice

bridges (see also section 5.3.3.1).
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The Young's modulus depends similarly as the tensile strength on the

breaking area. The influence is not so strong as observed for the tensile

strength. The Young's modulus of the ice bridges decreases if the rupture

area increases. That means that the elasticity of the ice bridges is reduced if

the rupture area increases.

The Young's modulus decreases slightly with increasing bridge volumes.

5.3.3.3 Influence of the cooling rate on the crc and E

The cooling rate for water bridge freezing can be adjusted by an external

controller. The temperature is measured with a thermoelement inside the

top plate and it is assumed that the temperature of the ice near the top plate
is the same as the measured temperature.

Four different cooling rates were chosen: 1,5,10 and 15 K min
.
Since the

shape (i.e. the minimum diameter of the ice bridge) influences the tensile

strength it is difficult to compare the mechanical properties at different

cooling rates. In order to investigate the influence of the cooling rate, bridg¬
es of same volume and height range were used in the experiments. This al¬

lows the investigation of bridges with similar minimum diameters and the

calculation of the mean tensile strength and appropriate standard deviation

for bridges of nearly the same geometry.
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Another problem associated with different cooling rates were the evapora¬

tion and condensation of water. The time for cooling a bridge from 4T0°C

to -20°C depends strongly on the cooling rate. At higher temperatures water

evaporates from the liquid bridge and at lower temperatures water vapour

from the environment condenses on the ice bridge thus influencing its vol¬

ume. Therefore the mean volume for each experiment was calculated and

only bridges with volume discrepancies of less than lpl were compared
with each other. The influence of the cooling rate on the tensile strength of

ice bridges is presented in figure 5.22.
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Figure 5.22: The average tensile strength of ice bridges as a function of the

cooling rate for different mean volumes of the bridges

(10 and 20 pl), -9 =-20°C

The bars in figure 5.22 show the standard deviation of the measured tensile

strength at different heights, i.e. the length of the bars equals two times the

standard deviation. The scatter of the measured data is relatively large. A

decrease in tensile strength with increasing cooling rate is observed. There

is no observable influence of the bridge volume on the tensile strength.

The influence of the cooling rate on the Young's modulus is presented in

figure 5.23 for three different volumes (10, 14 and 20pl). As for the inves¬

tigation of the influence of the cooling rate on the tensile strength of ice
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bridges, a mean Young's modulus was calculated for bridges of constant

volume for a given cooling rate. The standard deviations of the measured

data for a given experiment is presented by the bars.
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Figure 5.23: The mean Young's modulus of ice bridges as a function of the

cooling rate for different volume (10, 14 and 20 pl),& = -20°C

The measured data for the Young's modulus scatters considerably. Never¬

theless, an increase of the Young's modulus with increasing cooling rate

can be observed, i.e. the ice bridge becomes more inelastic with increasing

cooling rate. It is difficult to decide whether the bridge volume influences

the Young's modulus' dependence on the cooling rate due to the relatively

large scatter of the experimental data.

5.3.4. Application of fracture mechanics

The application of the theory of fracture mechanics leads to an estimation

of the inherent maximum crack size 2a of the ice bridge (equation 39a).
Under the application of a critical stress the calculated crack size becomes

critical leading to failure of the ice bridge. The critical stress intensity fac¬

tor Kc can be calculated using equation 42a giving a comparable value for

the toughness of the ice bridges at the tip of a crack of size 2a.
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5.3.4.1 Estimation of the inherent crack size 2a

Since no artificial cracks were introduced into the material the crack size

calculated by the theory of fracture mechanics gives the size of the defect in

the ice bridge causing the failure of the bridge by unstable crack propaga¬

tion. This defect can be a dislocation in the crystal structure, a defect at the

interface of two ice grains or a gas bubble contained in the ice bridge.

Based on the tensile strength and the Young's modulus dependence on the

breaking area of the bridge the possibility of the crack size dependence on

the breaking area was investigated, too. The relationship between the crack

size 2a (calculated by equation 39a) and the breaking area is presented in

figure 5.24 for two different bridge volumes.
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Figure 5.24: Inherent crack size ofthe ice bridge against the breaking area at

B = -20°C for different volumes measured at 10°C,
AT/At = 5Kmin1

It can be seen that the breaking area and the bridge volume have no influ¬

ence on the inherent crack size 2a. Consequently it can be assumed that the

size of the defects inside the ice bridge remains constant.

The parameter influencing the crack size considerably is the cooling rate.

The influence of the cooling rate on the crack size is presented in

figure 5.25. The total length of the bars represent the standard deviations of

the crack size for several experiments.
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bridge, Xe} = -20°C

The data scatters strongly. However, this has to be expected since the meas¬

ured values for the tensile stress rjcrjt and the Young's modulus E used to

calculate the crack size 2a also scatter relatively strongly. A comparison of

the mean crack size for several experiments carried out at the same cooling
rate shows, however, an increase in the crack size with increasing cooling

rate. The relationship between the crack size 2a and the cooling rateAT/At

can be described by a regression curve of the form

2a =

f^AT7XÏ (56)

with fj = 9 pm and f2 =7 pm K min
. According to equation 56, for large

cooling rates a maximum average inherent crack size of approximately
9 pmcan be expected for ice bridges.

5.3.4.2 Stress intensity factor Kc
The stress intensity factor Kc is a material characteristic describing the re¬

sistance of the material against stress peaks occurring at crack tips. It is

used, like the tensile strength and the Young's modulus, to compare differ¬

ent materials impartially.
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For the ice bridges the critical stress intensity factor equals the general

stress intensity factor since the crack propagation is unstable. With the

crack size calculated using equation 39a and the measured tensile strength

(equal to the critical stress for unstable crack propagation) it is possible to

calculate the stress intensity factor Kciising equation 42a.

As the tensile strength of the ice bridge depends on the breaking area (see

figure 5.19) and the crack size 2a is independent of the breaking area (dem¬

onstrated in figure 5.24) an influence of the breaking area on the stress in¬

tensity factor is expected and presented in figure 5.26:
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Figure 5.26: The stress intensity factor K^ versus the breaking area for differ¬

ent volumes and cooling rates, $ = ~20°C

The stress intensity factor decreases with an increasing breaking area. This

behaviour was already observed for the tensile strength and the Young's
modulus of ice bridges.

The systematic influence of the cooling rate on the stress intensity factor is

difficult to extract from figure 5.26. If the mean value of all Kc-values ob¬

tained for a constant cooling rate are determined and plotted versus the

cooling rate the influence is more discernible. The results are presented in

figure 5.27.
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The scatter of the stress intensity factor is relatively large. The bars show

the standard deviation of the experimentally determined K^-values. The

stress intensity factor increases with the cooling rate leading to the conclu¬

sion that the resistance of the ice bridges against crack propagation increas¬

es with the cooling rate. This trend is opposite to the trend observed for the

tensile strength of ice bridges.

5.3.5. Ice adhesion

Experiments were carried out to test the cohesive and adhesive properties
of ice bridges. If a tensile force is applied to an ice bridge, the bridge will

either fail cohesive if the applied force induces inside the bridge a stress ex¬

ceeding the cohesive strength of ice crcrjt or the ice bridgewill fail adhesive

if the forces acting inside the bridge are stronger than the forces acting be¬

tween the ice and the plate material. This process can be modelled with a

theory based on fracture mechanics. The applicability of this theory will be

tested.

In all tensile strength experiments conducted with copper plates at -20°C

cohesive failure of the ice bridges was observed. These experiments could

be used to test the model prediction of the adhesive strength of ice on sol-
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ids, i.e. to test whether the predicted force necessary to cause adhesive fail¬

ure Facjk is larger than the measured force causing cohesive failure. The

adhesive stress Ga(^ can be calculated with equation 52a. For adhesive fail¬

ure to occur the following relation has to be true, otherwise cohesive failure

will occur.

/ p \-0.2
a

1
ice ucnt

F
V ijplate7

lJ-cose'Aadh^CTcrit-Amin (57)

The critical stress of ice acrjt can be excluded from equation 57 leading to

the expression for the coefficient Qaj| determining whether adhesive or co¬

hesive failure will take place. The condition for adhesive failure can be

written as:

C =

Wail

f is \ -0 ^
»

k;_ )
"

VTTcosë Aadh
1 4-

1CC

A..
< 1 (57a)

V 'platcv
~

min.

To verify this model, experiments where adhesive failure occurred had to

be carried out. This was done by replacing the bottom copper plate with a

Teflon plate. To preserve the needed heat transfer the top copper plate was

retained.

The adhesion of ice regarding the system copper-ice-copper is presented
in section 5.3.5.1 and the adhesion in the system copper-ice-Teflon and

copper-ice-Kel-F is described in section 5.3.5.2.

5.3.5.1 Adhesive strength inferred from cohesive failure

The presented adhesive strength calculated for the system copper-ice-cop¬

per is a theoretical value calculated by 52a. It was not possible to measure

the adhesion strength of this system since the ice bridges failed always co¬

hesive as already mentioned before.

The adhesive strength calculated for the system copper-ice-copper using the

experimentally measured values of the Young's modulus E]ceand tensile

strength acr[t is presented in figure 5.28 for experiments conducted at dif¬

ferent cooling rates:
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Figure 5.28: Theoretically calculated adhesion strength for ice bridges on

copper plates at different height and cooling rates, $= -20°C

The calculated adhesion strength of ice on copper based on a model using

the theory of fracture mechanics varies between 2 and 8 MPa and is there¬

fore of the same order of magnitude as the tensile strength of ice. Contrary

to the observations made for the tensile strength the adhesive strength
shows no influence of the bridge height or the adhesion area for the system

copper-ice-copper.

The cooling rate AT/At does not influence the adhesion strength signifi-

cantrly. An additional comparison of the adhesion strength for different

cooling rates is presented in figure 5.29 showing the mean adhesion

strength values as a function of the cooling rate. The double standard devia¬

tions of the mean values are shown as bars.
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As already mentioned previously the cooling rate does not influence the ad¬

hesion strength of ice on copper. The adhesion strength of ice on copper for

a cooling rate of 1 Kmin"1 is much higher than for experiments conducted

at higher cooling rates. However, no systematic trend can be observed for

the dependence of the adhesion strength on the cooling rate.

To predict whether the ice bridge will fail adhesive or cohesive the adhe¬

sive or tensile strength are not the most important parameters. If a force is

applied to an ice bridge it induces a stress inside the bridge and a stress act¬

ing at the solid-solid interface. Depending on the shape of the bridges the

cohesive stress induced by the tensile force is larger than the adhesive

stress induced by the same force since the area of adhesion upon which the

force is acting to cause adhesive failure is larger than the area where cohe¬

sive failure takes place (minimum area of the bridge). When either applied
stress exceeds the value of the adhesive or tensile strength, the bridge will

fail. The bridge fails depending on which strength was exceeded first either

cohesive or adhesive. To test the model for its applicability the measured

tensile force (inducing cohesive failure) and the theoretically determined

force, necessary to induce adhesive failure (see equation 58) at the bottom

plate, were calculated and compared.

F
adh

__

a
adh

' Aadh (58)
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where F^ is the force necessary to cause adhesive failure, aadh is the ad¬

hesive strength and Aadh is the area of adhesion.

Since all experiments presented in this section fail cohesively the tensile

force should be smaller than the force needed to cause adhesive failure. The

two forces plotted versus the bridge height arc presented in figure 5.30.
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Figure 5.30: Comparison offerees inducing cohesive (measured) or adhesive

failure (calculated) for ice bridges on copper, -&= -20°C

As expected, the force necessary for adhesive failure always exceeds the

measured tensile force inducing cohesive failure.

Another possibility to predict the type of ice bridge failure is the calculation

of the coefficient Ct-ai|. Adhesive failure takes place when Cfai| < 1 and co¬

hesive failure occurs when Cfay > 1 (following equation 57a). In figure 5.31

this dimensionless coefficient is presented. A horizontal line shows the crit¬

ical value of 1.
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Figure 5.31 : Coefficient C1aj[ (see equation 57) for tensile experiments of ice

bridges between copper plates for cooling rates between

1 and 15 Kmin"1 and volumes between 10 and 25 pl

The coefficient Cfajj depends strongly on the bridge height. For bridges of

small heights the coefficient approaches the critical value of I but is never

smaller than 1. This agrees with the observation of cohesive failure for the

experiments carried out in this work.

The adhesion strength calculations are no rigorous proof for the correctness

of the applied model. Nevertheless the results concerning the expected type

of failure agree with the experiments.

5.3.5.2 Experimentally measured adhesive strength
The adhesive strength of the ice bridges could be measured directly by re¬

placing the bottom copper plate with a Teflon or Kel-F plate. Especially
Teflon was poorly wetted by water and therefore the bridge geometry was

different as compared to the geometry of water bridges between two copper

plates. The Kel-F bridges failed adhesive or cohesive depending on the

bridge geometry. Therefore Kel-F is suited best to investigate the model

predicting the adhesion strength of ice on different materials by analysing
the bridge geometry and the mechanical properties of the ice bridges.
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In figure 5.32 the measured adhesion strength of ice on a Teflon or a Kel-F

plate is demonstrated as function of the adhesion area of the ice bridge on

the bottom plate. For the bridges shown adhesive failure was observed.
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Figure 5.32: Measured adhesion strength of ice as function ofthe bottom ad¬

hesion area, $ = -20°C, V = 20pl, top plate: copper, bottom

plate; Teflon and Kel-F, AT/At = 5 Kmin""1

Contrary to the adhesion strength of ice on copper calculated with the mod¬

el developed in this work (figure 5.28) the adhesion strength of ice on

Kel-F and Teflon shows a dependence on the area of adhesion. Generally
ice adheres to Kel-F stronger than to Teflon. This is to be expected since

the contact angle of water on Teflon is larger than the contact angle of wa¬

ter on Kel-F (approximately 90° and 70°, respectively).

The tensile strength of the ice bridges can be calculated directly if the ice

bridge fails cohesively or can be calculated using the adhesion model (see

equation 52a) if the ice bridge fails adhesively under applied vertical stress.

Since the cohesive characteristics of the ice bridges are not influenced by

the plate material the applicability of the adhesion model can be investigat¬
ed this way. In figure 5.33 the tensile strength measured for the cohesively

failing ice bridges on copper and partly on Kel-F plates and the calculated

tensile strength for ice bridges on Teflon and partly on Kel-F plates (adhe¬
sive failure during experiments) are plotted against the neck area
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(- minimum cross sectional area of the ice bridge). Usually the neck area

coincides with the cohesive breaking area on which the tensile strength de¬

pends strongly as shown above.
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Figure 5.33: Comparison of calculated tensile strength of ice bridges on Te¬

flon and Kel-F plates with the measured tensile strength on cop¬

per plates, 3 = -20°C, AT/At - 5 Kmin \ V = 20pl

The measured tensile strengths for ice bridges failing cohesively and the

calculated tensile strengths of ice bridges failing adhesively agree well re¬

gardless of the plate material.

The calculation of the failing coefficient Cfm\ (equation 57a) allows the pre¬

diction of the type of failure. If Cfdl]< J adhesive failure and if Cfan > I co¬

hesive failure will occur. In figure 5.34 the failing coefficient is shown as

function of the bridge height, fhe observed type of failure and the bottom

plate material is denoted in the legend.
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Generally the observed type of failure agrees with the type of failure pre¬

dicted by the failing coefficient. In some cases, however, the predicted and

observed type of failure do not coincide. Also it is shown that the exact val¬

ue of I for the failure coefficient cannot be taken as sharp divider between

adhesive and cohesive failure.
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5.4. Combination of liquid and solid water bridges
The major problem in modelling ice bridges is their irregular and highly

unpredictable profile (an example is shown in figure 5.35). On the other

hand, the shape of a liquid bridge with known physical properties (density

and surface tension) between two horizontal plates can readily be calculat¬

ed if the height of the bridge, the contact angles of the liquid on the plates

and the bridge volume are known. In the following paragraph the shapes of

liquid and solid bridges are compared.

5.4.1. Shape

A comparison of a liquid and frozen water bridge shows that both bridges

are of similar shape (see figure 5.35).

Figure 5.35: Freezing of a water bridge between copper plates,

liquid = 10°C, Sice = -20°C, V = 21 pl,

The ring formation to accommodate the density decrease of the freezing

produces an inconsistency of the ice bridge profile. Therefore it is impossi¬

ble to predict the profile of an ice bridge correctly.

Since the contact angle is a local parameter at a given point on the circum¬

ference of the contact area, and to check the symmetry of liquid bridges,

15 pictures of each bridge were taken at different rotational angles between

0° and 180°. For every taken picture, the left contour was mirrored at the

bridge's vertical axis of symmetry. The mirrored left contours and the right

contours of the bridge were superimposed to prove the bridge's symmetry.

A typical result is shown in figure 5.36
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Figure 5.36: Experimental profiles of a liquid water bridge between copper

plates, V = 21 pl, $=10°C

The contact angle of the bridge remains almost constant along the whole

circumference while the wetted radius varies slightly and disturbs the sym¬

metry of the bridge.

When such a bridge freezes it has to accommodate the decrease of density

caused by the phase transition of water to ice (figure 5.35 and figure 5.14).
Like the liquid bridge profile, the profile of the ice bridge was also deter¬

mined with 15 pictures taken at different rotational angles between 0° and

180°. The left contour was again mirrored at the vertical axis of symmetry

and both, the left and right contours, were superimposed (see figure 5.37).
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Figure 5.37: Experimental profile of an ice bridge between copper plates,
V = 24 pl, S = -20°C, AI /At = 5 Kmin

l

Since the bridge does not expand uniformly during the freezing, the scatter

of the contour is more pronounced as for liquid bridges.

To compare the shapes of the liquid bridge with its corresponding ice

bridge the mean values of the bridge radii were determined over the whole

bridge height. These two mean contours derived from the data presented in

figure 5.36 for the liquid and from the data used in figure 5.37 for the solid

bridge are collected in figure 5.38. An uncertainty in comparing the mean

contours of the liquid and corresponding ice bridge is the not axisymmetri¬

cal excrescence or ring formation. No information about the location and

the mean size of the excrescence is given by the mean ice bridge contour.
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Figure 5.38: Mean profiles of a liquid bridge between copper plates
(0 = 10°C) and the corresponding solid bridge (S = -20°C)

The comparison of the mean profiles of the liquid and the corresponding
solid bridge shows that the contact radii at the top and bottom remain con¬

stant during the liquid-solid transition meaning that the area of adhesion be¬

tween the bridge and the plates is the same for the liquid and the solid

bridge. The contour of the frozen bridge follows the contour of the liquid

bridge for the first and last third of the height. The minimum diameter of

the frozen bridge is at nearly the same height as the minimum diameter of

the liquid bridge is slightly larger than that of the liquid bridge.

However, if the bottom plate is replaced by a poor-wetting solid the above

demonstrated principles are less clear. Especially the wetted area at the bot¬

tom increases slightly. The excrescence or ring can still be observed and

occur roughly at the same position. Hence, the above described relation¬

ships between liquid and solid water bridges can be applied in principle.

5.4.2. Capillary and tensile forces

Since the shape of the liquid and the solid bridge are very similar and since

both, the capillary and tensile forces, depend on the bridge geometry that is

in principle given by the shape of the liquid bridge, the capillary forces act¬

ing in a liquid and the tensile forces of the corresponding solid bridge can

be related. To check this, the calculated capillary force of the liquid bridge
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at the bottom plate and the measured tensile force for cohesive failure of

the ice bridge were determined and compared. Naturally, the order of mag¬

nitude differs considerably. In figure 5.39 the relationship between the cap¬

illary force of the liquid bridge and the cohesive force of an ice bridge is

shown for two different cooling rates.
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Figure 5.39: The relationship between the capillary force of liquid water

bridges and the tensile force ofthe corresponding ice bridges for

cooling rates of 1 Kmin
'
and 15 Kmin'1,Sicc= -20°C,

5-water= 10°C, V = 15 pl for the cooling rate of 1 Kmin"1 and

V = 10 pl for the cooling rate of 15 Kmin""1

The tensile force of ice bridges is related to the capillary force of the corre¬

sponding liquid bridge by the bridge geometry. The tensile force increases

monotonously with the capillary force. The relationship between the capil¬

lary forces of the liquid water bridges and their tensile forces of their corre¬

sponding ice bridges can be described with a regression curve of the form

y
= a-xb as shown in figure 5.39. The regression curve is only valid for one

system and constant experimental parameters. Although this connection

does not give new results and can definitely not be used as independent de¬

scription of the fracture behaviour of ice bridges, it is useful for estimating
the tensile force of an ice bridge in a fast and uncomplicated way if the cap¬

illary force of the corresponding liquid bridge is known.
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This way the dependence of the strength of the ice bridges on the cooling
rate can also be observed. For smaller cooling rates the tensile force of the

ice bridge at the same capillary force of the liquid bridge (i.e. same geomet¬

ric parameters) increases. The influence of the cooling rate on the strength

of the ice bridge is probably more pronounced for the tensile force as for

the tensile strength (shown in figure 5.22).

The data presented in figure 5.39 was obtained by experiments carried out

with different bridge volumes. Based on the same volume dependence of

the capillary force and tensile forces (geometric relation of liquid and ice

bridges) the results can be compared. The shown relationship between the

capillary and the tensile forces is only qualitative. The same is true for the

influence of the cooling rate on the tensile force.
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6. Discussion

6.1. Surface tension measurements

The surface tension was measured using the profiles of sessile drops and

liquid bridges between two horizontal plates. The reference values were ob¬

tained with the drop detachment method.

Since all applied methods are based on a fit of experimentally measured

profiles by the Laplace equation of capillarity the quality of the fit is a cru¬

cial parameter. A good fit stands out by a small rms value (residual mean

square) and an uniform distribution of the residuals throughout the whole

contour. The latter is more important than the first since a section of the

contour that cannot be fitted satisfactorily by the Laplace equation indicates

a non-equilibrium profile but hardly influences the overall rms-value.

6.1.1. Sessile drops

Sessile drops are generally suitable to determine the surface and interfacial

tension of liquid systems as demonstrated in table 5.1. The standard devia¬

tion of the surface tension values derived by sessile drops is larger than the

standard deviation of the surface and interfacial tension measured by the

drop detachment technique. The advantage of the sessile drop method is the

possibility to determine the contact angle of the liquid on a solid simultane¬

ously with the surface or interfacial tension. The best values for the surface

tension determined from contours of sessile drops were obtained for

poor-wetting systems with small density differences between both fluid

phases and small surface or interfacial tensions. To obtain poor-wetting

systems only silylated pyrex glass and Teflon plates were used as solid sur¬

faces.

The reason for choosing poor-wetting systems is to avoid the variation of

the results caused by adhesive interactions between the solid and the liquid.

The roughness of the solid surface and its heterogeneity exerts non-uniform

forces on the sessile drop disturbing the equilibrium sessile drop shape.

Minimisation of this influence is achieved by minimisation of the contact

area of the liquid on the solid. For the poor-wetting case the sessile drops
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assume easier their axi-symmetric equilibrium shape. This is an extremely

important assumption for the description of the theoretical contour by the

Laplace equation. This was also confirmed in the literature [8, 31 ].

If systems with a low density difference and low surface or interfacial ten¬

sion were chosen the drops had a larger volume and a more favourable

height/width ratio. For such systems the influence of the wetted surface on

the drop shape was reduced resulting in a nearly symmetrical, equilibrium

profile.

Another reason for choosing poor-wetting systems is connected with the

limited camera resolution as explained in section 4.1. For profiles of drops
with a large height/width ratio (as for poor-wetting systems) the drop apex

can be experimentally determined more accurately. Additionally, the deter¬

mination of the contact line is easier for poor-wetting systems.

For systems with large density differences and high surface tensions the

asymmetry of sessile drops leads to inaccurate results, as can be seen for

the system water/air. The application of this technique to determine the sur¬

face tension of supercooled water is therefore unsuitable.

6.1.2. Liquid bridges for surface tension measurements

The results obtained for the surface tension using the fit of liquid bridge

profiles by the Laplace equation are presented in table 5.2. The values

agree well with the reference measurements carried out by the drop detach¬

ment method. Like sessile drops liquid bridges consist of small liquid vol¬

umes not connected to a capillary or a liquid reservoir thus enabling the

surface tension measurements of supercooled systems.

The axisymmetry of the bridges is as important for the bridge profile analy¬
sis as it is for the profile analysis of sessile drops. The wetted areas at the

top and the bottom contact surfaces influence the bridge shape as the shape
of the sessile drop is influenced by the contact area. Therefore it is favoura¬

ble to investigate poor-wetting systems. The assumption of the geometric

parameters as shown in figure 2.1 are no longer valid if the bridge is not ax-

isymmetric. The advantage of the liquid bridges technique compared to ses¬

sile drops, however, is the measurement of the capillary force and the

possibility to stretch and compress the bridges. By changing the bridge

height slightly the liquid assumes relatively fast its equilibrium shape. The
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equilibration of the shape is accelerated by the capillary force. Furthermore,

when the bridge is stretched the influence of the wetted area is reduced

since the latter becomes smaller and the free surface near the neck region

(considerably less influenced by the wetted area) increases. Another advan¬

tage of the bridge method over the sessile drop method is that the symmetry

of the bridge can be proved easier. If the left contour of the bridge profile is

mirrored at the vertical axis and coincides with the right contour the bridge

can be assumed to be axisymmetric. In such case the values obtained for

the surface tension of the liquid are correct and the standard deviations are,

regardless of the values for the density difference between both fluid phases
and the surface or interfacial tension, considerably lower compared to the

values obtained by the sessile drop profile analysis. Therefore it can be as¬

sumed that the liquid bridge method is suitable for measuring the surface

tension of supercooled water.

6.2. Shape and capillary forces of liquid bridges
The profiles and the capillary forces of liquid bridges were investigated for

a better understanding of the shape of frozen water bridges. The influence

of the bridge height on the bridge profile and capillary forces was investi¬

gated using recorded bridge profiles. The capillary forces of liquid water

bridge at the bottom plate were calculated with the Laplace equation.

6.2.1. Variation of the contact angle

The two methods for the determination of the contact angle of a liquid

bridge at the top plate (slopes of the Laplace curve at the boundary and of

the linear regression curve through experimental boundary data points) are

compared in figure 5.3. It was observed that the contact angle determined

by the regression curve was generally larger than the contact angle deter¬

mined by the Laplace equation. The reason for this is that at least four

boundary data points have to be used for a regression line to level out the

camera resolution. Therefore this contact angle is more "macroscopic" and

tends to be larger than the contact angle determined by the slope of the La¬

place equation at the contact position. Nevertheless both contact angles
show the same trend.
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A decrease of the contact angle with increasing bridge height is observed.

This can be explained as follows: When the liquid bridge is formed from a

drop the meniscus jumps towards the top plate. The contact line of the liq¬

uid propagates radially until the bridge reaches its equilibrium shape.

Therefore the contact angle at the top plate for bridges formed directly from

sessile drops presents itself as ad\ ancing contact angle while the contact

angle at the bottom plate assumes a receding contact angle character. When

the bridge is stretched both contact lines recede resulting in receding con¬

tact angles. Both, the receding and the advancing contact angle belong to

metastable states [6], i.e. to local minima in free energy whereas the stable

equilibrium contact angle belongs to the global minimum in the free energy

of the system. The transition from metastable states toward the stable equi¬

librium state is controlled by the energy necessary for overcoming the ener¬

gy barriers between the metastable and the equilibrium states.

A complete contact angle hysteresis at the top plate obtained by stretching

and compressing a liquid bridge is presented in figure 5.4. The hysteresis is

explained by surface roughness and chemical heterogeneity, i.e. patches

with different surface energy on the macroscopic surface [16]. In this work

the contact angle hysteresis was also observed on smooth optically polished

pyrex glass plates.

As already discussed, during the bridge formation from a sessile drop the

contact line at the top plate advances. Simultaneously the contact angle at

the bottom plate recedes. The result, i.e. a larger contact angle at the top

and a smaller one at the bottom plate are demonstrated in figure 5.5. If the

bridge is stretched the contact angle at the top plate decreases systematical¬

ly and the contact angle at the bottom plate initially advances slightly and

then remains almost constant. Certainly the bottom contact line has to re¬

cede when the bridge is stretched but the hydrostatic pressure increases

with increasing bridge height. The hydrostatic pressure acts downwards and

"advances" the contact angle. These two opposing effects result in a quasi

constant contact angle at the bottom plate as observed experimentally.
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6.2.2. Capillary forces of liquid bridges

By fitting the photographed contour of a liquid bridge of known surface

tension with the Laplace equation the capillary force acting on the bottom

plate of the bridge can be calculated (see figure 5.10). The fit also gives the

pressure difference acting at the bottom plate (shown in figure 5.9). For all

bridge volumes the curves relating the calculated pressure difference with

the bridge height coincide. The pressure difference depends therefore only

on the physical properties of the liquid (surface tension and density) and on

the bridge height.

Besides the capillary forces the pressure difference also influences the

physical properties of the liquid. Generally a change of pressure influences

the equilibrium freezing temperature of a liquid. This may be important for

freezing liquid water bridges. The influence of the pressure on the equilibri¬

um freezing temperature of a liquid is described by the Clapeyron

equation [4]. Assuming the liquid is non-compressible

dp
_

AHmelt J_ ,-q.

dT_AVmeh'T
where AHmejt is the molar change in enthalpy for melting andAVmejt is the

molar change in volume for melting. T is the absolute equilibrium freezing

temperature associated with the pressure p. Integration of equation 59 under

the assumption thatAHmeit and AVmeit are constant for the pressure and

temperature range in question leads to

0 AHmelt
.
T

/rm

AVmelt T

Equation 60 can be solved with regard to the temperature T:

'AV -

>n

1 = T • exp
melt/ 0s

(p-p )
VAHmelt J

(61)

The change in the equilibrium freezing temperature for water bridges was

calculated using a pressure deficiency of 500 Pa with relation to the sur¬

rounding atmospheric pressure. As reference point the triple point of water

with p - 6.11 mbar and T = 273.16 K was chosen. For water the values
n 1

were AVmejt = -1.7cnri mol for the molar change in volume during melt-
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ing and AHmelt = 6.008 kJ mol for the molar change in enthalpy during

melting [4]. The equilibrium freezing temperature for a pressure deficiency
of 500 Pa compared to the atmospheric pressure (1.01325 bar) is calculated

as 273.1523 K, i.e. the equilibrium freezing temperature rises by 0.0023 K.

This change of the equilibrium freezing temperature cannot be measured

with the experimental setup used in this work and can therefore be neglect¬
ed. The pressure difference inside the bridge due to the curved surfaces

does practically not influence the equilibrium freezing temperature of water

at ambient pressure of 0°C.

6.3. Phase transition of water bridges
The change in density at the phase transition from liquid water to ice is ac¬

companied by a change of the bridge shape as demonstrated in figure 5.14.

The change in bridge shapes and the freezing process itself will be dis¬

cussed in the following sections.

6.3.1. Supercooling and crystallisation

Before the water bridges were frozen, supercooling was observed in all ex¬

periments carried out in this work. The degree of supercooling depends

only on the liquid volume of the bridges (figure 5.15 and figure 5.16), indi¬

cating that heterogeneous nucleation took place during the freezing. The

observed effect is actually supercooling and not a consequence of the pres¬

sure change inside the bridge due to the curved liquid surface as explained
in section 6.2.2.

Photographs taken during the freezing process of the water bridge indicate

that crystallisation starts on the free surface of the liquid (figure 5.13). The

reason for this could be either the existence of impurities on the free liquid
surface acting as crystallisation nuclei or the presence of mechanical pertur¬

bations from the gas surrounding the bridge [12]. Since the experiments
were carried out inside a relatively large chamber not specially protected

against dust it is possible that crystallisation may be induced by foreign

particles deposited on the liquid surface.

Another possibility could be the structured position of the water molecules

on the liquid surface as compared to the molecules inside the liquid bridge.
It is known that the surface tension grows if the molecules on the surface

are more ordered. Water has a high surface tension and it is possible that
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the change of the free energy for the phase transition is smaller for mole¬

cules on the free surface. Therefore the energy barrier which has to be over¬

come by the molecules for reaching the thermodynamically stable solid

state is smaller for molecules on the free surface resulting in the onset of

crystallisation at this point. However, no reliable theoretical model describ¬

ing the structure of liquid water is available and the assumptions above can¬

not be proved.

6.3.2. Shape

It was found that the shape of the ice bridges is strongly related to the shape
of the liquid bridge prior to freezing and the liquid bridge may be described

by the Laplace equation of capillarity. Therefore the profile of a liquid

bridge can be calculated theoretically if the surface tension, the density, the

bridge volume, the contact angles at the top and bottom plates and the

bridge height are known.

By comparing the mean profiles of the liquid and corresponding solid

bridge (see figure 5.38) it can be seen that the area of adhesion at the top
and bottom plate remain practically the same. The minimum diameter of

the liquid bridge at the neck increases proportional to the change in density

during the phase transition. The rest of the volume increase due to freezing
is accommodated by the formation of a ring or an excrescence.

For the tensile strength of the ice bridge the crucial geometric parameters

are the area of adhesion and the area in the neck vicinity. By knowing the

adhesive strength of the ice-solid interface and the cohesive strength of the

ice bridge it is possible to predict the type of failure and the maximum

force the ice bridge can bear. The geometric parameters of the ice bridge
can be estimated by calculating the profile of the liquid bridge and extract¬

ing the crucial geometric parameters for the ice bridge in question.

It has to be noted that these geometric relationships are only proved for the

phase transition from water to ice. For other liquids the form of the solid

bridge may behave totally different compared to water mainly because wa¬

ter is the only substance showing the density anomaly.

One of the most important parameters influencing the shape of a liquid

bridge is the surface tension. Since supercooling was observed for all water

bridges investigated in this work, the surface tension of supercooled water
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was of considerable interest for this work in order to determine the exact

shape of the liquid supercooled bridge shortly before crystallisation started.

This was also the reason to search for a method for the determination of the

surface tension of supercooled water.

6.4. Investigation of ice bridges
The ice bridges were investigated by means of a tensile test and the tensile

strength and the Young's modulus were determined directly. The applica¬
tion of the theory of fracture mechanics led to estimations of the size for

defects in the crystal structure and to the calculation of the stress intensity
coefficient. The same theory was applied to verify the adhesion model de¬

veloped in section 2.5.4.

The tensile strength is the internal reaction of a material to applied critical

outside stress. The Young's modulus describes the elasticity of a material

and the stress intensity factor IQ describes the toughness of a material, i.e.

how good it can withstand the propagation of a crack. Kg-values are meas¬

ured especially for brittle materials as ceramics, concrete and glasses where

unstable crack propagation takes place [3, 24].

6.4.1. Cohesive failure

The cohesive failure of ice bridges was examined with respect to the influ¬

ence of the bridge shape and the cooling rate.

6.4.1.1 Characteristics of cohesive failure of ice bridges

Comparing the typical force deflection diagram for an ice bridge presented
in figure 5.18 with the type of failure shown in figure 2.15 it can be stated

that the ice bridges fail unstable. Under such conditions the theory of frac¬

ture mechanics for the description of ice bridge failure can be applied as¬

suming the crack proceeds through the whole specimen and leads thus to

complete failure once a certain stress is reached. The maximum measured

stress applied to the specimen coincides with the critical stress that starts

crack propagation and that is determined by the theory of fracture mechan¬

ics.

The force deflection diagram resembles a typical failure of the form type I

(shown in figure 2.10) as generally observed for glasses and ceramic mate¬

rials.
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An analysis of the breaking area (as demonstrated in figure 5.17) shows no

observable plastic deformation of the ice bridges at the breaking area. Com¬

paring this pattern with the breaking areas shown in figure 2.13 it is obvi¬

ous that the ice bridges fail brittle.

Therefore the cohesive strength of ice bridges can be described with help of

fracture mechanics and the Young's modulus can be calculated from the

stress-strain relationships of the ice bridges before failure occurs. The ten¬

sile strength of the ice bridges can be calculated directly using the maxi¬

mum measured force for the tensile test.

6.4.1.2 Influence of the bridge profile
It was observed that the bridge profile influences the mechanical parame¬

ters of the ice bridges. The calculated crack size 2a remained constant (see

figure 5.24) with the variation of the breaking area. The tensile strength and

the stress intensity factor decreased considerably with increasing breaking
area (see figure 5.19 and figure 5.26) and the Young's modulus decreased

slightly with an increasing breaking area of the bridge (see figure 5.21).

It was already shown in section 6.2.2 that the pressure caused by the curva¬

ture of the bridge surface does not lead to a measurable change of the equi¬
librium freezing temperature. Therefore the freezing conditions of bridge

systems with constant volume and freezing rate are not influenced by the

bridge height.

Discussion ofthe crack size 2a

Since the inherent crack size 2a is a parameter associated with the defects

in the crystal structure it is not influenced by the geometry of the specimen
but only by the experimental conditions governing the crystal structure

( e.g. cooling rate AT/At, degree of supercooling, system). The influence of

the degree of supercooling on the beginning of crystallisation has to be very

small. Otherwise dependence of the crack size 2a on the volume of the wa¬

ter bridge would be observable.

The crack size 2a is a function of the critical stress acrjt and the measured

Young's modulus E being determined by the stress-strain relationship of

the ice bridge (equation 39a). The independence of crack size on the break¬

ing area indicates a correct determination of the critical stress acpt at which
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failure takes place. Therefore the constant crack size is a good indicator that

the form factor a^ was determined correctly and that the stress distribution

inside a liquid bridge can be modelled by the stress distribution in a cylin¬

der with a circumferential notch.

Comparison ofthe Young 's modulus E with literature data

Comparing the determined values for the Young's modulus with literature

data [9] it can be seen that the Young's modulus for small ice bridges is

considerably smaller than the Young's modulus measured for bulk ice. The

values for the Young's modulus obtained in this work range from

0.5 to 3 GPa. Data for the Young's modulus of bulk ice was collected by

Chu et al. [9] and values between 6.6 and 8.3 GPa were measured. Their

measurements of the elastic modulus of bulk ice confirmed measurements

carried out by Hawkes et al. [23]. However, the formation of ice was differ¬

ent as compared to this work. Chu et al. prepared a mould filled with water

and cooled it down for 24 to 48 hours until the water was frozen to the alu¬

minium surface.

Additionally it was shown by Oksanen [42] that the Young's modulus de¬

pends strongly on the strain rate and the grain size of the ice. A decrease of

both leads to smaller values for the Young's modulus due to the occurrence

of viscous creep of ice during the experiment. However, the data measured

by Oksanen cannot be compared directly with the data measured in this

work. Oksanen seeded the water held at the equilibrium freezing point with

fine-grained snow leading to a different crystallisation process compared to

the crystallisation process studied in this work.

Jellinek et al. [30] measured the Young's modulus for polycrystalline ice

and single ice crystals produced at the same conditions (-10°C, water seed¬

ed with fine-grained snow). They measured 5.6 GPa for polycrystalline ice

containing air bubbles and having a grain diameter of several millimetres

and 4.9 GPa for single ice crystals. This means, that the single crystals are

less elastic than the polycrystalline samples.
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Andrews et al. [1] have also measured lower values for the Young's modu¬

lus compared to literature data[9, 23, 30, 33, 42]. They explained this dif¬

ference by the presence of gas bubbles in the ice specimen leading to an

enhanced mechanical creep causing a considerable reduction of the effec¬

tively measured Young's modulus.

It can be assumed that the grain size of the ice in this work is considerably
smaller than the grain size of the ice investigated in the mentioned works

because of the specimen size and the freezing rate of the water. In the ex¬

periments carried out in this work the water was strongly supercooled and

crystallisation was uncontrolled and very fast compared to the controlled

(i.e. seeded) crystallisation at temperatures close to the equilibrium freezing

temperature. Additionally gas bubbles appear inside the ice bridge during
the freezing process because of the different solubility of air in liquid water

and ice. The presence of gas bubbles in the ice bridge can be seen after the

ice bridge is melted again and gas bubbles are rising inside the melting

bridge. Additionally also the relative low strain rates used in the experi¬
ments in this work lead to lower values obtained for the Young's modulus.

Comparison ofthe tensile strength ocwith literature data

The tensile strength of ice approaches the value 1 N mm for large break¬

ing areas, i.e. large bridge volumes. This value is cited as tensile strength of

bulk ice by several authors [9, 28, 29] and may also be found in the tables

of Landoldt-Börnstein [33]. The measured crc-values systematically ap¬

proach the value for bulk ice cited in the literature if the bridge volume is

increased continuously (i.e. the ice bridge resembles more and more bulk

ice). The relatively good reproducibility of the experiments carried out in

this work allow the assumption that the structure of the ice bridge is basi¬

cally homogeneous.

Comparison ofthe stress intensity coefficient K^with literature data

The measured values for the stress intensity coefficient ÏQ. lay between

0.005 and 0.04 MPa-Aym depending on the breaking area of the bridge.
Goodman [17] measured Kc-values of bubble-free ice blocks of compara¬

bly large dimensions (20mm x 30mm x 140mm) by a four point bend test.

His values, measured at -24°C, were between 0.072 and 0.161 MPa-A/m .
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Rist et al. [46] showed that the measured stress intensity factor depends

strongly on the gas content in the ice, i.e. on the porosity. The value for

non-porous ice tested at -20°C obtained there was 0.155 MPa-A/m . Taking

into account the possibility of gas bubbles contained in the ice bridge the

Kc-values measured in this work seem reasonable.

Discussion ofthe geometric influence on the parameters q,, EandKc

All crystalline ice structures contain imperfections (e.g. grain boundaries,

dislocations) leading to partially large discrepancies between theoretically

deduced and experimentally measured values. It is assumed that the imper¬
fections are distributed statistically even in the material, i.e. the distribution

of the imperfections is random and the number of imperfections is propor¬

tional to the volume of the ice bridge provided the crystallisation conditions

are kept constant.

Caused by the shape of the ice bridges the stress peaks occur always at the

neck region of the ice bridges. With a decrease of the neck volume near the

breaking position of the bridge the number of imperfections in this region

decreases, too (the number of inter crystalline flaws is proportional to the

volume). The number of imperfections in the crucial section of the bridge is

therefore smaller for stretched bridges with small breaking areas. This leads

to larger tensile strengths for bridges with smaller neck diameters.

The ice volume influences therefore the number of imperfections although
not as strong as the breaking area. It can be seen from figure 5.19 that the

tensile strength is slightly larger for smaller bridge volumes. Due to the ge¬

ometry of the bridges the neck diameter, i.e. the breaking area is related to

the bridge volume.

Jellinek [29] has also observed a dependence of the tensile strength ac on

the cross sectional area of the cylinders used for tensile tests and on the vol¬

ume of the ice specimen. He developed a model based on cascading crack

propagation ( i.e. a crack propagates until it reaches some unspecified

length and then stops propagating resulting in a stress relief in its neigh¬

bourhood). However, such a process should be observable in the stress

-strain diagrams leading to a failure of type IV in this case (shown in
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figure 2.10). This type of failure was not observed throughout all experi¬

ments conducted in this work. Therefore it can be assumed that Jellinek's

model is not applicable for the failure of ice bridges under tensile load.

Two effects influence the Young's modulus at constant crystallisation con¬

ditions: the change in the strain rate and the change of the mechanical ho¬

mogeneity of the ice bridges.

The tensile tests conducted in this work are not strain rate Ae /At)control-

led but the rate at which the force was applied was kept nearly constant as

demonstrated in the force-time diagrams that show a constant force applica¬

tion rate. Under such experimental conditions the force rises linear with the

strain, i.e. the strain rate was nearlv constant. The strain rate does therefore

not change depending on the bridge geometry.

The most probable explanation for the decrease of the Young's modulus

with increasing breaking area is based on the density of imperfections in

the neck volume. The increasing number of imperfections leads to a lack in

mechanical coherence under load and the imperfections act as centre of mi¬

cro-cracking. This manifests in enhanced mechanical creep not observable

in the stress-strain diagrams. Similar observations regarding the influence

of inter-granular imperfections (e.g. gas bubbles) have been made by An¬

drews et al. [1].

The critical stress intensity factor K^ decreases with increasing breaking

area since the tensile strength decreases while the crack size remains con¬

stant. Hence, the Kc-values are proportional to the tensile strength. An in¬

creasing number of imperfections lowers therefore the resistance of the

material against crack propagation.

6.4.1.3 Influence of the cooling rate

The cooling rate influences the crack size 2a (see figure 5.25), the tensile

strength a (see figure 5.22), the Young's modulus E (see figure 5.23) and

the stress intensity factor Kg (see figure 5.27). The crack size, the stress in¬

tensity factor Kc and the Young's modulus E increase with increasing cool¬

ing rate while the tensile strength ctc decreases.
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The cooling rate is the only varied parameter in this work that influences

the crystal structure. At low cooling rates the degree of supercooling in¬

creases slowly. This allows the crystals to grow almost under equilibrium
conditions from few crystal nuclei resulting in a more homogeneous struc¬

ture. Such crystals contain less inter-granular imperfections and are of larg¬

er grain size as compared to crystals grown at higher cooling rates. This can

directly be observed in the increase of the inherent crack size 2a with in¬

creasing cooling rate.

Crystals grown at higher cooling rates posses larger subcritical cracks. This

reduces the tensile strength of such ice bridges. Additionally the faster crys¬

tallisation rate (at higher cooling rates) leads to more internal strain in the

ice structure. As consequence a decrease of the tensile strength of such ice

bridges was observed.

The increase of the Young's modulus with increasing cooling rates shows

that the bridges become more inelastic at higher cooling rates. The increase

of the flaw size leads to an increase of the Young's modulus. Contrary to

the observation that an increasing number of flaws lowers the Young's
modulus (due to the occurrence of mechanical creep) an increase in the

flaw size leads to a higher Young's modulus.

The stress intensity factor Kc is influenced by two factors: the tensile

strength cjc and the crack size 2a according to equation 42a in the following

way K„ oc <t Ja

Since the tensile strength decreases and the crack size increases at higher

cooling rates the effect of the cooling rate on the Kc-valuesis not easily

predictable. Calculations show that the influence of the crack size out¬

weighs the influence of the tensile strength on the stress intensity factor.

This leads to an increase of the material's resistance against crack propaga¬

tion at increasing cooling rates. The larger crystal defects not only inhibit

elastic deformation but also act as zones dissipating the plastic energy of a

crack tip. Therefore the resistance of the material against crack propagation
rises in such cases.
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6.4.2. Adhesive strength

It was observed that the cooling rate does not influence the adhesion

strength (figure 5.29). The influence of the adhesion area (i.e. bridge geom¬

etry) on the adhesion strength is presented in figure 5.32 and figure 5.28.

The tensile strength of ice bridges inferred from experiments showing ad¬

hesive failure is used to test the model since the plate material should not

influence the mechanical parameters of the ice bridges (figure 5.33). The

model predictions for the type of failure were in general proved to be cor¬

rect by determining the coefficient Cfan (see figure 5.31).

The measured and the calculated tensile strength of ice bridges agree well.

This way of proving the adhesion strength model for tensile tests was cho¬

sen because the plate material does not influence the mechanical cohesive

properties of the ice bridges. This way it was possible to investigate the ap¬

plicability of the model for different systems. Of special interest were the

results for ice on Kel-F since the type of failure changed depending on the

bridge geometry. Even if the bottom plate material influenced the ice struc¬

ture the model can be tested by comparing the measured and calculated ten¬

sile strengths of the ice bridges on the Kel-F plate. Also the (compared to

the system copper-ice-copper) unchanged freezing temperatures of the wa¬

ter bridges of 20 pi volume lead to the assumption that the bottom plate

material does not influence the structure of the resulting ice bridge. It could

be demonstrated that the tensile strength of the ice bridges could be calcu¬

lated correctly with the proposed model from adhesively failing bridges

within the limits of statistical variations.

The relationship between the tensile strength of the ice bridges and their ad¬

hesion strength (calculated with equation 53) can be expressed as

aadh ^ ac
" A/cosa where a is the contact angle at the area of adhesion. As

already discussed, the tensile strength ac increases if the bridge is stretched

(i.e. decreasing minimum bridge diameter, increasing bridge height) while

simultaneously the contact angle recedes. Both effects lead to expect an in¬

creasing adhesion strength for stretched bridges. This agrees with the theo¬

ry comparable to the explanation of the rise of the tensile strength for

stretched bridges. The probability of inherent flaws directly located at the

interface water-solid increases for larger adhesion areas leading to a de¬

creased adhesion strength as observed for ice on Kel-F or Teflon (shown in
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figure 5.32). However, the calculated adhesion strength values for ice on

copper do not seem to be influenced by the area of adhesion (see

figure 5.28). Here the contact angle seems to compensate the change in the

tensile strength of the ice bridges resulting in an adhesion strength inde¬

pendent on the bridge geometry.

The crystal structure of the ice boundary layer at the adhesion (i.e. contact)

area is not influenced by the cooling rate. Therefore no influence of the

cooling rate on the adhesion strength is observable. The structure of the

boundary layer depends on the chosen system (e.g. copper-ice, Teflon-ice)

and is not influenced by parameters governing the crystallisation of the ice

bridge.

For the three materials investigated in this work (copper, Teflon, Kel-F) the

dimensionless factor Qa;i proved to be in general a suitable coefficient pre¬

dicting the type of failure (cohesive or adhesive). However, in some experi¬

ments the predictions based on the geometric calculation of Q-ail and the

actually observed failure type disagree. These cases always occur for Qajj
values near the critical value 1 marking the shift from cohesive to adhesive

failure and vice versa. In this region the statistical flaw distribution leading

to failure of the ice bridge is of a critical influence on the actual failure

type. Nevertheless, the calculation of the failure coefficient Chilis suitable

for a generally reliable prediction of the failure type.

6.4.3. Relationship between capillary and tensile forces

Since the shapes of liquid water and the corresponding ice bridges are relat¬

ed the relationship between the capillary and tensile forces (acting on the

bottom plate) for two different cooling rates was investigated (figure 5.39).

One observation is the expected dependence of the tensile force at which

failure occurs on the cooling rate (influence of the cooling rate on the ten¬

sile strength of ice bridges).

More interesting, however, is the mathematical relation between the tensile

force Flen and the capillary force Fcap following the equation of the form

Flen oc Fcap
( ' for all investigated cooling rates. The relation between

these two quantities can be used for a fast estimate of the tensile force as al¬

ready explained in section 5.4.2.
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6.5. Scheme for predicting the type of failure of ice bridges
The results discussed could be used in an extended model describing the

adhesive and cohesive properties of ice bridges. The capillary force can be

calculated for bridges of known physical properties (surface tension y, den¬

sity p) and geometry (bridge height h, contact angles a, bridge volume V).

Using the relationship between capillary and tensile forces the tensile force

could be determined. By deducing the crucial geometric values of the ice

bridge from the liquid bridge profile prior to freezing the adhesion areas at

the top and bottom plates and the neck area can be calculated. With this

data the tensile and the adhesive strength of the ice bridges on selected ma¬

terials can be estimated. Finally the kind of failure can be predicted by cal¬

culating the coefficient Cfajj.

To develop such a model additional data for the ice bridges using different

materials with varying properties and cooling rates has to be collected.

Then a model describing the adhesive and cohesive properties exactly can

be developed giving information about crucial experimental parameters.
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7. Concluding remarks

.1. Liquid bridges
Based on the fitting of experimental liquid bridge profiles by the Laplace

equation of capillarity the capillary force (if the surface tension is known)

or the surface tension (if the capillary force is known) may be calculated.

Both calculation were accurate and could be confirmed by either force

measurements or reference measurements of the surface tension. Surface

tension measurements by profile analysis of liquid bridges depend extreme¬

ly on the axi-symmetry of the bridges. The determination of the capillary

force by profile analysis is not as sensitive in this regard.

Compared to the profile analysis of sessile drops the profile analysis of

bridges was advantageous because the results were less sensitive on the

camera resolution and the experimental restrictions on the solid-liquid sys¬

tems were less severe for the profile analysis of liquid bridges.

It was proved that contact angle hysteresis for liquid bridges exist also for

smooth homogeneous surfaces as e.g. pyrex glass. Furthermore, experi¬

ments showed that the contact angle is a local parameter and can be treated

correctly in the usual sense (i.e. one contact angle belongs to one solid-liq¬

uid system) only by applying statistics.

The shape and resulting capillary force of liquid bridges can be calculated

theoretically from known density, surface tension geometric parameters of

the bridge (i.e. contact angles, bridge height and bridge volume).

7.2. Phase transition of water bridges
For all experiments, strong supercooling of liquid bridges was observed.

The volume dependence of the degree of supercooling suggests heterogene¬

ous nucleation.

Photographs taken during the freezing process show that crystallisation

started at the free bridge surface and propagates as horizontal freezing front

vertically through the bridge. Up to this point the bridge shape was not dis¬

turbed significantly. Finally, shortly before the whole bridge was frozen,

the change in density accompanied with the transition liquid-solid of water
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was accommodated by the formation of a ring around the circumference of

the bridge or the formation of an excrescence, both located at the lower half

of the bridge.

Comparing the profiles of the liquid and the corresponding solid water

bridge it could be seen that the wetted area (i.e. area of adhesion) at the top

and bottom plate remained constant and that the neck diameter

(i.e. minimum bridge diameter) increased by roughly 10% which corre¬

sponds to the relative change in density for the phase transition. The ring or

excrescence do not have a form inducing larger stress peaks than the origi¬

nal bridge shape. Therefore the geometric characteristics of ice bridges can

be described using the shape of the liquid bridge.

7.3. Mechanics of ice bridges
Tensile tests were carried out on ice bridges and the resulting tensile

strength and Young's modulus were determined directly. The applicability
of the theory of fracture mechanics was demonstrated by analysing meas¬

ured force-deflection diagrams of ice bridges under tensile stress allowing
the calculation of the inherent crack size leading to bridge failure and the

determination of the stress intensity factor describing the resistance of the

material to crack propagation.

Generally, small ice bridges (volumes smaller than 40pl) are more brittle

and show larger tensile strengths compared to bulk ice. Likewise, the resist¬

ance against crack propagation is smaller for liquid bridges as compared to

bulk ice.

The mechanical parameters of the ice bridges depend not only on the cool¬

ing rate but also on the bridge shape. This dependence can be explained

qualitatively by the change of the probability for the existence of cracks in

the neck area. It is assumed that the defects are distributed evenly over the

whole bridge volume. When the area, where cohesive failure is likely to oc¬

cur decreases the number of cracks contained in this area decreases. This

leads to an increase of the tensile strength, of the resistance against crack

propagation and of the Young's modulus (i.e. decreased ductility).
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The size of defects inside the ice bridges depends only on the cooling rate

during the ice formation but not on the bridge geometry. This agrees with

literature data. An increasing cooling rate induces larger defects leading to

smaller tensile strengths and more brittle and tougher ice bridges.

The experiments show therefore the influence of the ice structure on the

mechanical parameters of the ice bridges.

7.4. Adhesion model

The cohesive failure of ice bridges can be explained by fracture mechanics.

A similar model describing adhesive failure was developed. To the greatest

part the model can be tested only indirectly since most experiments were

conducted using the system copper-ice-copper which failed exclusively co¬

hesive. The reason is that the shape of the bridges (including their contact

angles) cannot be varied arbitrarily within one system. For water bridges on

Teflon only adhesive failure could be observed. Kel-F was the only materi¬

al on which the ice bridges failed either cohesive or adhesive depending on

the bridge height. Teflon and Kel-F were used to test the proposed adhesion

model directly. The experiments validated the model which is applicable
for tensile stress and allows the prediction of the type of failure (cohesive

or adhesive) if the contact angle ice-solid plate and the cohesive strength of

the ice bridge are known. The adhesion model was tested with different

plate materials and the agreement between calculated and measured adhe¬

sion and tensile strengths was good.

By using the determined geometric resemblance of the liquid and corre¬

sponding ice bridges the type of failure can be predicted without conduct¬

ing tensile tests on ice bridges.
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8. Outlook

During this work several ideas were developed concerning experimental

variations and methods to investigate whether the conclusions drawn from

the tensile experiments can be verified.

8.1. Influencing the freezing point
The temperature where crystallisation starts is a crucial factor for the indus¬

trial application of the Microgrip. The strong supercooling observed for

small bridge volumes leads to relatively low freezing temperatures. This is

disadvantageous for the Microgrip because the production of low tempera¬

tures is costly and the cycle time needed for gripping, moving and releasing

one component is increased. The freezing temperatures may be raised by

adding solid particles like silver-iodide to the water. However, no traces of

an additive should be left on the components after assembling them which

will be the case for adding solid particles.

A literature survey showed that some bacteria increase the freezing point of

water, i.e. even dew droplets of few microliters volume freeze at tempera¬

tures around -5°C. These bacteria have ice nucleating activity (INA). There

exist several bacteria types and strings with ice nucleating activity

(e.g. Pseudomonas syringae, Pseudomonas ffuorescens and Erwinia herbi-

cola) [26] that are important biogenic sources of freezing nuclei in meteor¬

ology. They contribute to frost damage in various agricultural crops and

can be isolated from leaves, alpine lake water, stream water and snow [38].

For a closer description of the bacteria see [37, 38, 43, 45].

If adding the bacteria or proteins from the bacteria walls lowers the degree

of supercooling, the effect of the bacteria on the bridge profile and on the

mechanical parameters of the resulting ice bridges has to be investigated.

Also of interest is the crystalline structure of the resulting ice bridges. Since

the supercooling is reduced the defect size in the ice structure is likely to be

affected.
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8.2. Investigation of the freezing process

Up until now no knowledge was gained about processes taking place before

crystallisation starts. Since the liquid water bridge was cooled in the setup

used in this work from the top, the possibility exists that density differences

along the bridge height lead to fluctuations and a liquid flow. This flow

could be made visible by the addition of small, inert particles to the liquid

water and tracing the particles photographically before freezing occurs. The

changing viscosity of water should be observable in the movement of the

particles. However, since the particles are likely to act as nucleation sites,

they will influence the freezing temperature of the water bridge and the

crystal structure. Therefore the observation can only be used to investigate

the flow pattern inside the bridges before crystallisation starts.

The height of the during freezing formed excrescence could be explained

by a heat transfer calculation if the necessary parameters are known. A de¬

velopment of this model could give the temperature profile over the whole

bridge volume. This could then be compared with a measured temperature

distribution taken by external means (e.g. infrared camera) to avoid any dis¬

turbance of the bridge profile.

8.3. Investigation of the crystalline structure

The conclusions drawn from the results obtained with the tensile experi¬

ments regarding the crystalline structure of ice bridges can be verified by

conserving the broken ice bridges and investigating the ice structure micro¬

scopically. The average flaw size of the ice bridges and the flaw distribu¬

tion could be determined this way and be investigated by the analysis of

different sheets of the ice bridges.

8.3.1. Investigation of different systems

In this work the systems copper-ice copper, Teflon-ice-copper and Kel-F-

ice-copper were investigated for approximately one plate roughness and the

same test temperature (-20°C).

To develop a more complete model for the ice adhesion on a solid plate the

system parameters (e.g. test temperature, plate roughness and material)
have to be varied systematically to a larger extent. It is likely that the test

temperature at which the tensile tests are carried out influences the mechan¬

ical parameters of the ice itself and probably also the adhesion strength.
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A change of the plate surface roughness can influence the adhesion strength

in two ways: it can lead to either increased adhesion due to mechanical in¬

terlocking or it can lead to decreased adhesion if air is enclosed in the as¬

perities and acts as weak interface between the solid and the ice phase.

Further research in this direction can be useful in several application not

necessarily related to Microgrip (e.g. adhesion of ice droplets to an aero¬

plane wing).

8.3.2. Liquid bridges as Langmuir balance

The Langmuir film balance is used to measure the surface pressure of

mono- or bi-layers of molecules at the water-air interface usually by the

Wilhelmy-plate method. Often this conventional setup of Langmuir film

balances provokes problems regarding the measurement surface pressure,

the formation of the film and ensuring its stability.

One alternative solution, a pendant drop, suspended at a capillary and wet¬

ted with the film liquid, was already described [7, 531. By varying the drop

volume the drop surface is varied simultaneously and the surface tension is

determined by analysing the drop profile. One disadvantage of this method

is, however, that the total amount of film liquid can change slightly when

the volume of the suspended drop is varied. If the film liquid is partly solu¬

ble in the carrier liquid the volume change of the carrier liquid influences

the concentration of the film at the drop surface.

These disadvantages do not occur by stretching and compressing a liquid

bridge covered with a film. The surface changes of the liquid are carried

out by maintaining a constant bridge volume. Even if the film is partly sol¬

uble in the carrier liquid an equilibrium is reached after some time and the

volume of the film on the surface remains the same if the bridge is

stretched or compressed. A profile analysis of the liquid bridge is applied

for the determination of the surface tension at a given bridge surface.
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10. Symbols and Abbreviations

Abbreviations

Symbol Signification Unit

a crack lenath [m]

A Arrhenius factor [s~!]

b crack width [m]

d diameter [m]

D diameter [m]

AG excess free energy [J mol"1]

AHf latent heat of fusion [J mol]

E Young's modulus [Pa]

f correction factor for drop detachment H

F force [N]

g gravitational constant [m s"2]

h height [m]

k Boltzman constant [JK"1]

Kc stress intensity factor [Pa/*/m]

1 length [m]

lo original length [m]

L length [m]

P pressure [Pa]

r radius Lm]

r0 apex radius [m]

rl>r2 principle radii of curvature [m]

rnotch
notch radius [m]

S length [m]
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Symbol Signification Unit

S degree of supercooling [-1

T absolute temperature [K]

To absolute equilibrium freezing temperature IK]

U free energy [J mol"1]

V volume [m3]

vt transitional velocity [m s"1]

w specimen width [m]

WA work of adhesion ffl

Y correction factor [-1

Symbols:

Symbol Signification Unit

a contact angle n

ak formfactor H

8 strain H

<l> correction coefficient H

y surface tension [mN m" ]

Ysolid surface energy of a solid LJ m"2]

A dynamic viscosity [kg m s ]

V Poisson ratio H

n spreading pressure [Pa]

0 angle n

S temperature [°C1

P densitv
[kg m'3]

CI stress, strength [Pa]
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Superscripts:

Symbol Signification

* heterogeneous nucleation condition

d dispersion component

p polar component

Subscripts:

Symbol Signification

adh adhesion, adhesive

bottom bottom plate

cap total capillary effect

cl interface crystal-liquid

crit critical

cs interface crystal-solid

Cu copper

o effect related to the surface tension

ice ice

lg interface liquid-gas

n normal

S related to the surface

sg interface solid-gas

si interface solid-liquid

top top plate

V related to the volume

Ap effect related to the pressure difference
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Appendix A: The Peltier element

A Peltier element consists of a set of p- and n-semiconductor connected in

series. The current flowing through them heats up one side of the Peltier el¬

ement and cools down the other one (see figure A.l).

electrical insulators

("e.g. ceramics)

l\

cold side

n P

electrical conductor

(e.g. copper)

p
/

hot side

Figure A.l : Scheme of a Peltier element

The material mostly used for the Peltier element production is bismuth-tell-

eride (Bi2Te3) doped by foreign atoms. The foreign atoms included in an

ultrapure semiconductor influence the energy gap electrical energy states

and allow the electrons to move easier in the material.

The following figure shows a model of the energy levels in an electrical

conductor (a), a semiconductor (b), and an electrical insulator (c).
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energy band

Fermi level

la) i, b) \ c)

Figure A.2: Schematic presentation of the electrical energy levels for a con¬

ductor (a), a semiconductor (b) and an insulator (c)

The Fermi niveau is the energetically highest electrical level completely
filled with electrons. When the next empty energy level is very near to the

Fermi level (a), only a small amount of energy is necessary to excite the

electrons in the next higher level. These electrons can therefore move very

easily. Such a situation appears in an electrical conductor.

If one electrical band is filled completely with electrons then the next possi¬
ble empty level belongs to the next higher energy band. If the gap between

these two bands is sufficiently large, the electrons cannot move easily from

one band to the other, resulting in a low electrical conductivity (insulator).
When the energy gap between the Fermi level and the next electrical band

is small (i.e. smaller than AT in case of pure semiconductors), electrons can

easily be excited - for example by temperature elevation- and can jump
over the gap into the next energy band. This is the case in a pure semicon¬

ductor. Therefore the electrical conductivity of a pure semiconductor, con¬

trary to the behaviour of a normal electrical conductor, increases with

increasing temperatures.

In doped n- and p-semiconductors the electrons are agitated by the presence

of foreign atoms. When these impurities attract electrons from the filled

electrical band (acceptor), gaps of missing electrons are formed which al~

53
•%—«

i

....
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low the remaining electrons inside the electrical band to move more freely.

Such a type of semiconductor is called a p-semiconductor as the holes are

positive against the surrounding material.

n-type semiconductors are formed by adding impurities donating more

electrons to the surrounding material (electrical donor). These fill a band at

a higher energy level than the pure semiconductor and these electrons can

move fairly easily.

Generally, the discrete energy levels of the donor are slightly below the free

band whereas the energy levels of the acceptor are slightly above the filled

band by approximately 0.01 eV. The average thermal energy of an electron

at room temperature (3/2 k T=0.039 eV) is sufficient to move the electrons

into the free band or to produce holes in the filled band. The scheme in

figure A.3 is simplified and does not reflect the small differences between

the discrete energy levels of the donors and acceptors and the energy levels

of the filled and free bands.

When one electron passes from a state of higher energy to a state of lower

energy, heat is emitted. On the other hand, when an electron moves from a

state of lower energy to a state of higher energy, it takes the necessary ener¬

gy from the environment, i.e. the environment is cooled.

Every time an electron passes from a p- to a n-semiconductor, it reaches a

higher energy state, accompanied by an energy loss of the local environ¬

ment (cooling). Every time an electron passes from a n- to a p-semiconduc¬

tor, it reduces its energy and radiates heat. This process is shown

schematically in figure A. 3:
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hole—£j

TS
o

ö
0.1

electron—-

0 = adsorbed or enitted heat

n

Figure A.3: Scheme of electron transitions in n- and p-semiconductors
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Appendix B: Overview of experiments

Bl. Tensile tests carried out on ice bridges

For all experiments the bottom plate material was copper. The tensile tests

were carried out at d = -20°C. Afterwards the temperature was raised to

$ - 10°C to melt the ice bridge. The following sections distinguish the bot¬

tom plate material and the cooling rate of the water bridges.

Bl.l. Bottom plate material: Copper

B1.1.1 .Cooling rate AT/At = 1 K min"i

Experiment Cu-1 : V = 20 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm

tensile

strength
'J

IN mm

Young's
modulus

/GPa

Cfail

/_

3.1 21.8 1.76 cohesive - 6.47 _ -

2.8 25.0 3.7 cohesive 5.19 5.39 2.70 9.1

2.4 18.0 4.2 cohesive! 5.33 5.41 1.21 4.3

Experiment Cu-2: V = 20 pl

height /

mm

bottom

adhesion

area /

mm2

neck or

cohesive

breaking
area /

7
mm

failure

type

adhesion

strength

1 N mm

tensile

strength

/ N mm

Young's
modulus

/GPa

^fail

/-

2.7 25.2 2.6 cohesive - 7.18 - -

2.4 22.6 3.2 cohesive 5.81 5.90 1.69 7.2

1.9 17.4 5.4 cohesive 6.53 6.65 0.35 3.2

1.6 15.3 7.0 cohesive 9.06 9.25 0.15 2.2
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Experiment Cu-2: V = 20 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm2

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm"2

Young's
modulus

/GPa

Cfail

/-

1.4 14.5 7.9 cohesive 6.99 7.21 0.11 1.9

2.3 15.0 2.3 cohesive 7.82 7.97 1.15 6.8

0.7 19.3 18.4 cohesive 5.18 5.46 0.02 1.1

Bl .1.2.Cooling rate AT/At = 5 K min

Experiment Cu-3 : V = 2 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking

area /

mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm"2

Young's
modulus

/GPa

Cfail

/-

1.66 3.72 0.44 cohesive - 0.44 - _

1.57 3.36 0.40 cohesive - 5.91 - -

1.44 2.91 0.35 cohesive - 7.16 - -

1.39 2.52 0.31 cohesive - 6.83 - -

1.34 2.13 0.27 cohesive - 3.70 - -

0.83 1.71 1.15 cohesive - 4.36 _ -
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Experiment Cu-4: V = 5 pl

height/
mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

2
mm

failure

type

adhesion

strength

/ IN mm

tensile

strength

/ N mm

Young's
modulus

/GPa

Cfail

/-

0.7 3.52 3.16 cohesive - 1.42 - -

1.2 2.78 1.08 cohesive - 4.08 - -

1.3 3.43 1.94 cohesive - 2.69 - -

1.4 4.12 1.14 cohesive - 2.52 - -

1.5 4.29 1.34 cohesive - 1.99 - -

1.6 4.94 1.27 cohesive - 3.58 - -

1.7 1 6\28 3.32 cohesive -

Ï 1.49 _ -

1.9 7.36 1.16 cohesive _ 1.37 _ -

2.0 5.63 0.57 cohesive - 4.07 - -

Experiment Cu-5: V = 2 pl

height/
mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking

area /

mm2

failure

type

adhesion

strength

1N mm

tensile

strength

/ N mm

Young's
modulus

/GPa

^fail

/-

1.0 4.99 2.56 cohesive 1.39 - -

1.1 2.07 1.35 cohesive - 3.54 - _

1.2 2.58 0.98 cohesive - 4.46 - -

1.3 2.73 0.60 cohesive - 0.88 - -

1.4 3.31 0.70 cohesive _ 3.67 - -

1.6 3.86 0.69 cohesive -

'
4.37 - -

1.8 4.43 0.52 cohesive - 3.81 - -
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Experiment Cu-6: V = 7 pl

height/
mm

bottom

adhesion

area/

mm2

neck or

cohesive

breaking
area /

mm2

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm"2

Young's
modulus

/GPa

Wail

2.1 11.45 1.35 cohesive - 7.07 - -

2.0 9.98 1.55 cohesive - 5.79 - -

1.9
1 _^ 1.79 cohesive _

j ^__^ - -

1.8 7.36
__

2.08 cohesive 8.57 - -

1.7

1.6

2.30 cohesive 7.54 - -

4.75 ; 3.18 cohesive - 6.01 - -

1.5 4.45 3.95 cohesive - 5.20 - -

1.4 4.44 3.16 cohesive - 8.30 _ -

1.2 4.48 3.97 cohesive -

o nn
- -

1.8 7.39 0.73 cohesive _ 7.14 - -

Experiment Cu-7: V = 10 pl

height/
mm

bottom

adhesion

area /

2
mm

neck or

cohesive

breaking
area /

mm2

failure

type

adhesion

strength

/ IN mm

tensile

strength

/ N mm

Young's
modulus

/GPa

Qail

/_

1.8 13.04 4.35 cohesive 2.67 2.77 2.25 2.8

1.4 11.03 4.42 cohesive - 4.99 - -

1.1 10.12 6.03 cohesive 2.68 2.82 0.68 1.5

0.9 9.83 7.51 cohesive 2.38 2.53 0.92 1.3

0.7 10.71 9.48 cohesive 2.55 2.71 0.23 1.1

1.0 8.97 6.48 cohesive 4.04 4.25 j£* • 2~< \) 1.5
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Experiment Cu-7: V = 10 pl

height/
mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

2
mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm"2

Young's
modulus

/GPa

Qail

/-

1.2 7.89 3.84 cohesive 4.49 4.72 2.96 2.0

1.4 7.09 2.73 cohesive 5.29 5.82 0.03 2.8

1.5 6.43 0.86 cohesive 7.86 8.61 36.88 7.4

1.4 7.11 1.13 cohesive 4.12 4.36 13.36 6.1

Experiment Cu-8: V = 15 pl

height/
mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength
7

IN mm

tensile

strength

/ N mm

Young's
modulus

/GPa

Cfail

/_

3.5 3.13 1.92 cohesive - 3.66 - -

3.2 12.14 3.13 cohesive - 2.75 - _

2.9 11.57 5.11 cohesive - 2.53 - -

2.6 10.24 4.43 cohesive ! 4.58 - -

Experiment Cu-9: V = 20 pl

height/
mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

2
mm

failure

type

adhesion

strength

/ N mm"2

tensile

strength

/ N mm

Young's
modulus

/GPa
/_

3.2 19.80 6.75 cohesive _ 2.17 - -

3.4 18.82 2.24 cohesive - 6.26 - _

3.1 17.78 3.25 cohesive - 3.75 - -
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Experiment Cu-9: V = 20 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

2
mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm

Young's
modulus

/GPa

^fail

/-

3.0 16.89 3.54 cohesive - 5.51 - -

2.9 16.10 3.74 cohesive - 3.80 - -

2.8 15.16 4.32 cohesive - 5.61 - -

2.7 14.19 4.16 cohesive 4.59 - -

2.6 13.20 6.32 cohesive 3.61 - -

2.5 12.42 5.63 cohesive 4.76 - -

Experiment Cu-10: V = 20 pl

height /

mm

bottom

adhesion

area /

2
mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm"2

Young's
modulus

/GPa

Qail

/_

2.6 27.00 10.78 cohesive 1.11 1.16 0.65 4.9

2.9 27.32 3.55 cohesive 2.89 3.03 0.82 8.7

2.7 24.65 3.95 cohesive 2.58 2.71 1.76 6.5

2.0 22.13 7.22 cohesive 2.32 2.43 0.41 2.9

1.7 20.38 11.63 cohesive 1.51 1.60 0.27 2.3

1.9 17.83 9.54 cohesive 1.60 1.69 0.39 2.5

2.3 16.05 6.48 cohesive 2.15 2.28 0.67 3.9

2.6 16.16 2.79 cohesive 4.43 4.68 1.11 5.9
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Experiment Cu-11 : V = 25 pl

height/
mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm"2

tensile

strength

/ N mm

Young's
modulus

/GPa

Mail

/-

3.4 24.44 3.57 cohesive _ 4.95 - -

3.5 23.83 2.88 cohesive - 6.05 - .

3.3 22.96 3.64 cohesfv e _ 5.19 - -

3.2 21.97 3.88 cohesive . 6.22 - -

3.1 20.96 4.73 cohesive - 4.08 - -

3.0 19.90 4.45 cohesive 5.01 - -

2.9 18.63 4.65 cohesive 5.84 - -

2.8 17.38 4.64 cohesive ! 5.98 - -

2.7 16.54 5.40
i

cohesive 5.29 - -

2.9 15.83 4.67 cohesive - 6.88 - -

Experiment Cu-12: V = 30 pl

height/

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking

area /

mm

failure

type

adhesion

strength

/ N mm"2

tensile

strength

/ N mm

Young's
modulus

/GPa

Qail

/-

3.5 28.41 3.07 cohesive - 3.91 - -

3.4 27.17 3.34 cohesive - 4.29 - -

3.2 25.33 3.56 cohesive -

1 334~ - -

3.0 21.34 4.76 i cohesive - 5.81 - -

2.8 17.72 8.38 cohesive - 3.43 - -
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Bl. 1.3.Cooling rate AT/At - 10 K min"

Experiment Cu-13 : V = 10 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm2

i

adhesion
failure i

, ,,

! strength
tyPe

/ xr -2

[/ N mm

tensile

strength

/ N mm"2

Young's
modulus

/GPa

Cfail

/_

2.6 14.82 1.83 cohesive 6.84 7.15 1.89 8.2

2.5 15.08 1.90 cohesive 4.96 5.12 3.35 10.5

2.2 13.93 1.96 cohesive 4.47 4.58 2.68 7.2

1.1 11.93 6.78 cohesive 5.83 5.99 0.05 1.7

Experiment Cu-14: V = 10 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm"2

tensile

strength

/ N mm

Young's
modulus

/GPa

'-'fail

/_

2.4 15.58 1.68 cohesive 7.22 - -

1.9 13.61 5.38 cohesive 1.58 6.63 2.12 4.4

2.1 16.32 1.82 cohesive 1.50 10.40 8.39 9.1

1.8 12.82 2.90 cohesive 1.59 10.26 2.76 4.5

1.7 12.14 5.60 cohesive 1.66 6.61 2.42 3.6

1.3 10.81 5.11 cohesive 1.74 6.81 3.56 2.0
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Experiment Cu-15 : V = 20 pl

height /

mm

bottom

adhesion

area/

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm"2

Young's
modulus

/GPa

^fail

/_

2.9 21.4 2.88 cohesive 3.80 3.94 1.05 7.4

3.0 20.7 2.37 cohesive i 3.55 3.71 2.06 9.0

2.6 19.9 3.43 cohesive 2.79 2.87 0.86 5.7

2.3 19.1 4.43 cohesive 2.71 2.77 1.88 4.3

B1.1 ACooling rate AT/At = 15 K min

Experiment Cu-16 : V = 15 pl

height/
mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm"2

tensile

strength

/ N mm"2

Young's
modulus

/GPa

^"fail

/-

2.3 23.8 1.85 cohesive 4.62 4.70 3.40 13.1

2.2 22.1 2.53 cohesive 4.42 4.49 2.74 9.9

2.1 22.0 2.50 cohesive! 3.05 3.09 2.35 9.8

1.9 18.0 4.28 cohesive1 5.16 5.22 1.33 5.2

2.0 18.1 7.55 cohesive 1.37 1.39 1.19 5.6

1.7 13.7 4.35 cohesive 4.36 4.44 1.55 3.1

1.5 13.0 4.82 cohesive 4.64 4.77 5.22 2.5

1.3 12.5 6.60 cohesive 3.26 3.34 1.14 2.1

1.1 12.3 7.63 cohesive 3.72 3.84 0.63 1.6

0.9 13.4 11.50 cohesive 2.55 2.65 0.19 1.4

0.6 17.2 14.74 cohesive 4.14 4.40 0.06 1.2
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Experiment Cu-16 : V = 15 pl

height/
mm

bottom

adhesion

area/

mm

neck or

cohesive

breaking
area /

2
mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm

Young's
modulus

/GPa

Cfail

/-

1.4 11.1 4.97 cohesive 3.87 3.96 0.70 2.3

1.8 11.5 2.69 cohesive 5.11 5.22 4.06 4.4

Bl.2. Bottom plate material: Teflon

Bl .2.1.Cooling rate AT/At = 5 K min"

Experiment Teflon-1 : V = 20 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm

Young's
modulus

/GPa

Cfail

/-

2.2 12.45 8.60 adhesive 1.20 2.36 0.57 0.62

2.5 9.86 7.10 adhesive 1.29 3.00 0.93 0.50

2.8 8.65 5.61 adhesive 1.21 2.s>o 0.58 0.68

1.3 17.09 14.66 adhesive 0.88 1.54 0.24 0.61

1.5 15.37 11.76 adhesive 0.57 1.01 0.10 0.71

1.8 12.18 9.12 adhesive 0.84 1.62 0.27 0.62

2.4 8.32 5.68 adhesive 0.82 1.61 0.27 0.67

2.7 4.50 3.04
"1
adhesive 0.57 1.21 0.15 0.71
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B1.3. Bottom plate material: Kel-F

B1.3.1 .Cooling rate AT/At ==5R min

Experiment Kel-F-1 : V = 20 pl

height /

mm

bottom

adhesion

area /

mm

neck or

cohesive

breaking
area /

mm

failure

type

adhesion

strength

/ N mm

tensile

strength

/ N mm

Young's
modulus

/GPa

Cfail

/_

1.9 13.64 9.97 adhesive 1.35 2.42 0.60 0.71

2.2 9.96 7.03 adhesive 1.87 4.05 1.69 0.56

2.6 9.31 4.88 adhesive 2.00 3.55 1.29 0.95

2.9 8.76 3.58 adhesive 2.16 3.52 1.28 1.33

3.1 13.76 2.57 cohesive 2.84 4.86 - 3.13

3.1 13.78 2.02 cohesive 3.92 6.49 - 4.12

3.0 13.69 1.95 cohesive 3.19 5.34 - 4.19

2.5 13.63 2.88 cohesive 3.07 5.27 _ 2.76

2.3 13.48 3.17 cohesive 2.97 4.65 _ 2.71

1.9 13.30 4.30 cohesive 3.15 5.22 - 1.86

1.6 13.09 5.31 cohesive 2.59 4.75 _ 1.35

1.3 8.81 7.20 adhesive 1.95 3.32 1.13 0.64

1.5 12.40 5.70 cohesive 2.51 4.37 - 1.25

1.3 8.21 6.31 adhesive! 2.22 3.42 1.20 0.75
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B2. Determination of the surface tension

B2.1. Surface tension using liquid bridges

Experiment liquid bridge S1 : Ethylenglycol purum, & = 19.9°C, V = 40 pl

height / mm
capillary
force / mN

surface

tension of the

left profile /

mN m

surface

tension of the

right profile /

mN m

surface

tension of

both profiles /

mN m

1.79 1.2821 47.6 46.7 47.0

1.57 1.4498 47.5 45.3 46.0

1.94 1.3160 45.9 45.7 45.7

2.19 1.1190 45.8 45.9 45.8

2.93 0.7929 46.1 46.4 46.2

3.38 0.6375 46.1 46.7 46.2

3.63 0.5669 46.2 46.9 46.5

3.78 0.5268 45.7 46.9 46.2

3.90 0.4966 46.9 46.9 46.5

4.03 0.4386 46.2 47.0 46.6

1.15 2.2995 48.2 49.9 48.7

1.42 1.9758 46.5 45.3 46.5

1.90 1.3529 46.5 47.1 47.2

2.40 1.0187 47.3 46.8 47.0

2.89 0.8012 46.9 46.8 47.2

3.14 0.7172 46.8 47.1 47.4

3.41 0.6376
'

46.2 47.3 46.6

3.69 0.5641 46.3 46.8 46.6

3.87 0.5038 46.0 46.4 45.8

3.91 0.4680 47.2 47.2 47.2

3.94 0.4533 47.1 47.2 47.2
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Experiment liquid bridge S1 : Ethylenglycol purum, $ = 19.9°C, V = 40 pl

height / mm
capillary
force / mN

surface

tension of the

left profile /

mN m

surface

tension of the

right profile /

mN m

surface

tension of

both profiles /

mN m

3.97 0.4469 47.5 47.1 47.1

4.06 0.4257 47.4 47.5 47.2

Experiment liquid bridge S2: Glycerin anhydrous, S = 20°C, V = 37 pl

height / mm
capillary
force / mN

surface

tension of the

left profile /

mN m

surface

tension of the

right profile /

mN m

surface

tension of

both profiles /

mN m

1.38 2.0294 61.5 64.4 62.7

1.50 1.9745 60.1 63.0 61.5

1.77 1.7084 61.4 61.5 61.4

2.00 1.4999 62.3 62.0 62.0

2.25 1.3143 62.9 63.0 62.8

2.47 1.1655 62.9 63.0 62.9

2.73 0.9921 63.1 62.9 62.9

2.96 0.8604 62.7 63.1 62.8

3.22 0.7396 62.9 65.6 64.2

3.46 0.6113 61.1 65.3 63.1

3.22 0.7113 59.6 62.5 61.0
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Experiment liquid bridge S3 : Glycerin anhydrous, $ = 20°C, V = 110 pl

height / mm
capillary
force / mN

surface

tension of the

left profile /

mN m

surface

tension of the

right profile /

mN m

surface

tension of

both profiles /

mN m

2.23 2.692 58.3900 58.6053 58.1095

2.56 2.487 57.9569 59.1208 58.2893

3.29 2.059 59.6691 62.1829 60.6299

3.73 1.824 60.2900 63.3607 61.6458

4.08 1.617 61.4044 63.8674 62.3968

4.39 1.438 63.2250 63.5405 63.1507

4.52 1.343 63.3159 62.4338 62.6427

4.68 1.226 64.7143 61.3879 63.0292

4.96 1.027 65.9390 59.3364 62.5465

Experiment liquid bridge S4: Water, S = 21.8°C, V = 25.6 pl

height / mm
capillary
force / mN

surface

tension of the

left profile /

mN m

surface

tension of the

right profile /

mN m

surface

tension of

both profiles /

mN m

1.26 2.3581 74.2 70.2 71.9

1.39 2.1736 74.3 70.6
jfm f^

m-

1.50 1.9422 74.2 70.3 71.9

1.62 1.7547 73.8 71.5 72.5

1.74 1.5822 74.0 71.3 72.4

1.86 1.4424 73.5 72.0 72.5

1.96 1.3214 73.5 72.2 72.7

2.07 1.2101 73.8 72.9 73.1

2.22 1.1147 73.6 | 73.0 73.1
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Experiment liquid bridge S4: Water, $ = 21.8°C, V = 25.6 pl

height / mm
capillary
force / mN

surface

tension of the

left profile /

mN m

surface

tension of the

right profile /

mN m

surface

tension of

both profiles /

mN m

2.33 1.0253 73.5 73.3 73.2

B2.2. Surface tension using sessile drops

Experiment sessile drop 1 : Octanol-water on hydrophobic glass,

Ap = 0.174gcm"3, $ = 20°C

volume / pl
surface tension/^

1
contact angle / °

mN m I

505 8.55 ! 147.2

307 8.65 | 146.0

579 8.51 150.9

355 8.53 148.7

359 8.53
^^^

150.7

82 8.44 150.7

164 8.62 149.6

173 8.43 j 153.6

Experiment sessile drop 2: Ethylether-water on hydrophobic glass,

Ap = 0.285 g cm"3, S = 20°C

volume / pl
surface tension/

mN m
contact angle / °

143.9 11.17 138.0

92.2 10.67 127.7

323.8 10.58 147.7

57.5 10.79 139.7
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Experiment sessile drop 3: Ethylenglycol-air on hydrophobic glass,

Ap = U13gcm"3,S = 20°C

volume / pi
surface tension/

mNm"1
contact angle / °

11.8 52.77 85.4

17.5 48.82 85.2

21.3 51.18 85.5

26.8 50.10 85.4

30.8 50.71 ! 67.9

66.9 48.23 68.9

95.8 46.91 71.5

Experiment sessile drop 4: Ethylenglycol-air on teflon, Ap= 1.113 g cnv5,
& = 20°C

volume / pl
surface tension /

mN m
contact angle / °

11.9 49.74 78.0

20.0 46.60 82.7

26.4 53.91 82,8

31.5 47.20 85.2

38.8 50.77 83.7

48.4 D X. • *** X 84.4

84.2 48.59 85.9
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Experiment sessile drop 5: Glycerin puriss.-air on teflon,

Ap = 1.226gcrn:\S = 20oC

volume / pl
surface tension /

mN m"1
contact angle / °

22.5 63.71 ! 109.5
i

70.8 63.72 111.0

76.8 64.20 110.2

88.1 64.53 lll.l

105.2 63.07 111.1

119.0 63.63 111.3

139.8 63.37 112.1

165.0 63.17 112.7

172.0 62.90 111.9

204.7 63.63 111.0

222.5 63.89 111.7

Experiment sessile drop 6: Water-air on teflon, Ap - 0.997 g cm ,

S = 20°C

volume / pl
surface tension /

mN m
contact angle / °

290.4 79.05 116.3

264.6 74.90 117.0

174.9 73.20 121.9

178.3 72.71 120.8

20.1 74.95 110.8

27.6 75.14 j 113.8

42.7 75.33 113.0

68.4 71.75 116.3
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o

Experiment sessile drop 6: Water-air on teflon, Ap = 0.997 g cm"
,

0 = 20°C

volume / pl
surface tension /

mN m
contact angle / °

106.8 71.74 121.3

158.2 77.99 116.4

241.8 76.66 119.8

248.3 78.84 116.5

255.2 79.01 116.1

270.4 79.31 115.5

276.1 76.94 115.8

292.1 76.70 114.0
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